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Executive Summary  
 

In countries growing genetically modified (GM) crops, the adoption of GM crops 
which are tolerant to weedkillers is reaching saturation. These herbicide-tolerant (HT) 
GM crops have been genetically engineered so they can be blanket-sprayed with the 
associated herbicides, with the aim of killing weeds whilst the crop still grows. They 
were first grown commercially in 1996, when they were introduced by the US 
company Monsanto (now owned by Bayer). Monsanto’s glyphosate-based weedkiller 
has the brand-name RoundUp, hence the first GM generation of herbicide-tolerant 
crops are tolerant to glyphosate and are known as ‘RoundUp Ready’ (RR) crops.  
 
Herbicide-tolerant GM crops, which include an herbicide-tolerant trait alone or in 
combination with other traits, account for around 88% of the land area planted with 
GM crops worldwide (ISAAA, 2019a). Because cotton grown in India and China 
accounts for most non-HT GM crops, HT crops account for virtually all the GM crops 
grown for use in food or feed. This reality is in sharp contrast to GM industry PR 
which acts as a distraction by emphasising potential new traits, including GM crops 
that tolerate flooding or drought, which were first promised more than 40 years ago 
but have not been delivered. Since 1996, most herbicide-tolerant GM crops have 
been RR crops which are genetically engineered to be tolerant to glyphosate, but this 
has recently been changing with increasing areas planted with new HT crops which 
are tolerant to additional herbicides, such as dicamba and 2,-4,D. These crops are 
mainly grown in North and South America, with the USA, Brazil and Argentina 
growing the largest quantities. 
 
The aim of this report is to look at the economic, environmental and social impacts of 
growing RR crops and newer HT crops. This report reviews more than 25 years of 
experience with this technology.  
 
We conclude that the cultivation of GM HT crops may be regarded as a temporary 
aberration, rather than the revolution originally proclaimed by the proponents of these 
crops. The growing failure of RoundUp Ready crops, due to the spread of glyphosate 
resistant (GR) weeds, provides an opportunity to phase out the use of RR crops and 
adopt new methods and technologies. The priority should be to reduce and replace 
the use of herbicides: not to replace RR crops with other herbicide-tolerant crops, 
whether or not these are GM crops or produced by different methods. It is particularly 
important that RR crops are not pushed into new countries which have so far avoided 
stepping onto the “transgenic treadmill”, in which farmers are locked in to paying for 
ever more expensive seeds and herbicides. In seeking to expand markets for RR 
crops into new countries, the industry is dumping a failed technology on them. 
 
Blanket spraying of RR crops with weedkiller leads to resistant weeds 
 
RR crops are designed to make farming practices easier in that they allow farmers to 
apply the weedkiller glyphosate during the cropping season without risking harm to 
their crops, which are genetically engineered to be tolerant to it. This has led to an 
unprecedented increase in the use of glyphosate (Powles & Preston, 2006; Duke & 
Powles, 2008; Grube et al 2011; Vivian et al. 2013; Benbrook, 2016; Myers et al., 
2016).  
 
Initial benefits for farmers adopting RR crops have vanished with the emergence of 
glyphosate resistant (GR) weeds, sometimes known as ‘superweeds’ (Vila-Aiub et al. 
2007, 2008; Cerdeira et al. 2011; Benbrook, 2012a; Allison, 2015; Zhou et al., 2015; 
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Duke et al., 2018). Such weeds have evolved because RR crops allow farmers to 
blanket spray their crops with the weedkiller glyphosate instead of using a mix of 
approaches to tackling weeds, including crop rotation. Since GR weeds are no longer 
affected by spraying with glyphosate, they require the use of additional weedkillers or 
pulling up by hand (Caulcutt, 2009; Zhou et al., 2015). With 55 evolved GR weed 
species already known worldwide (Heap, 2021), and new GR weed species evolving 
at an increasing rate, RR technology is becoming obsolete. GR weeds are common 
in all RR crop producing countries and these are also the countries with the greatest 
area infested with GR weeds (Heap, 2021; Heap and Duke, 2018; Alcántara de la 
Cruz et al., 2020; Yanniccari et al., 2021; Pannell et al., 2017). RR crop cultivation is 
leading to increased herbicide application, thus adding costs for farmers, and 
increasing risks to the environment and human health. On the two most important 
GM crops in the US, corn and soybean, the total applied toxicity of pesticides (not 
just glyphosate) has increased along with increasing GM adoption, notably since 
2008 as GR weeds became a greater problem (Schulz et al., 2021). 
 
In response to the problem of glyphosate resistant weeds, the industry has 
developed new GM herbicide tolerant crops which are resistant to additional 
weedkillers, such as 2,4-D and dicamba, as well as glyphosate. Such crops 
exacerbate concerns about adverse environmental impacts, pesticide residues in the 
food chain, and the future evolution of weeds which will become resistant to multiple 
herbicides (Mortensen et al. 2012, Roseboro, 2012). 
 
Patents and monopolies add further costs and prevent seed saving 
 
Just four large firms (Bayer, Corteva, ChemChina-Syngenta, and BASF) control 
around 70% of the global pesticides market and 60% of the global seed market 
(Clapp, 2021). Patents on GM seeds give companies monopoly control and allow 
them to prevent seed saving. This, along with market concentration in the industry, 
has led to significant increases in seed prices, with high premiums for GM seeds and 
restrictions on the non-GM varieties available on the market in some countries 
(Mascarenhas & Busch, 2006; Howard, 2009; Zilberman et al. 2010; Benbrook, 
2012a; Filomeno, 2013; Benbrook, 2018; Brunharo et al., 2022). Farmers buying RR 
seeds are locked into a “transgenic treadmill” in which they are forced to pay for 
hikes in seed prices and for increasing amounts of herbicides and labour to tackle 
weed resistance (Binimelis et al., 2009; Mortensen et al., 2012).  
 
RoundUp Ready crops do not have higher yields 
 
Most farmers growing RR crops have adopted RR crop technology in the hopes of 
increasing their yields (Fernandez-Cornejo et al., 2014). However, there are no RR 
crops available today that increase the yield potential of a hybrid variety: any benefit 
to yields arises only if these crops improve weed control (Gurian-Sherman, 2009; 
Nolan & Santos, 2012; Bruns, 2014). A global meta-analysis of studies by Areal et al. 
(2013) reports no significant differences in yields between RR and conventional 
crops. Yield data from North America and Western Europe shows that Western 
Europe, where to date no herbicide tolerant resistant crops are grown, had a greater 
yield increase between 1961 and 2010 than North America for oil seed rape and 
maize (which are predominantly RR crops in North America) and that overall yields 
were similar or higher in Europe than in the USA (Hilbeck et al. 2013; Heinemann et 
al., 2014a, 2014b). There is also some evidence that supressed plant defence and 
enhanced disease susceptibility caused by glyphosate may have a negative impact 
on RR plants, through adverse effects on beneficial soil micro-organisms and plant 
nutrient uptake (Sanogo et al., 2000; King et al., 2001; Eker et al., 2006; Bellaloui et 



 
 

Genewatch UK 
August 2022 

3	

al. 2008; Bott et al., 2008; Johal and Huber, 2009; Zobiole et al., 2010a&b, 2011, 
2012; Freitas-Silva et al., 2021). 
 
Demand for non-GM seeds and ingredients is increasing 
 
Farmers worldwide also need to consider the demand for non-GM ingredients, which 
is forecast to grow significantly (Mordor Intelligence, n.d.; Grand View Research, 
2019; Fortune Business Insights, 2022). 
 
Demand for animal feed that is segregated as non-GM has grown, particularly in 
Europe (Tillie & Rodríguez-Cerezo, 2015), where price premiums for non-GM crops 
reflect the preference of European consumers for non-GM products (Gaitán-
Cremaschi et al., 2015; Fortune Business Insights, 2022). By 2021, around 60-70% 
of all milk egg, poultry and meat production in Germany was certified according to 
the GM-free VLOG standard (Southey, 2021). Brazil has increased its import share 
faster in countries with a strong non-GM preference versus other countries. This is 
explained statistically by Brazil’s level of non-GM soybean production rather than by 
changes in prices. Garrett et al. (2013) find that the Netherlands, Italy, Spain, and 
Belgium increased imports from Brazil and simultaneously decreased imports from 
the United States, even as Brazil’s currency increased in value in the late 2000s, 
which should have made Brazilian soybean producers less competitive than their 
North American counterparts on a pure cost basis. The South American non-GMO 
food market continues to grow, with Brazil expected to have the biggest market 
(Fortune Business Insights, 2022). Among US farmers, interest in growing non-GM 
varieties reportedly started increasing around 2014, with seed companies reporting 
strong demand for non-GM seed sales and some even reporting they had sold out of 
non-GM seeds due to the rapidly increasing demand (Bunge, 2015; Roseboro, 
2015b; Doering, 2015; Kuphal, 2017). Retail sales of products verified by the Non-
GMO Project, based in North America, rose dramatically from $248.8 million in 2010 
to $8.5 billion in 2014 and 13.5 billion in 2015, with sales now over $26 billion (Non-
GMO Project, 2014; 2015; 2022). However, the non-GM corn and soybean supply in 
the U.S. remains relatively small (Twellman, 2021). 
 
Growing GM crops risks expensive contamination incidents 
 
Cultivation of RR crops risks GM contamination of non-GM food and feed supplies 
(Price & Cotter, 2014). Contamination risks arise due to cross-pollination of non-GM 
crops and co-mingling of seeds or grains during harvest, transportation, storage, 
processing and distribution (Sohn et al., 2021).  These risks cannot be eliminated 
through technical measures (Binimelis, 2008; Paull, 2018; Lu et al., 2019) and this 
causes legal and economic uncertainties for farmers, because contaminated crops 
have lower value (due to consumers’ preference for non-GM crops) and may be 
rejected completely by some markets (e.g. organic markets, or any market where the 
GM crop has not been authorised by regulators).  
 
Attempts to allow GM and non-GM crops to be grown together in a given country or 
region (known as “co-existence”) creates tensions among neighbouring farmers 
because of the risk of GM contamination. Every actor and level of a supply chain will 
be economically affected under a coexistence scenario and costs of coexistence of 
GM and non-GM agricultural production systems are influenced by multiple factors 
(Gabriel & Menrad, 2015). At the producer level they include costs for cleaning of 
machinery and equipment, buffer zones of uncultivated land around the edge of non-
GM fields, monitoring costs such as testing of seeds or crops and building additional 
farm storage facilities. For processors, costs to prevent contamination include: costs 
for testing of the incoming commodity as well as the produced outgoing goods, 
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greater transportation distances to the next GM or non-GM plant respectively, 
building of additional storage facilities, complete second production line in an existing 
plant, cleaning or flushing of repositories, investment in additional personnel and 
equipment and in training programs for workers (Gabriel & Menrad, 2015). According 
to this study, the total additional costs of coexistence and implemented product 
segregation systems can amount up to 14% of the total product turnover at the gates 
of rapeseed oil mills or companies processing maize starch, respectively. In 
Switzerland, where GM crops are not grown, estimated coexistence measures if they 
were introduced could amount to up to 5-20% of the total costs for conventional 
production (Albisser Vögeli et al., 2011). The costs to prevent GM contamination are 
likely to be especially high for organic producers, since global organic farming 
standards do not allow GMOs in either seed or food (IFOAM, 2002). 
 
Thus, allowing GM cultivation increases the cost of food supplies, because of the 
added costs of segregation. In countries where GM crops are grown, non-GM 
farmers, including organic farmers, bear risks and costs associated with protecting 
their crops from GM contamination and certifying their supply chain as GM-free for 
consumers. 
 
When coexistence measures fail, contamination incidents can lead to the destruction 
of crops or entire fields (Furst, 1999; Smyth et al., 2002) and the rejection of 
shipments, product recalls and loss of markets (Ryan & Smyth, 2012; Smyth et al., 
2002; Schaefer & Carter, 2015; USDA NASS, 2015; Reuters, 2016c), with multi-
million dollar economic impacts.  
 
GM contamination can also have environmental implications and risk the loss of local 
varieties of seed. Glyphosate tolerance, and other GM traits, can spread from GM 
maize to maize landraces, as has happened in Brazil (Fernandes et al., 2022). Maize 
is mainly produced by smallholders in Mexico, using landraces that are very well 
adapted to the local growth conditions. Contamination of these landraces, could 
threaten preservation of this very important maize genetic diversity (Snow, 2009). 
GM transgenes are already present in at least some maize landraces in Mexico 
(Piñeyro-Nelson et al., 2009; Quist & Chapela, 2001; Snow, 2009). Wild populations 
of the most widely cultivated cotton species in the world, Gossypium hirsutum, have 
also been contaminated by GM varieties, the majority of which are geographically 
located over 300 km away from all wild cotton populations (Wegier et al., 2011). In 
Spain, GM contamination of organic maize led to the loss of farmers’ maize varieties 
adapted to the local climate (Cipriano et al., 2006). Such events could limit the future 
availability of high-value germplasm in breeding programs (Burgeff et al., 2014). 
 
Impact of RR crops on farmers’ choice, land rights and indebtedness 
 
Patents on GM crops lead to restricted access to breeding material for farmers and 
breeders and thus hinder innovation in plant breeding and impede farmers’ freedom 
of choice. In countries adopting GM crops the maize seed market is more 
concentrated with fewer available maize cultivars for farmers than in non-adopting 
countries, where it has become more difficult to find non-GM seeds (Roseboro, 2008; 
Hilbeck et al., 2013; Burgeff et al., 2014). In the USA, rising input costs, volatile 
production values, and rising land rents have left farmers with unprecedented levels 
of farm debt, low on-farm incomes, and high reliance on federal programs (Burchfield 
et al., 2022). Subsidies are largely directed at commodity production, including soy 
and corn, which are typically GM crops, and for which per acre costs tripled between 
1990 and 2020. 
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Impacts of RR crop cultivation on smallholders in South America and elsewhere 
include land conflicts and the intensification of agro-industrial practices, including 
greater use of herbicides, increased farm sizes, land use changes and deforestation, 
seed price hikes, and the expansion of monocultures and indebtedness (Lapegna, 
2013; Garrett and Rausch, 2016; Goldfarb and van der Haar, 2016; Leguizamón, 
2016; McKay and Colque, 2016; Elgert, 2016; MASIPAG, 2013; Phélinas and 
Choumert, 2017; Schmidt et al., 2022; Dreoni et al., 2022). 
 
RR crops have negative environmental impacts 
 
The widespread adoption of RR crops in North and South America has contributed 
significantly to an increased environmental presence of glyphosate-based herbicides 
and their primary break-down product, AMPA, in rain, streams, rivers, lakes, ponds, 
wetlands, soil water, ground water, plants, soil, dust and sediment (Battaglin et al. 
2005, 2014; Struger et al. 2008; Chang et al., 2011; Bohm et al., 2014; Majewski et 
al., 2014; Bento et al., 2016; Mamy et al., 2016; Bonansea et al., 2017; Alonso et al., 
2018; Fernandes et al., 2019; Zheng et al. 2018; Clasen et al. 2019; Iturburu et al., 
2019; Lupi et al., 2019; Lutri et al., 2020; Maggi et al., 2020; Medalie et al., 2019; 
Montiel-León et al., 2019; da Silva et al., 2021; Barbosa Lima et al., 2021; Botten et 
al., 2021; Brovini et al. 2021a,b; Cristofaro et al., 2021; Ramirez Haberkon et al., 
2021; Carretta et al., 2022).  
 
Negative environmental impacts due to growing herbicide-tolerant GM crops, 
including RR crops, include: 

• impacts on farmland diversity of weeds, insects and birds through loss of 
important habitats due to blanket spraying of these crops with herbicide 
(Burke, 2003; Burke, 2005; Firbank et al., 2003; Gibbons et al., 2006; 
Cederlund, 2017; Pereira et al., 2018a, 2020);  

• chronic toxicological effects of glyphosate and its metabolites on annelids 
(earthworms), arthropods (crustaceans and insects), molluscs, echinoderms, 
fish, reptiles, amphibians, birds, mammals, and non-target plants (Santadino 
et al., 2014; Zaller et al. 2014; Gaupp-Berghausen et al. 2015; Domínguez et 
al., 2016; Kissane & Shephard, 2017; Gill et al., 2018; Odetti et al., 2020; 
Ruuskanen et al., 2020a,b,c; Singh et al., 2020; Barbosa Lima et al. 2021); 

• negative effects on pollinators, such as bees, including damage to habitat and 
ecosystems; toxicity; and effects on their behaviours, growth and 
development, metabolic processes, and immune defence (Fuchs et al., 2021; 
Strandberg et al., 2021; Battisti et al., 2021; Tan et al., 2022); 

• toxic and chronic sub-lethal effects of glyphosate-based weedkillers on 
aquatic species including tadpoles, frogs, snails, crayfish, molluscs, crabs, 
fish, fresh-water fleas and corals (Relyea, 2005a,b and c; Pérez et al., 2012; 
Cuhra el al., 2013, 2014, 2015; Avigliano et al. 2014a,b; Gonçalves et al., 
2019; Hendlin et al., 2020; Herek et al., 2021; Matozzo et al. 2020; 
Mohapatra et al., 2021; Moutinho et al., 2020; Riaño et al. 2020; Slaby et al., 
2020; Suppa et al., 2020; Babalola et al., 2021; Le Du-Carrée et al., 2021, 
2022; Ramsdorf et al., 2021; Rodríguez et al., 2021; Sánchez et al., 2021; 
Santos-Silva et al., 2021; Tresnakova et al., 2021; de Maria et al., 2021, 
2022; Jia et al. 2022; Liu et al., 2022b; Pompermaier et al., 2022; Zhou et al., 
2022); and  

• adverse impacts of glyphosate-based herbicides on soil biota: such as effects 
on soil microbial communities (Jaworski, 1972; Schulz et al., 1985; Moorman 
et al., 1992; Dick and Quinn, 1995; Kremer and Means 2009; Nye et al., 
2014; Newman et al., 2016); and impacts on overall ecosystem functioning, 
including interactions of crops with fungi and soil-borne pathogens (Johal & 
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Rahe 1984; Sanogo et al., 2000, 2001; Larson et al., 2006; Krzysko-Lupicka 
and Sudol, 2008; Johal and Huber, 2009; Kremer and Means, 2009; Zobiole 
et al., 2011; Lu et al., 2018; Martinez et al., 2018; Yang et al., 2020; Hertel et 
al. 2021, Van Bruggen et al, 2021; Vázquez et al., 2021; Chávez-Ortiz et al., 
2022).  

 
One important example of the effects of habitat loss is a major contribution to the 
dramatic decline in populations of the Monarch butterfly in the USA. Although other 
factors (such as climate change and deforestation) play a role, this decline is 
associated with the loss of the milkweed habitat where the butterflies lay their eggs, 
caused by blanket spraying the weedkiller glyphosate on RR crops (Hartzler, 2010; 
Zalucki & Lammers 2010; Brower et al., 2012; Pleasants & Oberhauser, 2012; 
Fallon, 2014; Flockhart et al., 2014; Vidal & Rendón-Salinas, 2014; Stenoien et al., 
2016; Pleasants, 2017; Pleasants et al., 2016, 2017; Thogmartin et al., 2017; Belsky 
& Joshi, 2018; Malcolm, 2018; Taylor et al., 2020).  
 
Glyphosate-contaminated runoff also likely contributes to harmful incidences of algal 
bloom in lakes (Dabney & Patiño, 2018; Berman et al., 2020). 
 
In glyphosate-based herbicide formulations, glyphosate is the active ingredient that is 
supposed to kill the target weeds. Those formulations also contain various adjuvants, 
the so-called inert ingredients, including surfactants such as polyethoxylated tallow 
amine (POEA) which is found in Roundup. However, ecotoxicological assessment of 
pesticides usually focuses on the effects of the active ingredient, such as glyphosate, 
rather than on commercial formulations like Roundup (Cox & Surgan, 2006; Pereira 
et al., 2009; Mesnage & Antoniou, 2018; Sprinkle & Payne-Sturges, 2021; Martins-
Gomes et al., 2022). This is a major issue of concern because many studies find that 
commercial formulations are significantly more toxic than glyphosate alone, 
particularly to aquatic organisms (Mitchell et al., 1987; Servizi et al. 1987; Mann & 
Bidwell, 1999; Perkins et al. 2000; Marc et al., 2002; Everett & Dickerson, 2003; Tsui 
& Chu, 2003, 2004; Howe et al., 2004; Cedergreen & Streibig, 2005; Brausch et al. 
2007; Brausch & Smith, 2007; Pereira et al. 2009; Moore et al. 2012; Vincent & 
Davidson, 2015; Bach et al., 2016; Rissoli et al., 2016; Janssens & Stoks, 2017; de 
Brito Rodrigues et al., 2019; Mesnage et al. 2019; Bednářová et al., 2020; Le Du-
Carrée et al., 2022; Sabio y García et al., 2022). 
 
In South America, there have also been significant changes in land use to create 
large-scale RR soybean farms, for example in the Rolling Pampas in Argentina and 
the Cerrado in Brazil, with serious negative impacts on biodiversity and water-
balance (De la Fuente et al. 2006, 2010; Martinelli et al., 2010; Hayhoe et al., 2011; 
Macedo et al., 2013; Neill et al., 2013; Redo et al. 2013; Eloy et al. 2016; de Groot et 
al., 2021). 
 
An additional issue with RR crops is that they may contribute to the development and 
spread of antibiotic resistant bacteria, which can make it difficult to treat human and 
animal bacterial infections. Some RR crops contain antibiotic resistant marker genes, 
which might be able to spread into the environment (Chen et al., 2012). Exposure to 
sub-lethal levels of the herbicide Roundup has been linked to a change in 
susceptibility of bacteria to antibiotics, significantly increasing the concentration of 
two antibiotics (kanamycin and ciprofloxacin) necessary to kill gut bacteria 
associated with food poisoning, Escherichia coli and Salmonella enterica (Kurenbach 
et al., 2015). This research suggests that spraying RR crops with RoundUp might 
contribute to the development of antibiotic resistant bacteria in the environment, with 
major implications for human and animal health (Van Bruggen et al., 2018; Raoult et 
al., 2021; Liao et al., 2021; da Costa et al., 2021; Daisley et al., 2022). 
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RR crops pose unknown risks to human health 
 
There are significantly higher levels of glyphosate and AMPA residues in RR 
soybeans compared to conventionally grown or organic soybeans (Arregui et al., 
2004; Bøhn et al., 2014; Bohm et al., 2014). Bøhn & Millstone (2019) estimate that 
glyphosate-tolerant soybeans produced on commercial farms in the USA, Brazil and 
Argentina accumulate in total an estimated 2,500–10,000 metric tonnes of 
glyphosate per year, which enter global food chains. Glyphosate has been detected 
in a wide variety of foods, including soy-based infant formula and honey: dietary 
exposure levels are generally (but not always) below permitted limits (Rodrigues & 
de Souza, 2018; Bøhn & Millstone, 2019; Xu et al., 2019; de Souza et al., 2021; 
Rodrigues et al., 2020; Louie et al., 2021; Viljoen et al., 2021). However, regulatory 
limits vary in different countries, there is a lack of transparency about how they are 
set, and some researchers believe that the risks to human health could still be 
underestimated (Marino et al., 2021). 
 
Krüger et al. (2014a) showed that glyphosate that accumulates in feed can be 
consumed by animals and be detected in their organs and urine. Subsequently, 
glyphosate has been detected in the urine of adults and children, both within and 
outside agricultural communities (Gillezeau et al., 2020; Ferreira et al., 2021; 
Lozano-Kasten et al., 2021; Grau et al., 2022; Nomura et al., 2022). Farmers and 
other operators can be directly exposed to glyphosate-based formulations when they 
are spraying it onto their fields (Acquavella et al., 2004; Mesnage et al., 2012). 
Children may also be exposed to glyphosate-contaminated breast milk. Glyphosate 
was detected in all breast milk samples taken from mothers in a study in Brazil, 
undertaken at the peak of glyphosate application in corn and soy crops (Camiccia et 
al., 2022). Regulators do not currently routinely monitor levels of glyphosate in food 
and have not investigated reports that glyphosate may be detected in human urine 
samples and breast milk as a result of its presence in the food chain. Some studies 
suggest that spraying with glyphosate-based weedkillers may also adversely affect 
the nutrient composition of soybeans (Zobiole et al., 2010b,c; Bellaloui et al., 2008).  
 
As discussed above, Roundup formulations are a mixture of glyphosate and other 
chemicals that have been shown to increase the toxicity of glyphosate to aquatic 
organisms. Many toxicological studies conducted with human, mouse and rat cells 
confirm these findings and suggest that looking at the effects of glyphosate alone is 
insufficient for a comprehensive assessment of the possible risks to human health 
resulting from growing and consuming RR crops (Benachour et al., 2007; Benachour 
& Séralini, 2009; Clair et al., 2012; Gasnier et al., 2009; Mesnage et al., 2013, 2014; 
Moore et al., 2012; Richard et al., 2005; Walsh et al., 2000; Young et al., 2015; 
Chłopecka et al., 2017; Vanlaeys et al., 2018; Dedeke et al., 2018; Defarge et al., 
2018). However, regulators only consider the effects of glyphosate alone (Mesnage 
et al., 2019). 
 
In March 2015, the World Health Organisation (WHO)’s cancer agency, the 
International Agency for Research on Cancer (IARC), classified glyphosate as 
“probably carcinogenic to humans” (Guyton et al., 2015). As a consequence, many 
countries and regions have restricted the use of glyphosate (Where is Glyphosate 
Banned?, 2022). Subsequent reviews of the evidence have confirmed that chronic 
exposure to glyphosate causes a variety of tumours in rats and mice, and that there 
is clear evidence of glyphosate toxicity in studies using human cells (Agostini et al., 
2020; Portier, 2020).  
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Research in Sri Lanka and elsewhere suggests a possible link between simultaneous 
exposure to glyphosate and toxic heavy metals, and chronic kidney disease, with 
other factors (such as exposure to high temperatures and other pollutants) perhaps 
playing a role (Jayasumana et al., 2014, 2015; Gunatilake et al., 2019; Herrera-
Valdés et al., 2019; Babich et al., 2020; Abdul et al., 2021; Upamalika et al., 2022).  
 
There is evidence that glyphosate may act as an endocrine disrupting chemical 
(EDC) i.e. a chemical that interferes with female and male sex hormones (Richard et 
al., 2005; Benachour et al., 2007; Gasnier et al., 2009; Romano et al., 2010; Clair et 
al., 2012; Thongprakaisang et al., 2013; Abarikwu et al., 2015; Guerrero Schimpf et 
al., 2017; Varayoud et al., 2017; Anifandis et al., 2017, 2018; Cai et al., 2017; 
Ingaramo et al., 2017, 2020, 2022; Owagboriaye et al., 2017; Lorenz et al., 2020; 
Kaboli Kafshgiri et al., 2021; Lesseur et al., 2021; Milesi et al., 2021; Mohammadi et 
al., 2021; Muñoz et al., 2021; Serra et al., 2021; Zhao et al., 2021). Endocrine 
disrupters can lead to negative impacts on male and female reproductive health, 
even at very low doses. These effects are not adequately regulated (Kalofiri et al., 
2021). Two small studies have found that glyphosate exposure (measured in urine) 
in pregnancy is correlated with shortened pregnancy lengths (Parvez et al., 2018; 
Silver et al., 2021). 
 
Other researchers suggest that glyphosate could affect gut bacteria, killing beneficial 
bacteria and allowing harmful ones to cause disease (Krüger et al., 2013; Shehata et 
al., 2013; Pu et al., 2020, 2021; Barnett et al., 2022). 
 
Working with glyphosate and glyphosate spray drift can affect farm workers, 
bystanders and people living in the surrounding area.  
 
In the Ontario Farm Family Health Study, Arbuckle et al. (2001) observe moderate 
increases in risk of early abortions for preconception exposures to any herbicide, and 
for late abortions, preconception exposure to glyphosate is associated with elevated 
risk. In the same study, Savitz et al. (1997) find that combinations of farm activities 
using a variety of chemicals, including glyphosate, are associated with an increased 
risk of miscarriage in the wives of exposed farm workers. In the Red River Valley, 
Minnesota, USA, Garry et al. (2002) find that exposure to glyphosate is associated 
with an increased risk of neurobehavioral developmental effects. In the Agricultural 
Health Study in Iowa and North Carolina, Hoppin et al. (2008) find an increased risk 
of atopic asthma in farm women using glyphosate and a number of other pesticides, 
and Hoppin et al. (2016) find an increased risk of allergic and non-allergic wheeze in 
male farm workers using glyphosate and some other pesticides.  In the same study, 
Slager et al. (2009) find an increased risk of rhinitis in farm workers who had used 
glyphosate in the past year. 
 
Aerial application (spraying from planes) increases the risk of accidental exposure of 
neighbouring inhabitants (Schiesari and Grillitsch, 2010; Pignati et al., 2007). 
Epidemiological studies and reports of interviews with local people cannot prove 
cause and effect, nevertheless there are numerous and widespread reports of 
glyphosate poisonings due to aerial spraying of RR soybeans in Latin America 
(Benítez-Leite et al., 2007; Oliva et al., 2008; Berger and Ortega, 2010; Sineiro and 
Berger 2012; Rigotto et al., 2014; Oliveira et al., 2014; Silva et al., 2015; Elgert, 
2016; Lapegna, 2016; Dias et al., 2020; Longhi & Bianchi, 2020). Reported effects, 
according to people living in sprayed areas, include vomiting, diarrhoea, respiratory 
problems, skin rashes, cancer, infertility, pregnancy problems, and birth defects 
(PAN Asia & Pacific, 2008 & 2012). 
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RR crops do not help to feed the world or tackle climate change 
 
The primary reasons for hunger are poverty and lack of access to affordable food 
(Tscharntke et al., 2012). Conflict, weather extremes and economic shocks were the 
main drivers behind food insecurity in 2021, with poverty and inequality as underlying 
causes (EU/FAO/WFP, 2022). 
 
RR crops are currently produced mainly for use in animal feed (soya and maize/corn) 
or in biofuels (corn ethanol) or fabric (cotton). Soybean and maize (corn) are the top 
two GM crops grown by area, the majority of which are Roundup Ready. Most soy 
(around 75% measured by weight in 2018) is fed to animals in livestock production 
systems, with around 3.8% going to biofuels and other industrial applications, and 
only 19.2% to direct human consumption as food (mainly as soybean oil) (Fraanje & 
Garnett, 2020). Similarly, around 74% of the global maize production is used for 
animal feed (Cassidy et al., 2013). In the U.S., 40% of the maize harvest was 
processed to ethanol in 2014 (Ranum et al., 2014). In 2014, production and use of 
corn ethanol resulted in 27 billion kg more carbon emissions than if conventional 
gasoline were used according to calculations by the Environmental Working Group 
(Cassidy, 2015a). This is because converting rainforests, peatlands, savannas, or 
grasslands to produce food crop–based biofuels in Brazil, Southeast Asia, and the 
United States releases 17 to 420 times more carbon dioxide than the annual 
greenhouse gas (GHG) reductions that these biofuels would provide by displacing 
fossil fuels (Fargione et al., 2008). 
 
Shifting crop calories used for animal feed and biofuels to direct human consumption 
could, according to Cassidy et al. (2013), potentially feed an additional 4 billion 
people and in the U.S. alone an additional 1 billion people. Further, tackling food 
waste can also play a major role: many crop calories are lost during food production, 
transport and storage as well as in retail facilities, restaurants and at private 
households etc. (FAO, 2011).  
 
It is questionable whether sparing land for nature needs higher intensity of farming to 
produce adequate food (Tscharntke et al., 2012). Strategies to increase yields 
without explicitly considering the actual and potential cost of biodiversity losses can 
compromise ecosystem functionality and resilience in agriculture. Rather, food 
security and food sovereignty need to increase in areas where the hungry live, based 
on robust, eco-efficient approaches. Smarter resource use, improving livelihoods of 
small-scale farmers, reducing food waste and small changes in diets, such as 
reducing meat consumption or swapping from grain-fed beef to chicken or grass-fed 
beef, have the potential to double calorie availability (Cassidy 2015b).  
 
Further, in the case of RR crops, yields have not increased compared to non-GM 
crops (Areal et al., 2013). Cultivation of RR crops has led to significant expansion of 
intensive agricultural monocultures into previously diverse ecosystems (Oliveira and 
Hecht, 2016) and production of non-GM soybean meal has been found to be more 
sustainable than GM soy production (Ortega et al. 2005; Gaitán-Cremaschi et al., 
2015).  
 
Some authors have argued that the use of no-till agriculture (i.e. farming without 
disturbing the soil through ploughing), in combination with RR crops, has helped to 
mitigate climate change by keeping carbon in the soil: however, in a 41 year 
experiment in France, no-till agriculture led to no increase in soil organic carbon 
(Powlson et al., 2014). In addition, whilst the use of no-till increased in the United 
States from 1998 to 2016, it then shrank again, although herbicide-tolerant GM corn 
and soybeans still dominate the market (Yu et al., 2020). This is likely at least partly 
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due to the increasing presence of glyphosate-resistant weeds, which have led to a 
return to ploughing. 
 
Industry responses to glyphosate-resistant weeds are not sustainable 
 
The industry’s answer to the development of GR weeds is mainly herbicide-centric 
and includes a) developing herbicide tolerant (HT) crops with enhanced tolerance to 
glyphosate (allowing higher application rates), b) increasing the herbicide platform 
used on RR crops to include additional herbicides (e.g. in seed treatments and  tank 
mixes); and c) developing new HT crops with tolerance to additional herbicides 
(Desquilbet et al. 2019). 
 
Another aspect of the industry response is the use of other (supposedly beneficial, 
but likely ineffective) traits as a ‘Trojan Horse’ to smuggle herbicide tolerant GM traits 
into new crops and markets. These include HB4 GM wheat, developed by Bioceres, 
which is tolerant to glufosinate, but is being promoted for its supposedly drought 
tolerant properties (Paixão, 2020; Little, 2022); camelina (a plant also known as ‘false 
flax’) with herbicide-tolerance combined with altered oil content (Yield10 Bioscience, 
2022, ACRE, 2019); and drought-tolerant GM maize for Africa, which is also being 
stacked with glyphosate-tolerance in some cases (African Centre for Biodiversity, 
2021). These projects are consistent with the industry’s awareness that, although 
RoundUp Ready crops are failing, there may still be opportunities to profit from 
expanding into new geographic areas and/or new crops before resistant weeds take 
hold (Green & Siehl, 2021). This PR strategy acts as a distraction from the negative 
consequences of growing HT GM crops, and as a means to attempt dump failing HT 
traits onto new markets. 
 
Increased spraying of tank mixes of multiple weedkillers has led to grower weed 
control costs tripling in the USA (Vivian et al, 2013; Evans et al. 2016; Myers et al., 
2016; Pratt, 2016a; Duke et al., 2018). The total applied toxicity of pesticides (not just 
glyphosate) has increased significantly since 2008 (Schulz et al., 2021). A 2015 
survey conducted in 17 states in Brazil, revealed that 97% of respondents used tank 
mixtures by this date, usually with 2 to 5 products at the highest recommended doses 
(Gazziero 2015). A major problem remains the inadequate examination by regulators 
of the effects of mixtures of herbicides on human health and the environment 
(Sprinkle & Payne-Sturges, 2021). In addition, weeds are becoming resistant to 
multiple different herbicides (e.g. Benoit et al., 2020). 
 
The US Department of Agriculture (USDA) argues that GM maize and soybeans with 
resistance to multiple herbicides will become the norm in future (Nandula, 2019). GM 
soybeans and maize with resistance to dicamba and 2,4-D are already on the 
market, and these are being stacked with existing GM resistance traits (to glyphosate 
and/or glufosinate) or other herbicides (such as isoxaflutole). In the USA, in crop year 
2018, around three quarters of the soybean seed offered to farmers expressed the 
glyphosate-resistance gene, plus either dicamba or 2,4-D resistance genes 
(Benbrook, 2018). In 2019, Monsanto (now owned by Bayer) filed a petition with the 
USDA for determination of nonregulated status of a genetically engineered corn 
variety resistant to five active ingredients: glyphosate, glufosinate, dicamba, 2,4-D 
and quizalofop (Monsanto, 2019). These herbicide tolerant GM crops allow farmers 
to apply additional herbicides such as 2,4-D, dicamba, isoxaflutole or glufosinate 
during the whole cropping season at high rates, with the risk of detrimental effects to 
the environment and human health. For example: 

• isoxaflutole is known to persist in the environment and to leach into and 
accumulate in ground- and surface waters (US EPA, 1998);  
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• an association between increasing 2,4-D application and human urine 
concentrations has already been reported (Freisthler et al., 2022); 2,4-D is 
classified as possibly carcinogenic by the WHO (IARC, 2018); 2,4-D is 
reported to be toxic to a variety of organisms, including fish, amphibians, 
insects, earthworms and rodents (Islam et al., 2018; da Silva et al., 2022);   

• dicamba is a suspected endocrine disruptor (Zhu et al. 2015); and 
• glufosinate is classified as a known or presumed reproductive toxicant and is 

no longer authorised for use in the EU (EFSA, 2017; European Commission, 
n.d.).  

 
Moreover, 2,4-D and dicamba are prone to drift (risking damage to other farmers’ 
crops, as well as the environment) (Murschell & Farmer, 2019; Lerro et al., 2020; 
Soltani et al., 2020) and it has been shown that repeated herbicide drift exposure can 
rapidly select for weed resistance (Vieira et al. 2020; Comont et al., 2020). Dicamba-
resistant, 2,4-D resistant and glufosinate-resistant Palmer Amaranth (pigweed) have 
already been identified in the USA (Kumar et al, 2019; Unglesbee, 2020b; 
Unglesbee, 2021a). This circular process of the evolution of resistant weeds and the 
subsequent development of the next generation of transgenic crops, that allow for an 
intensified use of herbicides and thus favour the emergence of another round of 
resistant weeds, has been called the “transgenic treadmill” (Binimelis et al., 2009; 
Mortensen et al., 2012). 
 
RR GM crops, and newer HT GM crops, use a method of genetic engineering known 
as transgenesis, which involves transferring new DNA from another species into 
plant cells (known as ‘transgenes’). Newer genetic engineering techniques, using a 
variety of methods called ‘gene editing’, may allow new herbicide-tolerant GM crops 
to be produced which rely on mutating the crop’s own genes and not on introducing 
foreign genes into the genome of a crop. There is commercial interest in this 
approach because such crops may be deregulated in some countries, so that 
environmental risk assessments and food labelling may not be required before they 
can be marketed. In particular, ‘base editing’ and ‘prime editing’ techniques can be 
used to mutate DNA without the need for donor DNA, although these methods are 
not currently efficient (Tang et al., 2020). Crops that have been gene edited to 
include herbicide tolerant traits remain at the experimental stage, but include wheat, 
rice, maize, soybean, potato, rapeseed (canola), flax, cassava, watermelon and 
tomato (Gosavi et al., 2022). The problems associated with existing HT GM crops will 
not be avoided by using gene editing techniques, since all these experimental crops 
are genetically engineered to withstand blanket spraying with the associated 
herbicides. 
 
Lawsuits 
 
There have been numerous lawsuits relevant to the cultivation of GM herbicide-
tolerant crops in the United States.  
 
One set of lawsuits relates to claims that exposure to glyphosate causes cancer and 
environmental harm. Following the IARC’s classification of glyphosate as a “probable 
human carcinogen”, in March 2015, numerous lawsuits were filed alleging that past 
use of Monsanto’s Roundup herbicide had contributed to the plaintiffs’ development 
of non-Hodgkin lymphoma (NHL). Three lawsuits were heard before a jury and 
resulted in victories for the plaintiffs. In June 2022, the U.S. Supreme Court rejected 
Bayer’s bid to dismiss these legal claims by customers and left in place the lower 
court decision that upheld $25 million in damages awarded to one California resident 
(Hurley, 2022). In July 2021, Bayer (which bought Monsanto in 2018) took an 
additional litigation provision of $4.5 billion for this case, on top of $11.6 billion that 
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the company previously set aside for settlements and litigation (Hurley, 2022). In 
addition, in a case brought by farmers and environmental groups, the 9th Circuit 
Court of Appeals in California determined in June 2022 that the EPA did not 
adequately consider whether glyphosate causes cancer and threatens endangered 
species, and ordered it to look again at the risks it poses (Stempel, 2022). 
 
Another set of lawsuits relates to crop damage caused by farmers spraying dicamba 
or 2,4-D on to GM crops resistant to these herbicides. In particular, Elmore (2022) 
describes how, in 2021, thousands of U.S. growers reported to the Environmental 
Protection Agency (EPA) that dicamba sprayed by other farmers on dicamba-
resistant GM crops damaged crops in fields all over the country. In February 2020, 
Bader Farms won the first dicamba lawsuit and was awarded U.S. $15 million in 
damages, plus U.S. $250 million in punitive damages. The jury also found Monsanto 
and BASF had engaged in a joint venture and conspiracy, knowingly risking 
widespread crop damage in order to increase their own profits (Davies, 2020; Gillam 
2020b). In June 2020, the Ninth Circuit’s three-judge panel unanimously vacated 
EPAs approval of dicamba based herbicides (National Family Farm Coalition v. 
USEPA, 2020; Unglesbee, 2020f). However, these were subsequently re-registered. 
In 2022, the federal judge considering a case against the EPA in the U.S. District 
Court for the District of Arizona ordered that the EPA should file a report on the 
status of its ongoing evaluation of its options for addressing future dicamba-related 
incidents (Unglesbee, 2022a). The environmental and farming organisations involved 
subsequently asked court to lift a stay and expedite their lawsuit demanding EPA 
vacate its 2020 dicamba herbicide registrations (Unglesbee, 2022b). Despite these 
developments, the companies involved aim to commercialise new dicamba tolerant 
traits, some with tolerances against four or five active ingredients (Unglesbee, 
2020n). 
 
Alternatives 
 
The growing failure of RoundUp Ready crops, due to the spread of glyphosate 
resistant (GR) weeds, provides an opportunity to phase out the use of RR crops and 
adopt new methods and technologies. The priority should be to reduce and replace 
the use of herbicides: not to replace RR crops with other herbicide-tolerant crops, 
whether or not these are GM crops or produced by different methods. It is now widely 
recognised that herbicide dependency must be reduced (Harker et al., 2017; Beckie 
et al., 2019b). 
 
Viable alternatives include: 
• Increased use of agro-ecological methods, for conventional as well as organic 
farming, including crop rotations; 
• Further development and implementation of spot spraying and precision 
weeding to target and reduce the use of herbicides and/or technologies to limit weed 
seed production during the grain harvest (Quartz, 2015; Guardian, 2015; Horticulture 
Week, 2015; Gonzalez-de-Santos et al., 2017; Walsh et al., 2017; Beckie et al., 
2019b; Oliver, 2020; Belton, 2021; Peters, 2021). 
 
Even advocates of GM crops now accept that RR crops – the main GM crops that 
are grown today - are not the future of agriculture. Former UK Life Sciences Minister, 
George Freeman MP (Minister for Science, Research and Innovation until July 2022) 
stated: “The first generation, if you like ‘GM1.0’, was very crude, particularly the 
original Monsanto monoculture model: “Spray  everything  that  dies  apart  from  the  
thing we have protected.” I do not think anyone thinks that is a particularly 
progressive way of doing 21st century agriculture…” (House of Commons Science 
and Technology Committee, 2016). Former senior scientists at DuPont and Corteva 
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Agriscience conclude a recent book chapter, “Today, glyphosate-based crop systems 
are still mainstays of weed management, but they cannot keep up with the capacity 
of weeds to evolve resistance. Growers desperately need new technologies, but no 
technology with the impact of glyphosate and GR crops is on the horizon. Although 
the expansion of GR crop traits is possible into new geographic areas and crops 
such as wheat and sugarcane and could have high value, the Roundup Ready® 
revolution is over” (Green & Siehl, 2021). 
 
There are significant opportunity costs associated with investing in ‘next-generation’ 
HT crops which are tolerant to more herbicides but which will not solve the long-term 
problem of resistant weeds and will continue to pose risks to human health and the 
environment. Investing in alternatives means a supporting a paradigm shift towards 
using less herbicide, not more, to the benefit of farmers, human health and the 
environment. It is particularly important that RR crops are not pushed into new 
countries which have so far avoided stepping onto the “transgenic treadmill”. 
 
Recommendations 
 
GeneWatch calls for an end to the cultivation of herbicide-tolerant (HT) GM crops, 
including RoundUp Ready (RR) crops and ‘next-generation’ GM crops that are 
tolerant to more than one weedkiller. Protecting the environment and human health 
should be a priority. 
 
The growing failure of RoundUp Ready crops, due to the spread of glyphosate 
resistant (GR) weeds, provides an opportunity to phase out the use of RR crops and 
adopt new methods and technologies. The priority should be to reduce and replace 
the use of herbicides: not to replace RR crops with other herbicide-tolerant crops, 
whether or not these are GM crops or produced by different methods. 
 
Governments of countries where RR crops are grown should urgently develop 
phase-out plans for this technology and publish these for public consultation and 
debate.  
 
Governments should also end subsidies for maize (corn) to be used as biofuels (corn 
ethanol), rather than as food. 
 
Governments of countries where RR crops are not currently grown (for example in 
Europe, most of Africa and Asia, parts of Latin America and New Zealand) should 
maintain their de facto bans on this technology.  
 
In addition: 
• Food retailers should require non-GM feed for meat and dairy products, to 
seek to minimise environmental damage in countries where GM HT crops are grown. 
At minimum, labelled non-GM-fed meat and dairy products should be available to 
allow consumers to choose to eat such products. 
• In the United States, GM food products should be labelled and food 
manufacturers should seek to avoid using ingredients from GM HT crops. 
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1. Introduction 
 

Herbicide tolerance (HT) is the dominant trait among GM crops, with about 88% of all cultivated 
GM crops being herbicide tolerant, according to industry figures (166.6 million ha out of 190.4 
million ha, ISAAA, 2019a). This includes 43% of commercially planted GM crops by area solely 
with an HT trait, plus 45% with stacked traits (HT plus insect resistant traits, also known as Bt 
traits). Around 8% of all cultivated GM crops consist of Bt cotton (without the HT trait) planted in 
India and China (15.1 million ha out of 190.4 million ha, ISAAA, 2019a). Thus, HT crops account 
for virtually all the GM crops grown for use in food or feed.  
 
Glyphosate resistant, Roundup Ready (RR) crops comprise the vast majority of all HT crops 
(Benbrook, 2012a). RR crops are genetically engineered to survive blanket spraying with weedkiller 
(herbicide) containing the active ingredient glyphosate (originally sold by Monsanto with the 
brandname RoundUp). However, newer HT crops resistant to other herbicides such as 2,4-D and 
dicamba have now also entered the market, and older GM crops resistant to glufosinate have 
expanded market share (see Section 6. Industry response). 
 
This reality is in sharp contrast to GM industry PR which emphasises potential new traits (not yet 
established on the market), including GM crops that tolerate flooding or drought. Such traits were 
promised more than 40 years ago (OTA, 1981; NABC, 1998), but are very difficult to deliver, even 
using newer genetic engineering techniques (Hüdig et al., 2022). Selling herbicide-tolerant crops 
with the associated herbicides remains an industry priority (FoEE, 2022).  
 
Genetically engineered, glyphosate tolerant crops were first commercialised in 1996 and include 
soybeans, corn (maize), cotton, canola (oil seed rape), sugarbeets and alfalfa (Fernandez-Cornejo 
et al., 2014; 2016). GM soybean, which is mainly RR soybean, is the most important GM crop, 
accounting for 48% of all GM crop hectarage (ISAAA, 2019a). Over 90% of GM crops by area are 
grown in just five countries: the USA, Brazil, Argentina, Canada and India. India grows only GM 
cotton with an insect resistant (Bt) trait. Therefore, the majority of HT GM crops are grown in the 
USA, Brazil, Argentina and Canada. Paraguay, Bolivia, Uruguay and South Africa also grow some 
HT GM crops (mainly soybeans and maize), GM maize (some of which contains the HT trait) is 
also grown in the Philippines, and GM HT canola (oil seed rape) and GM cotton (some with the HT 
trait) is grown in Australia. In 2019, industry figures put the USA at 95% GM crop adoption in the 
main commodity crops (average for soybeans, maize, and canola adoption), much of which would 
have contained HT traits (alone or in combination) (ISAAA, 2019a). The same report cites GM crop 
adoption rates of 94% for Brazil (which grows mainly GM soybeans, maize and cotton), nearly 
100% for Argentina (which grows mainly GM soybean, maize, cotton and alfalfa) and 90% for 
Canada (which grows mainly HM canola, soybeans, maize sugar beets, alfalfa). Thus, the industry 
describes these countries as having reached close to saturation in commercial GM crop production, 
and is seeking to expand markets elsewhere (ISAAA, 2019a). For example, Bayer (which now 
owns GM seed company Monsanto) is once again seeking to market RR cotton in India, despite 
its previous rejection (Bhardwaj, 2022). 
 
U.S. farmers used herbicide tolerant (mainly RR) soybeans on 93 percent of all planted soybean 
acres in the USA in 2013 (Fernandez-Cornejo et al., 2014). Herbicide tolerant corn (maize) 
accounted for 85 percent of U.S. corn acreage in 2013, and herbicide tolerant cotton constituted 
82 percent of U.S. cotton acreage (Fernandez-Cornejo et al., 2014). Some 95 percent of U.S. 
canola (oil seed rape) acres and over 99 percent of U.S. sugarbeet acres harvested in 2013 were 
planted with GM seeds containing herbicide tolerant (mainly RR) traits, whereas 13 percent of U.S. 
alfalfa acres were planted using GM seeds in 2013 (Fernandez-Cornejo et al., 2016). 
 
The U.S. grows more GM crops than any other country. The hectarage planted to the three main 
RR crops, soybeans, corn and cotton increased from about 2.9 million hectares in 1996 to about 
60.7 million hectares in 2011 (Benbrook, 2012a). RR crop adoption in single and multiple trait 
varieties in the U.S. had reached 94% in soybeans, 89% in corn, and 91% in cotton by 2014 (USDA 
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NASS, 2014) (Figure 1). An even higher adoption rate is found in Roundup Ready sugar beet that 
today covers 98% of the total hectarage of sugar beet in the U.S. and is the fastest ever adopted 
biotech crop. In Canada, RR sugar beet adoption was 96% in 2013 (James, 2013). Apart from RR 
crops, the U.S. and Canada also grow dicamba and 2,4-D tolerant GM crops (see Section 6. 
Industry response). 
 
In Brazil, which grows the second largest area of GM crops, 83% of all GM crops were herbicide 
tolerant by 2014. The most important GM crop is soybean, accounting for 67% of all biotech crop 
hectarage in 2014. HT soybean adoption increased from 5% in 1996 to 95% in 2014 (Benbrook, 
2016; Figure 2). In Argentina, which grows the third largest area of GM crops, almost all GM crops, 
except for 5,000 ha of insect resistant corn, were herbicide tolerant by 2014. While in 1996 only 
6% of all soybean area was planted to HT soybean, adoption reached 100% in 2008 and has 
remained that level until today (Benbrook, 2016; Figure 2). Apart from soybeans, 100% of the total 
cotton plantings in Brazil are also herbicide tolerant, according to industry figures (James, 2013). 
RR soybean adoption is furthermore reaching saturation in Uruguay (100%), Paraguay (95%), 
South Africa (92%) and Bolivia (91%) (James, 2013). 
 
In the EU, import of HT food and feed, as well as the cultivation of HT crops can be authorised. So 
far, several HT crops have been approved for import (these are largely used in anmal feed) but as 
of today, no HT crops have been approved for commercial cultivation in the EU, or the UK since 
leaving the EU. Most countries in the world do not grow GM crops commercially, or have not 
authorised GM crops with HT traits.   

 
In this report we will elaborate the risks of Roundup Ready (RR) crops by looking back at 25 years 
of experience with this technology in the U.S. and South America. We first analyse the implications 
of adopting RR crops for farmers. Then, we look at the potential risk of this technology to the 
environment and to human health. Then, we consider the industry’s response to growing problems 
with RR crops, particularly resistant weeds, including the development of HT crops with tolerance 
to multiple herbicides.  
 

 
Figure 1. HR crop adoption in the U.S. from 1996-2014. Sources: U.S. Department of 
Agriculture, National Agricultural Statistics Service (NASS). Genetically engineered 
varieties of corn, upland cotton, and soybeans, by State and for the United States, 
2000-14; Fernandez-Cornejo & McBride (2002). Combines percent acres planted to 
single and multiple trait varieties. 
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Figure 2. RR soybean adoption in Brazil & Argentina, data derived from Benbrook 
(2016), additional file1: Table S22 

2. Background 
 
Roundup® is a non-selective, broad-spectrum herbicide containing the active ingredient 
glyphosate. It was developed by Monsanto and introduced in 1974 (Monsanto, 2005a). Glyphosate 
was said to have a very low toxicity to mammals, birds and fish and to be environmentally sound 
due to rapid biodegradation and soil binding which decrease persistence in the environment and 
leaching (Monsanto, 1993). Further praised advantages of the herbicide were its great efficacy, 
being able to kill all weeds and allowing farmers to control weeds with minimal tillage, thereby not 
only saving time but also conserving the soil. Glyphosate based herbicides are the world’s most 
widely used herbicides and by 2005 were registered in over 130 countries (Monsanto, 2005a). 
According to Glyphosate Market Outlook 2031 (n.d.), the global glyphosate herbicide market is still 
growing and had a market value of US $9.3 billion in 2020, when the use of glyphosate for GM 
crops was around 45.2% of the global market. Roundup is used in agriculture to control weeds in 
field crops, intercrop rows or around perennial trees and vines. It is further used to control weeds 
along roadside, irrigation channels, recreational areas or for woody weed control (Powles & 
Preston, 2006). Glyphosate controls weeds by disrupting the enzyme 5-Enolpyruvylshikimat-3-
phosphate-Synthase (EPSPS). EPSPS is a key enzyme of the shikimate pathway, a biochemical 
metabolic pathway, that is involved in the biosynthesis of aromatic amino acids that are essential 
for protein synthesis and govern multiple metabolic processes in plants, fungi and some bacteria. 
The functionality of this pathway is therefore crucial for plant growth and the survival of plants. As 
the shikimate pathway or EPSPS, respectively, is not present in mammalian, avian or aquatic life 
forms, it has been claimed by Monsanto that glyphosate only poses a small risk to human health 
and the environment (Monsanto, 1993; 2005a). Risks to human health and the environment are 
discussed in more detail later in this report. 
 
In the early 1980s, researchers began to look for glyphosate-insensitive EPSP synthases to 
develop herbicide tolerant crops. Eventually, naturally occurring glyphosate tolerant microbes 
(strain CP4 of Agrobacterium tumefaciens) were identified, that had evolved resistance in a waste-
fed column at a glyphosate production plant and the first glyphosate resistance EPSP synthases 
could be isolated. Due to only an Alanine instead of a Glycine residue in the active site of this 
resistant EPSP synthase, the glyphosate molecule adopts a different form that does not inhibit the 
shikimate pathway (Funke et al., 2006). 
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In 1993, Monsanto applied for the deregulation of the first genetically modified herbicide tolerant 
crop, Roundup Ready (RR) soybeans at the US Animal and Plant Health Inspection Service 
(APHIS) (Monsanto, 1993). With the in-crop tolerance to Roundup®, these crops had the 
advantage that farmers could now also spray Roundup herbicides after crop emergence and 
throughout the growing season without risking harm to their crops. Conventional farmers have to 
select among a range of herbicide active ingredients and carefully manage the timing of herbicide 
application, also applying other nonchemical control practices. The Roundup and Roundup Ready 
crop technology package allows (in theory) blanket spraying with a single weedkiller. This provides 
for more flexibility for farmers and is easy to use, requiring less skill and knowledge (Mortensen et 
al., 2012). This idea was that this would lead to lower overall costs, by saving time and because, 
according to Monsanto, number of applications and the total herbicide use might be reduced and 
glyphosate was less expensive than other options (Monsanto, 1993). 

3. Do farmers benefit from RR crops? 
 
To evaluate the profitability of a system, revenue and expenses have to be balanced. According to 
the Agricultural Resource Management Survey (ARMS) the majority of farmers (60-77%) adopted 
RR crops to increase yields. Other reasons were to decrease pesticide input costs (6-20%) and to 
save management time and make other practices easier (12-15%) (Fernandez-Cornejo et al., 
2014). In the following sections we will evaluate if the promised advantages of RR crop technology 
were proved right in GM adopting countries. 

3.1. Impact of RR crops on inputs and farming practices 
 
Farmers expected RR crops to decrease their overall costs by making farming practices easier and 
requiring less herbicide. Initially, the strategy worked. Farmers had lower weed-control costs, with 
glyphosate being cheaper than the mixture of selective herbicides it replaced, and fewer tractor 
passes and less time spent on weed identification were necessary. Other initial benefits included 
simplified weed management, a bigger time window and more flexibility for spraying, and 
abandonment of mechanical control of weeds. The economic literature, examining the effects of 
HT crop adoption on production and management costs and farms profits, however usually only 
considers short-term cost savings and ignores negative externalities (Desquilbet et al. 2019). The 
following section discusses the long-term impact of RR crops on overall farming prices. 

3.1.1 Herbicide use 
 
With the introduction of RR crops in 1996, a shift in the use of herbicide active ingredients was 
observed. Where farmers previously changed herbicides annually, or used multiple herbicides, they 
now began to rely more and more on a single herbicide: glyphosate. Contrary to the GM industry’s 
promise that RR crops would reduce overall herbicide use, the already high levels of glyphosate 
usage increased dramatically after the introduction of RR crops, since the RR technology 
fundamentally changed how farmers could apply glyphosate. Before then, farmers could apply 
glyphosate only pre crop emergence or again after crop harvest. The RR technology however made 
it possible to additionally spray the herbicide after crop emergence without risking crop damage. 
This caused an unprecedented and fast growth in the use of glyphosate (Powles & Preston, 2006; 
Benbrook, 2016). This reality is in stark contrast to the industry’s PR message that GM crops 
reduce chemical use (Kimbrell, 2016). Glyphosate use further increased after Monsanto’s patent 
on glyphosate expired in 2000 (Duke & Powles, 2008). As a result, dozens of companies around 
the world began to develop generic glyphosate-based herbicides and caused glyphosate prices to 
fall continuously, making it even more popular. Subsequently, problems with the development of 
glyphosate resistant ‘superweeds’ (see Section 3.1.2. Superweeds) have led to increased use of 
glyphosate (multiple spraying) as well as other weedkillers. As a result, Schulz et al. (2021) have 
shown that in the two most important GM crops in the US, corn and soybean, the total applied 
toxicity of pesticides (not just glyphosate) has increased along with increasing GM adoption. 
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3.1.1.1. Global glyphosate use  
 
Data on global glyphosate use are difficult to obtain and have uncertainties, since they are often 
incomplete and derived from industry production figures that are often proprietary (Benbrook, 
2016). Benbrook (2016) estimate that global agricultural glyphosate use increased almost 15-fold, 
from 51 million kg in 1995 to 747 million kg in 2014. Of this, about 45 to 50% is used on herbicide 
tolerant crops, most of it in HT soybeans, followed by HT corn and HT cotton (Figure 3; Benbrook, 
2016; Glyphosate Market Outlook 2031, n.d.). Today, glyphosate is the most widely used herbicide 
in global agriculture. Based on the figures in Benbrook (2016) paper, by 2016, around 90% of total 
glyphosate worldwide had been applied in the 20 years since the introduction of RR crops. Never 
before has a pesticide been sprayed so widely (Myers et al., 2016; Benbrook et al., 2016).  
 

 
 
Figure 3. The trend in global glyphosate use 1996 – 2014 shows the increasing share being used 
on HT crops. Data derived from Benbrook (2016), additional file 1: tables S23 & S24. 

3.1.1.2. Herbicide use in the U.S. 
 
In 1995, just before the introduction of RR crops, glyphosate was only the seventh most used 
herbicide in U.S. agriculture according to the United States Environmental Protection Agency (EPA) 
(~11.3-13.6 million kg a year). Back then, usage of the most heavily applied herbicide, atrazine, 
was almost three times as much (~30-33.1 million kg a year). By 2001, glyphosate however already 
surpassed atrazine as the most widely used herbicide in U.S. agriculture (Benbrook, 2016; Grube 
et al 2011) and by 2007, glyphosate was used more than twice as much as atrazine (81.6-83.9 
million kg a year for glyphosate versus ~32.6-35.3 million kg a year for atrazine). According to these 
studies, by 2016, agricultural glyphosate use in the U.S. was at 113 million kg, nine times more 
than before the commercialisation of RR crops (Benbrook, 2016; Myers et al., 2016). According to 
EPA, annual glyphsoate use has further increased to 127 million kg (US EPA, 2019a).  
 
The largest quantity of agricultural glyphosate is applied to the three major RR crops soybean, corn 
and cotton. Benbrook (2016) estimates that together they account for around 80% of total 
agricultural glyphosate use in the U.S., while soybeans alone account for around 50%. According 
to this study, the introduction of RR crops in the U.S., led on the one hand to a higher amount of 
glyphosate applied per application (58% increase in soybeans and 43% in corn from 1995 to 2013) 
and on the other hand to a higher average number of applications per year (64% increase in 
soybeans and 16% in corn from 1995 to 2013). Thus glyphosate use increased in intensity, which 
is the amount sprayed per hectare multiplied by the application frequency (kg/ha/yr). From 1995 to 
2013 the intensity of glyphosate use rose by 150% in soybean acres (from 0.68 kg/ha/yr in 1995 to 
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1.71 kg/ha/yr in 2013) and 72% in corn acres (from 0.72 kg/ha/yr in 1995 to 1.23 kg/ha/yr in 2013). 
As most soybean and corn acres are continuously planted with RR crops (soybean followed by 
corn, soybean or vice versa), they are sprayed with this amount of glyphosate every year. 
Glyphosate use further increased in extent (the area sprayed with glyphosate), due to a bigger area 
planted to RR crops. From 1995 to 2013, the hectarage of corn and soybean treated with 
glyphosate recorded a nine-fold increase from 6.9 to 63.5 million hectares (CFS, 2015a). CFS 
(2015a) found the increase of soybean and corn hectarage treated with glyphosate to closely track 
RR crop adoption.  
 
The overall increase of glyphosate use in the United States in the 25 years from 1992 to 2017 is 
illustrated in Figure 4. 

 
The increasing reliance on glyphosate by farmers, especially in RR crop fields, cannot be equated 
with a decrease in total herbicide input costs. While in the first years of adoption, herbicide use in 
the major HT crops was lower than in conventional crops, it steadily increased in the years since, 
and became much higher than in conventional crops (Figure 5, Figure 6, Figure 7). Moreover, total 
herbicide use (common herbicides and glyphosate-based herbicides) in soybean and cotton fields 
in 2011 exceeded 1996 levels by far (Figure 5, Figure 7). In cornfields, total herbicide use was 
lower in 2011 than in 1996 but recorded a steady increase since 2002 (Figure 6). Benbrook (2012a) 
calculated that the three major HT crops combined raised the total amount of herbicide usage in 
the U.S. from 1996 to 2011 by an estimated 239 million kilos compared to what herbicide use would 
have been in absence of HT crops. 
 

 

Figure 4. Estimated Agricultural Glyphosate use before (1992) and after (2017) significant 
adoption of RR crops. in the U.S. Credit: U.S. Geological Survey, Department of the 
Interior/USGS. URL: 
http://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=2012&map=GLYPH
OSATE&hilo=L&disp=Glyphosate 
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Figure 5. Total herbicide use [kg/ha] on soybean acres in the U.S. (1996-2011) and 
comparison between herbicide use in conventional and RR soybean production systems. 
Data adopted from Benbrook (2012a), based on USDA data. 

 

 
Figure 6. Total herbicide use [kg/ha] on corn acres in the U.S. (1996-2011) and comparison 
between herbicide use in conventional and HT corn production systems. Data adopted from 
Benbrook (2012a), based on USDA data. 
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Figure 7. Total herbicide use [kg/ha] on cotton acres in the U.S. (1996-2011) and 
comparison between herbicide use in conventional and HT cotton production systems. Data 
adopted from Benbrook (2012a), based on USDA data. 

 
Subsequently, the 2015 National Agricultural Statistics Survey (NASS), has shown that 
while soybean acres increased 30 percent from 3.95 million acres in 2006 to 5.15 million 
acres in 2015, total herbicide use increased 61 percent, with farmers spending 88 percent 
more on crop protectant products than they did six years before. Glyphosate resistant 
weeds are a major reason why herbicide usage in soybean fields is on the rise (see 
Section 3.1.2. Superweeds), as herbicides that rely on different modes of action have 
begun to be adopted by more and more producers in attempts to tackle these resistant 
weeds (AgWeek, 2016). 
 
Perry et al. (2016) study pesticide use on GM crops with a large, representative sample of 
plot-level choices made by U.S. maize and soybean farmers from 1998 to 2011. They find 
that, on average, adopters of GM glyphosate-tolerant (GT) soybeans used 28% (0.30 
kg/ha) more herbicide than nonadopters but adopters of GT maize used 1.2% (0.03 kg/ha) 
less herbicide than nonadopters: however, they note that, for both glyphosate-tolerant GM 
soybean and maize, adopters used increasingly more herbicides relative to nonadopters 
over time, consistent with the emergence of glyphosate weed resistance. In this study, 
increased glyphosate use came at the expense of other herbicides, although for soybeans 
there was also an increase in total herbicide use that began in 2007 and steadily rose 
through 2011. The authors conclude that there is clear evidence of increasing herbicide 
use by glyphosate tolerant variety adopters over time for both GM soybeans and maize, a 
finding that they attribute in part to the emergence of glyphosate weed resistance. 
 
In a more recent study, Schulz et al. (2021) find that in the two most important GM crops in 
the US, corn and soybean, the applied toxicity of pesticides (based on total applied toxicity, 
TAT) increases along with increasing GM adoption. The TAT is based on the annual 
applied amount, weighted according to the pesticide’s toxicity (based on regulatory 
threshold levels). Although there are uncertainties, the TAT is broadly predictive of the 
potential pesticide impact on the eight non-target species groups considered in the paper. 
In this paper, Figure 2A in this paper shows the increase in herbicide use on soybeans in 
the USA, and Figure 2B and Supplementary Figure S14B show how the TAT to non-target 
terrestrial plants for herbicides used on HT soybeans has increased with increasing HT 
soybean adoption. The authors note that the TAT to terrestrial plants has increased since 
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approximately 2008 for for herbicides in HT soybean, likely due to the response to 
glyphosate resistant weeds (see Section 3.1.2. Superweeds). This finding contrasts with 
industry-funded studies such as the 2020 study by PG Economics funded by Bayer Crop 
Science (which now owns Monsanto). PG Economics argues that the Environmental 
Impact Quotient (EIQ) of herbicides used on GM HT crops is lower than that used on 
conventional crops (Brookes & Barfoot, 2020). However, this industry-funded conclusion is 
not based on actual data but on unreferenced “opinion from extension and industry 
advisors across the country as to what farmers might reasonably be expected to do for 
pest and weed control practices, including typical insecticide/herbicide application rates”, 
and is thus highly susceptible to bias. In contrast, the findings of Schulz et al. (2021) are 
consistent with the industry response to the emergence of glyphosate-resistant weeds, 
which results in the extensive use of additional herbicides (see Section 6.2 Increasing the 
herbicide platform used on RR crops, and Section 6.3 Developing new transgenic crops 
with resistances to additional herbicides). 

3.1.1.3. Herbicide use in South America 
 
Rising herbicide use is also observed in South America. In Argentina, GM soybeans cover 100% 
of the total soya crop hectares and glyphosate comprised 62% of the total volume of pesticides 
sold in 2014, which is 75% of the total volume of herbicides sold (CASAFE, 2014). According to 
Benbrook (2016), the average single glyphosate application rate increased from 1.1 kg/ha in 1996 
to 1.4 kg/ha in 2014 and the average number of glyphosate applications increased from 1.8 to 3.18 
over the same time period, with as much as seven applications per year being reported. According 
to Warren (2013), total agrochemical use in Argentina increased nine-fold from 34 million litres in 
1990 to more than 317 million litres in 2013. This article reports that Argentinean farmers applied 
4.8 kg of agrochemical per hectare in 2013, much more than U.S. farmers. Catacora-Vargas et al. 
(2012) report that glyphosate use more than doubled in Argentina from 2000 to 2011, due to the 
steady increase of the cultivation area of Roundup Ready soybeans. 
 
The increase was equally pronounced in Brazil, where pesticide sales in US$ increased 288% 
between 2000 and 2012 and the volume of pesticide sales increased 162% during the same time 
period (Carneiro et al., 2015). Since 2011, Brazil is the largest consumer of agrochemicals with a 
20% share of the global market in 2017 (Alcántara de la Cruz et al. 2020). A report from Brazil’s 
National Cancer Institute José Alencar Gomes da Silva (INCA) names the release of genetically 
modified seeds as one of the reasons for this (INCA, 2015). Similarly, Alcántara de la Cruz et al. 
(2020) name “the increase of agricultural areas destined to monoculture of transgenic crops” as 
reason for the increase in pesticide use in Brazil. Although overall sales of crop protection products 
fell in 2015 for economic reasons, there was continued growth in sales of herbicides (IEA, 2016). 
Data from the Food and Agriculture Organization of the United Nations (FAO) Statistics Division 
show a 350% increase in the use of herbicides in Brazil, from 68,131 tonnes of active ingredient 
(a.i.) in 1999 to 239,657 tonnes a.i. in 2013 (FAO, 2016). Glyphosate accounts for more than 50% 
of the national herbicide market, followed by 2,4-D (18.2% in 2017). Total sales of glyphosate 
increased 65% from 2009 (118.5 thousand tons a.i.) to 2018 (195.0 thousand tons a.i.) (Alcántara 
de la Cruz et al. 2020). According to Benbrook (2016), the average single glyphosate application 
rate increased from 0.8 kg/ha in 1996 to 1.4 kg/ha in 2014 and the average number of glyphosate 
applications increased from 2.13 to 3.18 over the same time period. Vivian et al. (2013) report that 
since the introduction of RR soybean technology in 2003, until 2006, there was a reduction in 
herbicide application on soybeans in the country, deriving mainly from the efficiency of control and 
range of action of glyphosate. However, they report that amount of active ingredients utilized on 
this crop has risen significantly since 2006, as a result of the intense use of glyphosate and other 
herbicides, and the development of resistant weeds (see Section 3.1.2. Superweeds). Soybean is 
the main consumer of pesticides in Brazil, being responsible for 52.2% of national sales (Alcántara 
de la Cruz et al. 2020) and occupying 56.82% of the total cultivated area of Brazil in 2016 (IEA, 
2016). Given that close to 100% of this is GR soybean (95.8% in 2017), around half of all pesticides 
sold in Brazil are used on GR soybean. Maize and cotton account for 10.6 and 6.7% of pesticide 
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sales in Brazil, respectively. The vast majority of this is used on GM HT varieties which occupy 
89.0 and 94.0% of the total planted area of maize and cotton, respectively. The total area cultivated 
with glyphosate resistant crops tripled from 2009 (4.4 million hectares, equalling 31.8%) to 2018 
(14.7 million hectares, equalling 89%) and more than 70% of pesticides are used in these crops 
(Alcántara de la Cruz et al. 2020). A study comparing the sustainability of the Brazilian GM and 
non-GM soybean meal chains found that the GM chain has a higher use of herbicides (Gaitán-
Cremaschi et al., 2015).  

3.1.1.4. Herbicide use in Europe 
 
In Europe, where to date no RR crops are cultivated, glyphosate cannot be used to directly control 
weeds in growing crops. Nevertheless, it is used in a wide range of non-GM crops including cereals, 
maize, oilseed rape, sugar beet, field beans orchards, olive groves, vines and grassland in pre-
plant, pre-emergence or post harvest applications. It is also used as harvest aid in a practice called 
desiccation, in which glyphosate is sprayed for a short time period onto nearly-ripe crops. This 
should cause the plant to quickly produce seeds, while the rest of the plant dies, aiming for a more 
even ripening, an earlier harvest and a reduced moisture content in the harvested grains. Thus, 
this practice is often used in countries such as the UK, where growing periods are wet. Desiccation 
also aims to reduce the number of weeds in the harvest (Friends of the Earth Europe, 2013a). 
Nevertheless, contrary to RR crop producing countries in North- and South America, herbicide use 
has declined in different European countries since the introduction of RR crops elsewhere. In 
France, herbicide use declined to 82% of 1995 levels by 2009. Similar trends have also been 
observed in other non-adopting countries like Germany and Switzerland (Heinemann et al., 2014a). 
This trend could however rapidly change if RR crops were to be introduced in Europe.  A 
Greenpeace study projecting the future impact of the first 15 years of RR crop adoption (maize, 
soya and sugar beets) in the EU on herbicide use, were such crops to be introduced, concluded 
that glyphosate use would increase by 800% over all three crops if adoption were as quick and 
unrestricted as in the U.S (Benbrook, 2012b). According to the European Food Safety Authority 
(EFSA), which has argued that cultivation of RR crops should be allowed in the EU, this is purely 
an issue of management and the right agricultural practices. Thereby, EFSA puts all the 
responsibility on the farmers and neglects the wider problems of the RR cropping system.  
However, the Greenpeace study argues that glyphosate use would still raise by 400%, even if RR 
crop adoption was coupled with strict weed resistance management (Benbrook, 2012b). 

3.1.2. Superweeds 
 
One of the main reasons for the increase in herbicide use in GM adopting countries is the 
emergence of glyphosate resistant (GR) weeds, also referred to as ‘superweeds’ (Benbrook, 
2012a). And vice versa, one of the main reasons for the steady increase in the evolution of 
glyphosate-resistant weeds worldwide, is the increase in glyphosate usage in glyphosate-resistant 
crops (Heap and Duke, 2018). Even enthusiasts for RoundUp Ready crops, such as Duke (2018), 
who argues that their introduction was an “outstanding success”, accept that evolution of 
glyphosate resistant weeds is now a major problem, significantly increasing the cost of weed 
management in some cases, and leading to increases in the use of other herbicides. Heap and 
Duke (2018) write in their conclusion: “Herbicides, once seen as the final solution to weed control 
problems in major crops, clearly have a limited lifespan because of herbicide-resistance and 
concerns about environmental issues”. Duke et al. (2018) report that, “Currently, across large areas 
devoted to GR [glyphosate-resistant] crops, particularly in the USA, Brazil and Argentina, GR 
weeds have become very problematic, reducing the cost and efficacy advantages of GR crops 
significantly. In the Americas, GR weeds have forced farmers to much greater expenditures on 
herbicides for weed control. The rapid US farmer adoption of GR soybean with almost exclusive 
glyphosate use caused a precipitous decline in use of other herbicides from 1996 onwards for a 
decade. Growers relied exclusively on glyphosate for weed control in GR crops. However, as GR 
weed challenges emerged in US GR crop fields, growers were forced to add alternative herbicides 
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to control glyphosate-resistant weeds. Grower weed control costs tripled, as evidenced by the rapid 
resurgence of non-glyposate herbicide use in US soybean crops”. 

 
3.1.2.1. Development and spread of GR superweeds 
 
In 1993, Monsanto claimed that several experts came to the conclusion that the development of 
glyphosate resistant weeds was ‘highly unlikely’. The herbicide had already been widely used for 
20 years without reports of weed resistance and the introduction of Roundup Ready crops would 
not significantly alter the selection pressure. Reasons given as to why this herbicide was a low-risk 
herbicide for the evolution of glyphosate resistant weeds were its non-selectivity, that glyphosate 
does not persist in the soil and that no other herbicide had the same mode of action (Monsanto, 
1993). Other cited reasons were its chemical structure, its metabolism and the fact the extremely 
complex manipulations used to develop glyphosate-resistant crops were not able to be duplicated 
in nature (Bradshaw et al., 1997). Nevertheless, the first glyphosate–resistant weed, rigid rygrass 
(Lolium rigidum), was already reported in 1996 in Australia (Powles et al., 1998), the very year the 
first glyphosate-resistant crop was introduced in the U.S. In 1997, the evidence that in two decades 
of extensive use only one weed had evolved resistance to glyphosate was still considered a 
convincing argument for its low risk to trigger the evolution of glyphosate resistance (Heap, 1997). 
However, by 2003, Monsanto (now owned by Bayer) was being openly criticised by weed scientists 
for neglecting the problem of resistant weeds (Hartzler, 2003, 2004). 
 
In 2021, the International Herbicide-Resistant Weed database lists 55 weed species that have 
evolved glyphosate resistance (Table 1, Heap, 2021) about half of which have evolved resistance 
in glyphosate-tolerant crop systems (Heap and Duke, 2018). Canadian horseweed, also called 
Canadian fleabane (Conyza canadensis) is the most widespread glyphosate resistant (GR) weed, 
found in 11 countries and 25 U.S. states (Heap and Duke, 2018). Conyza species are also the 
most widespread weeds in soybean farms in Brazil (Lucio et al. 2019). Palmer amaranth 
(Amaranthus palmeri), also called pigweed, is found in 27 U.S. states and is one of the most feared 
weeds in US row crops (Molin, 2019), The first glyphosate-resistant Palmer amaranth was detected 
in 2005 in Macon County, Georgia (Culpepper et al., 2006), where it spread quickly to all cotton 
producing counties in Georgia (Sosnoskie & Culpepper, 2014). Another important weed, K. 
scoparia has been confirmed in 13 US states and 4 Canadian provinces (Heap, 2021). Giant 
ragweed (Ambrosia trifida) spread from 15% to 39% of Indiana counties between 2006 and 2014 
(Harre et al. 2017). Dias et al (2018) report differences in weed communities in glyphosate resistant 
versus susceptible soybean fields, with Conyza spp., Commelina benghalensis and Digitaria 
insularis dominanting in GR soybean fields. Changes in weed populations have also been observed 
in cotton-growing regions in Australia, where volunteer glyphosate tolerant cotton, Echinochloa 
colona, Conyza bonariensis and Sonchus oleraceus were present in the majority of fields surveyed 
(Manalil et al. 2017). A volunteer is a plant that grows on its own, rather than being deliberately 
planted by a farmer. 
 
The U.S., where GM HT crops were first introduced and overwhelmingly adopted, has the greatest 
problems with GR weeds today: 17 glyphosate resistant weed species were known by 2021, 13 of 
which have been found in glyphosate-resistant crops (Heap, 2021; Heap and Duke, 2018). In 2012, 
between 21 to 33 million hectares of U.S. cropland was infested with at least one glyphosate 
resistant weed, accounting for one-third to fifty percent of the land planted to RR crops (Benbrook, 
2012b). A survey by Stratus Ag Research conducted with about 3000 farmers across 31 U.S. 
states, speaks of 25 million hectares infested with glyphosate resistant weeds in 2012 (Fraser, 
2013) and about 34 million hectares in 2014 (Dow AgroScience, 2015). Almost half of all 
interviewed farmers reported that glyphosate resistant weeds were present on their farms. The 
problem was more severe in the South, with 92% of growers in Georgia reporting glyphosate 
resistant weeds. 27% of the farmers had multiple resistant weeds on their fields. The survey also 
indicates that the rate at which glyphosate-resistant weeds are spreading is increasing, with a 25% 
increase in 2011 and a 51% increase in 2012. Jason Norsworthy, professor of weed science at the 
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University of Arkansas predicted, that by 2020 all U.S. row crops would be infested by glyphosate 
resistance (Allison, 2015). 
 
Following the development of new GM herbicide-tolerant crops with resistance to multiple 
herbicides, including dicamba (see Section 6. Industry response), Geddes et al (2021) confirm the 
first cases of the tumbleweed kochia (Bassia scoparia) in Manitoba with dicamba resistance alone 
and in combination with glyphosate resistance. These authors conduct a randomized–stratified 
survey of 315 sites in Manitoba, USA, in the fall of 2018. They report that, overall, 58% of the kochia 
populations tested were glyphosate-resistant, while 1% were dicamba-resistant, showing a rapid 
increase in glyphosate resistant kochia over a five-year time frame. The potential for newer HT 
crops to lead to weeds that are resistant to other herbicides, such as dicamba and 2,4-D, is 
considered further in Section 6. Industry response). 
 
Outside the USA, gyphosate resistant (GR) weeds are common in all RR crop producing and major 
exporting countries with 21 GR weeds known in Australia, 16 in Argentina, 11 in Brazil, and 6 in 
Canada amongst others (Heap, 2021). These are also the countries with the greatest area infested 
with GR weeds (Heap and Duke, 2018). The reason why Australia has the second most glyphosate 
resistant weeds known today, even though it only has one GM HT crop (RR canola) cultivated, may 
be the large number of qualified weed scientists looking for them, whereas in most other countries 
some GR weeds have likely been overlooked. Another reason may be that glyphosate has been 
used at a lower rate than in the U.S. which allows for the evolution of low-level resistance 
mechanisms (Heap and Duke, 2018). In western Canada, 54% of the total cropping area was 
infested with HR weeds by 2018 (Beckie, 2018). Nevertheless, the numbers of GR weeds found in 
Canada to date are still comparatively few. Beckie and Harker (2017), however, say that picture 
could quickly change in the future given reliance on glyphosate for weed control pre-seeding, in-
crop, pre-harvest or post-harvest. They criticise the system for production of RR canola in the 
Canadian prairies and state that they believe the core element of a diverse weed management 
system is crop diversity to the extent possible, involving weed-competitive crops and agronomic 
practices that promote crop competitiveness against weeds. Cerdeira et al. (2011) confirm that 
overreliance on glyphosate in RR soybean cropping systems has resulted in the selection of 
resistant weed species through weed shifts and evolution of glyphosate-resistant weed biotypes, 
especially in Brazil, Argentina and Paraguay. According to Allison (2015), 30% of the total cropping 
area in Brazil was affected by GR weeds in 2015. Nine glyphosate resistant weed species have 
been reported in Brazil, some of which have multiple resistance to other modes of action. The 
selection of glyphosate resistance in these species is, with the exception of one, related to the use 
of RR crops (Alcántara de la Cruz et al. 2020). Vila-Aiub et al. (2008) review glyphosate-resistant 
weeds in South America and highlight the existence of resistant Mexican fireplant (Euphorbia 
heterophylla), hairy fleabane (Conyza bonariensis) and horseweed (Conyza canadensis) in 
soybean fields in Brazil. In Argentina, GR weed species evolved primarily in GM HT soybean (Heap 
and Duke, 2018). Vila-Aiub et al. (2007) report that whilst glyphosate initially gave good control of 
weeds in RR soybeans in Argentina, glyphosate-resistant Johnsongrass has resulted from an 
increase in the use of glyphosate from 14 million litres in 1996 to 175 million litres in 2006. Their 
study establishes that the failure of Johnsongrass control at commercial field rates of glyphosate 
(1,000g ae ha-1) in the Province of Salta (Argentina) is the result of evolved heritable resistance to 
glyphosate, following the continuous use of this weedkiller. Ferraro & Ghersa (2013) cite evidence 
of glyphosate-resistant johnsongrass (Sorghum halepense) in Argentina and develop a model for 
predicting herbicide resistance risk. In 2021, the first worldwide case of glyphosate resistant 
Bromus catharticus (prairie grass) was reported in Argentina (Yanniccari et al. 2021). 
 
Glyphosate resistant weeds have also spread beyond RR crop producing countries in countries 
such as Colombia, Venezuela, China, Japan and New Zealand. In eight European countries, Spain, 
Portugal, Greece, Czech Republic, Poland, Italy, France and Switzerland, a total of eight weeds 
species resistant to glyphosate are known. With five different GR weed species known in Spain, 
this country has the most different GR weeds, followed by Italy, Greece and Portugal that each 
have three different GR weed species to date (Benbrook, 2012b; Heap, 2016). This shows that the 
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problem with GR weeds is greater in southern Europe, where the emerged cases are attributable 
to repeated glyphosate use in vineyards, orchards and olive groves (Benbrook 2012b, Friends of 
the Earth Europe, 2013a; Fernández et al., 2017). If RR crops were ever to be grown in Europe, or 
elsewhere, the subsequent predicted increase in glyphosate use (Benbrook 2012b) would be likely 
to accelerate the spread of GR weeds. One of the GR weeds that already spread into several 
European countries is horseweed, which is one of the most dominant GR weeds in RR fields in the 
U.S. Since several glyphosate resistant phenotypes are already known in Europe, it can be 
expected that GR weeds would spread more quickly in Europe if RR crops are grown than in the 
U.S. (see next section). That means that European farmers would probably benefit from the initial 
advantages of this technology only for a very limited time. The same applies to other countries 
where RR crops are currently not grown. 
 
Pannell et al. (2017) note that herbicide-resistant (HR) weeds threaten the sustainability of 
herbicide-tolerant (HT) crops, pose environmental risks from increased use of alternative weed-
control treatments, alter public and private research and development (R&D) programs, and 
necessitate new approaches to manage such resistance. They compare perspectives from 
Australia, the European Union, and the United States. The authors report that the rapid adoption 
of HT canola, corn, cotton, soybean, and sugar beet in North America since the mid-1990s was 
accompanied by a dramatic reduction in the diversity of weed control tactics and intensified 
ecological selection pressure that ushered in a new era of HR weeds. Glyphosate resistance is 
much lower in the EU than the United States, because RR crops have not been given regulatory 
approval for cultivation in the EU. The article notes that, currently, the only RR crop available to 
grain farmers in Australia is canola (oil seed rape). Limiting the RR gene to a single crop is helping 
to limit the usage of glyphosate, so that the evolution of glyphosate resistance is slower than it has 
been in the United States. Nevertheless, according to the authors, it seems likely that it will 
eventually become widespread. If additional RR crops are brought to the Australian regulator, the 
risk of resistance will be one of the factors that are considered. The authors note that leading weed 
scientists will strongly oppose the release of additional RR crops and, given their experience with 
resistance, many farmers would be broadly supportive of this position. They also report that it is 
clear that most strategies recommended to prevent herbicide resistance will not avoid it indefinitely 
because they do not kill all, or nearly all, surviving weeds. Further, once resistance does occur in 
a field, the economics of alternative farming systems can be dramatically affected, and in general, 
the net benefits of adopting alternative weed control methods improve. The authors conclude that 
decisions about approval or cancellations of herbicides and GM crops will be required to take 
account of implications for resistance management. 
 
Although glyphosate-resistant weeds have been identified in non-GM crops such as orchards and 
vineyards and in non-GM crop adopting countries, “it is the glyphosate resistant weeds in 
glyphosate-resistant crop systems that dominate the area infested and growing economic impact” 
with over 90% of the area infested and the economic damage caused by GR weeds globally 
stemming from GR weeds in GM HT crop systems (Heap and Duke, 2018). 

3.1.2.2. Causes and Mechanisms for Glyphosate resistant weeds 
 
Glyphosate resistant weeds became a huge problem in a short amount of time, despite Monsanto 
stating that it was highly unlikely for glyphosate resistant weeds to evolve at all. Despite warnings, 
what was not accounted for was the unprecedented selection pressure exerted due to monocultural 
production systems, the reliance on a single herbicide, and the very fast adoption of RR systems 
that allow for multiple applications during the growing season. Additionally, crop rotations of 
different RR crops exposed weed populations to annually repeated glyphosate selection pressure. 
Simultaneously, farmers adopted zero tillage, which further increased the risk of glyphosate 
resistance evolution (Powles & Preston, 2006). On the other hand, repreated exposure to low doses 
of herbicides due to herbicide drift can also rapidly select for weed resistance (Vieria et al. 2020). 
Hormesis is a biological phenomenon whereby a beneficial effect (improved health, stress 
tolerance, growth or longevity) results from exposure to low doses of an agent that is otherwise 
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toxic or lethal when given at higher doses. Brito et al. (2017) review the hormetic effects of 
glyphosate on plants, including evidence that low rates of glyphosate application can increase plant 
growth. Glyphosate rates that cause hormesis and phytotoxicity are very close, making it difficult 
to use glyphosate to increase crop yields. However, the authors speculate that glyphosate 
hormesis may play a role in the evolution of and success of glyphosate-resistant weeds. 
Subsequently, based on pot trials in Australia, Mobli et al. (2020) report that the sublethal doses of 
glyphosate produced hormetic effects on growth and seed production of common sowthistle 
(Sonchus oleraceus) that change the dynamics of weed–crop competition. Additionally, the spread 
of resistance genes from glyphosate-resistant to susceptible weed species due to pollen-mediated 
dissemination can greatly accelerate the distribution of existing glyphosate resistance traits and 
has been reported in different weed species (Ganie and Jhala, 2017; Sarangi et al. 2017; 
Yanniccari et al., 2018). Nevertheless, pollen-mediated gene flow is usually neglected, under-
estimated and under-appreciated (Beckie, 2018; Beckie et al. 2019a). Gene flow from GM crops to 
wild relatives is discussed further in Section 3.4.2.5. GM contamination threatens biodiversity).  

 
Several different mechanisms of glyphosate resistance in weed species have been found, more 
than for any other herbicide mode of action (Gaines et al. 2019). On the one hand, several weed 
species have been reported that are inherently more resistant to glyphosate than most other weeds 
(Table 1). Due to the commercialisation of Roundup Ready crops, naturally resistant species could 
occupy vacant ecological niches in Roundup Ready crop fields, which leads to a weed shift 
(Nandula et al., 2005). On the other hand, different cases of evolved glyphosate resistance are 
also known. These include resistance mechanisms at the target-site in the genome of the plant, 
either by modifying the EPSPS enzyme or by duplicating it, as well as resistance mechanisms that 
reduce the amount and rate of glyphosate accumulating at the target site (non-target-site 
mechanisms) These have been demonstrated in many weed species and populations across the 
globe, as discussed below.  

i) target-site mutation 
The first reported examples of evolved glyphosate resistance involving EPSPS-alteration were 
Malaysian populations of goosegrass (Eleusine indica). The resistance was attributed to a single 
mutation in the DNA of this weed, namely an amino acid substitution in the EPSPS gene, changing 
Pro106 to Ser or Thr (Baerson et al., 2002; Ng et al., 2003). Mutations of Pro106 to Ala, Leu have 
also been reported (Sammons and Gaines, 2014). The glyphosate resistant EPSPS from 
goosegrass has been patented for the potential creation of glyphosate resistant crops (Nandula et 
al., 2005). The mutation of Pro 106 has also been found in glyphosate resistant ryegrass (Lolium 
spp.) (Perez-Jones et al., 2005; Wakelin & Preston, 2006; Tehranchian et al. 2018), Amaranthus 
tuberculatus (rough-fruited water-hemp), Echinochloa colona (jungle rice), Digitarias insularis 
(sourgrass), Conyza sumatrensis (tall fleabane) and Chloris virgata (feather fingergrass) (Amaro-
Blanco et al., 2018; Heap and Duke, 2018; Nandula et al. 2018; Sammons and Gaines, 2014). A 
single base pair target-site mutation confers a low level of glyphosate resistance (two to six-fold 
resistance). There is however also a known double mutation, called TIPS double mutation (due to 
a Thr102Ile change in addition to the Pro106Ser change) that has evolved in glyphosate-resistant 
E. indica (Indian goosegrass) and confers a 180-fold resistance factor (Yu et al. 2015). The TIPS 
form of EPSPS makes plants as, or even more, resistant to glyphosate than GR crops and has 
also been used in commercial GR maize varieties (Chen et al. 2015; Heap and Duke, 2018; Yu et 
al. 2015). More recently, a triple mutation, TIAVPS (due to an additional Ala103Val mutation) has 
been documented in an Amaranthus hybridus (green pigweed) population from Argentina (García 
et al. 2019; 2020; Perotti et al. 2019). It is not clear yet, how much the Ala103Val mutation adds to 
the resistance (Gaines et al. 2019). Target-site mutations may decrease the catalytic activity of the 
EPSPS enzyme and could thereby pose a plant fitness cost (Vila-Aiub et al. 2019). 

ii) EPSPS gene amplification 
Another glyphosate resistance mechanism is increased EPSPS expression. An increase in EPSPS 
means that the amount of glyphosate needed to inhibit enough EPSPS to effectively kill the plant 
needs to be increased (Heap and Duke, 2018). A study conducted with GR Palmer amaranth in 
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Georgia attributed increased EPSPS expression to EPSPS gene amplification on multiple 
chromosomes. Genomes from GR plants contained 5-160-fold more copies of the EPSPS gene 
than did genomes of susceptible plants (Gaines et al., 2010). Today, duplication of EPSPS has 
been reported in several population of Palmer amaranth throughout the U.S. (Heap and Duke, 
2018). EPSPS gene amplification has since also been found in spiny amaranth (Amaranthus 
spinosus) from Mississippi, U.S. (Nandula et al., 2014), common waterhemp (Amaranthus 
tuberculatus) from Missouri, Kansas and Illinois, U.S. (Chatham et al., 2015; Lorentz et al., 2014; 
Dillon et al., 2016), Amaranthus rudis from Nebraska U.S. (Sarangi et al. 2017), ripgut brome 
(Bromus diandrus) from South Australia and Victoria, Australia (Malone et al., 2015), kochia 
(Kochia scoparia) from Kansas, Colorado, North Dakota, South Dakota, Wyoming, Nebraska, and 
Montana, U.S. (Wiersma et al., 2014; Gaines et al., 2016), indian goosegrass (Eleusine indica) 
from China (Chen et al. 2015), windmill grass (Choris truncate) from Australia (Ngo et al. 2018) 
and italian ryegrass (Lolium perenne ssp. multiflorum) from Arkansas, U.S. and Argentina (Salas 
et al., 2012; Yanniccari et al. 2017). There is a linear relationship between EPSPS gene 
amplification number and glyphosate resistance level (Gaines et al., 2016; Kumar & Jha, 2015; 
Vila-Aiub et al., 2014). Amplification generally results in higher resistance levels compared to single 
base pair mutations (Heap and Duke, 2018). 

iii) altered glyphosate sequestration and translocation 
Studies with the first glyphosate resistant species, rigid ryegrass (Lolium rigidum), showed that the 
patterns of glyphosate translocation (its movement from the leaves to other parts of the plant) were 
different between resistant and susceptible populations. Compared with susceptible plants, the 
resistant population had an increased glyphosate accumulation in the treated leaf and a decreased 
accumulation in the stem, stem meristem and roots (Lorraine-Colwill et al., 2002; Wakelin et al., 
2004). Experiments on the mechanism of glyphosate resistance in Italian ryegrass (Lolium 
multiflorum) and horseweed (Conyza canadiensis) also found a reduced translocation of 
glyphosate to the roots and an accumulation at the site of application (Feng et al., 2004; Koger & 
Reddy, 2005; Perez-Jones et al., 2005). Translocation can, for example, be reduced by rapid 
sequestration of the herbicide into parts of the plants such as vacuoles (Heap and Duke, 2018). 
Reduced absorption and/or translocation was also found in further Conyza species (Amaro-Blanco 
et al. 2018), Johnsongrass (Sorghum halepense) (Vila-Aiub et al. 2012), Digitaria insularis (de 
Carvalho et al. 2012), Chloris elata (Brunharo et al. 2016), Leptochloa virgata (Alcántara-de la Cruz 
et al., 2016) and Echinochloa colona (Nandula et al. 2018). A reduced cellular transport of 
glyphosate from the site of absorption to the growing parts of the plant is thus considered the cause 
of resistance to glyphosate in these species. This resistance mechanism usually confers low levels 
of resistance (Heap and Duke, 2018).  
 
Other resistance mechansims include rapid cell death, which has been demonstrated in Ambrosia 
trifida (giant ragweed) (Moretti et al., 2018; Van Horn et al. 2018), and enhanced metabolism of 
glyphosate to AMPA (Heap and Duke, 2018; Gaines et al. 2019). The latter however still lacks 
robust evidence. The fact that about 60% of GR Amaranthus species plants from Ohio could not 
be explained by known resistance mechanisms, may also indicate that there are yet other 
resistance mechanisms (Murphy et al. 2019). Some species exhibit different resistance 
mechanisms among separate populations or genetic lineages. It is currently unclear why particular 
populations seem to be more likely to evolve target site or non-target site resistance mechanisms, 
respectively (Baucom, 2019). Furthermore, accumulated evidence about glyphosate-resistance 
mechanisms in common ragweed (Ambrosia artemisiifolia) from Ohio suggests that multiple 
mechanisms of glyphosate resistance are possible within a single common ragweed population 
and likely also within individual plants (Parrish, 2015). It seems to be a common trend for different 
glyphosate resistance mechanisms to combine within populations and individuals and result in a 
higher fold resistance than either mechanism alone (de Carvalho et al. 2012; Chen et al. 2015; 
Murphy et al. 2019; Sammons and Gaines, 2014).  
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Table 1. Summary of weed species with natural and evolved resistances to 
glyphosate. Derived from Nandula et al. (2005) and the International Survey of 
Herbicide Resistant Weeds (Heap, 2016). 

 
 
 

Asiatic dayflower Commelina communi 2005
Birdsfoot trefoil Lotus corniculatus 1990
Chinese foldwig Dicliptera chinensis 2002
Common lambsquarters Chenopodium album 2005
field bindweed Convulvulus arvensis 1984
Tropical spiderwort Commelina benghalensis 2004
Velvet lead Abutilon theophrasti 2005

Smooth Pigweed Amaranthus hybridus 2013 (Argentina)
Palmer Amaranth Amaranthus palmeri 2005 (USA)
Spiny Amaranth Amaranthus spinosus 2012 (USA)
Tall Waterhemp Amaranutus tuberculatus (= A. rudis) 2005 (USA)
Common Ragweed Ambrosia artemisiifolia 2004 (USA)
Giant Ragweed Ambrosia trifida 2004 (USA)
Capeweed Arctotheca calendula 2020 (Australia)
Saltmarsh Aster Aster squamatus 2021 (Mexico)
Hairy Beggarticks Bidens pilosa 2014 (Mexico)
Wild Oat Avena fatua 2018 (Australia)
Sterile Oat Avena sterilis ssp. Ludoviciana 2018 (Australia)
Hairy Beggarticks Bidens pilosa 2014 (Mexico)
Greater Beggarticks Bidens subalternans 2018 (Paraguay)
Sweet Summer Grass Brachiaria eruciformis 2014 (Australia)
Birdsrape Mustard Brasica rapa (=B. campestris) 2012 (Argentina)
Rescuegrass Bromus catharticus 2017 (Argentina)
Ripgut Brome Bromus diandrus 2011 (Australia)
Compact Brome Bromus diandrus 2011 (Australia)
Red Brome Bromus rubens 2014 (Australia)
Downy Brome (Cheatgrass) Bromus tectorum 2021 (Canada)
Plumeless Thistle Carduus acanthoides 2019 (Argentina)
Swollen Fingergrass Chloris barbata = (C. inflate) 2018 (Mexico)
Tall Windmill Grass Chloris elata 2014 (Brazil)
Windmill Grass Chloris truncata 2010 (Australia)
Feather Fingergrass Chloris virgata 2015 (Australia)
Hairy Fleabane Conyza bonariensis 2003 (South Africa)
Horseweed Conyza canadiensis 2000 (USA)
Sumatran Fleabane Conyza sumatrensis 2009 (Spain)
Gramilla mansa Cynodon hirsutus 2008 (Argentina)
Sourgrass Digitaria insularis 2005 (Paraguay)
Junglerice Echinochloa colona 2007 (Australia)
Barnyardgrass Echinochloa crus-galli car. crus-galli 2019 (Argentina)
Goosegrass Eleusine indica 1997 (Malaysia)
Wild Poinsettia Euphorbia heterophylla 2019 (Brazil)
Woody borreria Hedyotis verticillata 2005 (Malaysia)
Common Sunflower Helianthus annuus 2015 (USA)
Smooth arley Hordeum murinum ssp. glaucum 2016 (Australia)
Hare Barley Hordeum murinum ssp. leporinum 2018 (Spain)
Kochia Kochia scoparia 2007 (USA)
Willow leaved lettuce Lactuca saligna 2017 (Australia)
Prickly Lettuce Lactuca serriola 2015 (Australia)
Tropical Sprangletop (Juddsgrass) Leptochloa virgate 2010 (Mexico)
Perennial Ryegrass Lolium perenne 2008 (Argentina)
Italian Ryegrass Lolium perenne ssp. multiflorum 2001 (Chile)
Rigid Ryegrass Lolium rigidum 1996 (Australia)
Ragweed Parthenium Parthenium hysterophorus 2004 (Colombia)
Arrocillo Paspalum paniculatum 2010 (Costa Rica)
Buckhorn Plantain Plantago lanceolata 2003 (South Africa)
Annual Bluegrass Poa annua 2010 (USA)
Wild Raish Raphanus raphanistrum 2010 (Australia)
Russian-thistle Salsolsa tragus 2015 (USA)
Annual Sowthistle Sonchus oleaceus 2014 (Australia)
Johnsongrass Sorghum halepense 2005 (Argentina)
Coat Buttons Triday procumbens 2016 (Australia)
Liverseedgrass Urochoa panicoides 2008 (Australia)

Weed Species       First Appearance
Natural Resistance

Evolved Resistance
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3.1.2.3 Economic damage caused by GR weeds 
 
While the post-emergence application of a broad-spectrum herbicide initially lowered weed control 
costs, the subsequent spread of weed resistance lowered the profitability of herbicidal weed control 
again (Desquilbet et al. 2019) Glyphosate resistant weeds undermine agricultural productivity and 
profitability. The emergence of GR weeds forces farmers to increase their herbicide application 
rates, apply additional herbicides and go back to costly, time- and labour-intensive weed control 
measures like ploughing, deep tillage and manual weeding. Nevertheless, weed resistance has 
received less attention in the economic literature compared to other types of market failure 
associated with HT crops, such as costs of coexistence with non-GM crops. Economic literature, 
examining costs and benefits of HT cropping systems for farmers, mostly considers the short-term 
cost savings only (Desquilbet et al. 2019). It is estimated that glyphosate resistant weeds have 
increased overall costs for weed management by 50-100% (Benbrook, 2012a). By 2009, it was 
reported that weed infestations in some parts of the USA were sometimes so severe, that farmers 
had abandoned cultivation of some fields (Caulcutt, 2009). 
 
Cotton growers have experienced more problems with weed resistance than growers of other major 
row crops because a) cotton emergence after planting is slower compared with other crops and b) 
there are fewer registered herbicides available for cotton than for other crops (Zhou et al. 2015). 
Riar et al. (2013) sent a survey questionnaire to cotton consultants of Arkansas and Mississippi 
through direct mail and Louisiana and Tennessee consultants through on-farm visits in fall of 2011. 
The survey was returned by a total of 22 Arkansas, 17 Louisiana, 10 Mississippi, and 11 Tennessee 
cotton consultants, representing 26, 53, 13, and 38% of total cotton planted in these states in 2011, 
respectively. Collectively, the area planted to RR cotton was 97%, glyphosate plus glufosinate-
resistant (Widestriket Flex, WRF) cotton was 30%, and glufosinate-resistant (Liberty Link, LL) 
cotton was 2.6% of the total cotton surveyed in 2011. Seventy percent of the area in all states was 
still under continuous RR/WRF cotton. The average cost of herbicides in RR systems was $114 
per hectare and in LL systems was $137 per hectare. Palmer amaranth, morning glories, and 
horseweed were the most problematic weeds of cotton across Arkansas, Mississippi, and 
Tennessee. In Louisiana, however, morning glories were the most problematic weed followed by 
Palmer amaranth and common waterhemp. Glyphosate-resistant (GR) Palmer amaranth infested 
13% of the scouted cotton area in Louisiana compared with 75% in the remaining three states, and 
consequently, hand-weeding to control GR Palmer amaranth was practiced on 2.5% of th total 
scouted area of Louisiana and 49% of the scouted area of the remaining three states. Hand-
weeding added an additional $12 to $371 per hectare to weed-management costs. In a survey 
conducted in 2012 with 2500 potential cotton farmers in 13 southern U.S. states, over two thirds of 
the 307 farmers who responded to the relevant question reported herbicide resistance on their 
farms, mostly resistance to glyphosate (Zhou et al., 2015). The survey further suggests that farmers 
who responded to the survey significantly decreased no-till practice in cotton acres after weed 
resistance emerged. Besides chemical and mechanical practices to manage weed resistance, they 
relied heavily on labour-intensive practices, mainly hand hoeing or pulling weeds. The survey 
reports that these farmers spent an increased amount of money on weed control after weed 
resistance emergence. These farmers reported that Palmer amaranth was the dominant resistant 
weed problem (61%), followed by horseweed (24%), ragwed (5%) and other weeds (10%) (Zhou 
et al., 2015). Lambert et al. (2017) use the Zhou et al. (2015) survey of upland U.S. cotton producers 
to determine the factors contributing to changes in weed management costs (WMCs) after the 
identification of herbicide-resistant weeds. Post-resistance WMCs for surveyed cotton farmers 
ranged between $25.37 and $53.19 million. Average costs of managing weeds increased by $98 
per hectare following the establishment of herbicide-resistant weeds. Post-resistance changes in 
WMCs ranged between $85 and $138 per hectare, depending on the combination of adopted 
practices.  
 
Wechsler et al. (2016) model herbicide demand and glyphosate resistance on U.S. corn (maize) 
farms. Their preliminary results suggest that glyphosate resistance may have decreased weed 
control by 11% from 2005 to 2010 (where 5 resistant weeds are present), although they note that 
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no highly-accurate data on weed pressure among U.S. corn fields exists. In Brazil, the potential 
ecomomic cost of glyphosate resistant weeds on soybean producers was estimated to be 40 to 
322% higher, depending on the glyphosate resistant weed species. The total cost for resistance 
management and yield loss by weed competition is estimated to exceed R$ 9 billion annually in 
soybean cultivation alone (Alcántara de la Cruz et al., 2020). In addition, Albrecht et al. (2020) 
report that higher doses of glyphosate-based herbicides, often applied in response to resistant 
weeds, cause crop damage that can cause significant reductions in farmers’ incomes from RR 
soybean crops. In 2015, the USDA reported that, since the commercial introduction of RR crops in 
1996, glyphosate use in soybean production has promoted the spread of GR weeds more than its 
use in corn (maize) production (Livingston et al., 2015). In surveys of crop production practices, 
growers were asked to report their concerns about glyphosate resistance, either as the presence 
of “GR weeds” in corn (maize) or “declines in glyphosate effectiveness” in soybeans. They reported 
GR-weed infestations on 5.6 percent of the corn acres in 2010 and declines in glyphosate 
effectiveness in about 40 percent of soybean acres in 2012, with the majority of those acres in the 
Corn Belt and Northern Plains. Corn growers who reported GR weeds and soybean growers who 
reported reduced glyphosate effectiveness realized lower returns than similar corn and soybean 
growers who did not report them. Computer modelling in this report suggests that corn growers 
who had reported a GR-weed infestation in 2010 realized significantly lower operating (-
$60.19/acre) and total (-$67.29/acre) returns than similar corn growers who had not reported such 
an infestation. Similarly, soybean growers who had reported a decline in the effectiveness of 
glyphosate as of 2012 received lower total (-$22.53/acre) returns than soybean growers with similar 
characteristics who had not reported such a decline. The estimates suggest that lower yields and 
higher chemical costs might have contributed to the lower returns, although the difference in yields 
is not statistically significant at the 10-percent level. These findings suggest that glyphosate 
resistance contributed to a 14-percent reduction in returns to affected soybean growers. 
Simulations in the report also show that weed-seed dispersal from a field where crop growers 
ignore resistance when managing weeds could reduce the returns on nearby fields. 

 
Palmer amaranth (Amaranthus palmeri) is the most economically damaging GR weed globally 
(Heap and Duke, 2018). In 2017, it was voted the country’s most troublesome weed by the Weed 
Science Society of America (Bomgardner, 2019). It is an invasive weed, native to the Sonoran 
desert and southwest United States. Several traits make this weed a strong competitor against field 
crops: it is a prolific seed producer that starts germinating early in the growing season and grows 
very fast (> 6 cm day-1) and very tall (≥ 2.5 m), so that it can completely obscure and smother low-
growing and young crops. With its woody stem that can grow up to 15 centimetres in diameter, this 
weed can also damage harvesting equipment. Further it competes efficiently for nutrients, is 
drought-resistant, tolerates heat extremes and has very diverse genetics (Benbrook, 2009; 
Caulcutt, 2009; Nature, 2014; Eurekalert, 2014; Molin, 2019). Moreover, Pamer amaranth has 
developed resistances to several other herbicides, in addition to glyphosate (Molin, 2019) and does 
not appear to suffer from fitness costs associated to herbicide resistance (Bomgardner, 2019; Vila-
Aiub et al., 2014). How fast Palmer amaranth can spread was shown in a study conducted in 
Arkansas. 20,000 GR Palmer amaranth seeds were sown into a 1m2 circle at different cotton fields 
with no prior Palmer amaranth infestation to simulate one GR female Palmer amaranth plant. Within 
3 years, this led to more than 95% infestation with GR Palmer amaranth, causing complete crop 
failure. The high density of Palmer amaranth made cotton harvest impossible due to potential 
equipment failure and competition from high densities of Palmer amaranth resulted in little to no 
cotton to harvest (Norsworthy et al., 2014). Further, 20,000 seeds per plant is a conservative 
estimate, as Palmer amaranth can produce more than 1.5 million seeds per plant (Smith et al., 
2012) and the seed may be viable in the soil for a few years (Molin, 2019). The spread of Palmer 
amaranth in Macon County Georgia forced farmers to abandon over 4,000 hectares in 2007 (Delta 
Farm Press, 2008). As a consequence of its spread in Georgia, costs for herbicide input more than 
doubled and costs for hand weeding increased by 475% compared to the years prior to resistance 
(Sosnoskie & Culpepper, 2014). According to Culpepper, these farmers hand-weeded 45% of their 
severely infested fields in 2008 (Caulcutt, 2009) and Southeast Farm Press reported that Georgia 
spent at least US$ 11 million in 2009 to manually remove Palmer amaranth from 1 million acres 
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(Haire, 2010). Besides Georgia, glyphosate-resistant Palmer amaranth has been confirmed in 
another 27 U.S. states (Heap, 2021; University of Nebraska CropWatch, 2015). Murphy et al. 
(2019) observed glyphosate resistance in all populations of Amaranthus spp. collected from 51 
soybean fields in Ohio. Interestingly, the molecular screening generally underestimated the 
phenotypically observed resistance. Shimono et al. (2020) report that glyphosate resistant Palmer 
amaranth has likely been established in Japan via contamination in internationally traded grain 
commodities.  
 
Amaranthus tuberculatus, the economically next most important GR weed, is found in 18 U.S. 
states. Both amaranthus species are particularly worrisome as they have already evolved 
resistance to most of the other herbicides used to control them, with some plants having evolved 
resistances to four or more sites of action. Glyphosate resistant crops were, amongst other 
reasons, rapidly adopted to control weeds that had evolved resistance to other herbicides, such as 
ALC-, ACCase- and triazine herbicides. The fact that no new herbicide modes of action have been 
developed, and only few new chemistries have been introduced, in the past 30 years, makes the 
increasing number of GR weeds an even more serious problem (Heap and Duke, 2018). Results 
from a large-scale survey in the Mississippi Delta region of eastern Arkansas demonstrate the 
prevalence of multiple-herbicide resistance in roadside Palmer amaranth populations. About 89 
and 73% of the surveyed populations showed more than 90% survival to pyrithiobac and 
glyphosate, respectively (Bagavathiannan & Norsworthy, 2016). The development of newer 
herbicide tolerant GM crops, with resistance to additional herbicides (see Section 6. Industry 
response), increases concerns regarding the spread of weeds with resistance to multiple 
herbicides. 
 
Kochia scoparia is the first weed to evolve glyphosate resistance in sugar beet in the western US, 
where it is one of the most troublesome broadleaf weeds, with low weed densities being able to 
cause big yield reductions (Kumar et al. 2018). Gaines et al. (2016) describe how widespread 
adoption of RR sugarbeet systems in the US has resulted in significant glyphosate selection 
pressure, and increasingly sugarbeet growers are reporting reduced control of Kochia scoparia 
grass with glyphosate. In their study, glyphosate resistance was confirmed in K. scoparia 
populations collected from sugarbeet fields in Colorado, Wyoming, and Nebraska, and Montana. 
Kumar et al. (2018). confirm glyphosate resistant K. scoparia in fields that had for more than 7 
years, repeatedly been cultivated with glyphosate tolerant crops (corn-sugar beet rotation) with two 
to three glyphosate applications per year. The glyphosate resistant kochia populations were 2.0- 
to 9.6-fold more resistant to glyphosate than the glyphosate susceptible groups of plants 
(accessions). The authors also point out that with recent evolution of kochia accessions with 
resistance to multiple herbicides including glyphosate, ALS inhibitors, PS II and dicamba and if 
glyphosate resistance spreads in sugar beet, “there will no longer be any herbicides registered for 
sugar beet that will control this weed”.  
 
Horseweed (Conyza canadensis) shows very high levels of resistance in Ohio and Iowa (40-fold 
resistance) (Beres et al. 2018a). The resistance level as well as the frequency of GR horseweed is 
higher in agricultural sites in Iowa and Ohio, compared to non-agricultural sites. Moreover, there 
does not seem to be a fitness cost related to the glyphosate resistance, including very strong 
resistance, making it likely that glyphosate resistance will persist in horseweed populations even if 
selection pressure from exposure to glyphosate were to cease (Beres et al. 2019). A study of 
glyphosate resistant Conyza bonariensis (hairy fleabane), in Brazil, also found it had no fitness 
penalty, so the glyphosate resistant weeds can persist in the environment and outcompete non-
resistant weeds, regardless of further glyphosate selection pressure (Kaspary et al., 2017). Zhang 
et al. (2022a) conduct a 3-year pot experiment to investigate the agronomic performance of 
different generation hybrids between genetically modified (GM) glyphosate-tolerant soybean and 
wild soybeans. They find the presence and absence of EPSPS or the copy number of the EPSPS 
gene are not significantly correlated with vegetative growth and fecundity. However, they conclude 
that GM and wild soybean hybrids may have competitive advantages, allowing hybrids to obtain 
some similar growth characteristics to female wild soybean, such as seed dormancy, a higher 
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stable grain weight, and greater pod and seed numbers per plant. The authors conclude that these 
growth characteristics could increase the possibility of dispersal of transgenes through seed 
systems and may adversely affect genetic and species diversity of wild soybean. 

 
Jacobs and Kingwell (2016) use a dynamic simulation model that evaluates the profitability of 
ryegrass (Lolium rigidum) control methods in rainfed mixed enterprise agricultural land-use over 10 
years with 7 types of crops and 3 types of pastures, including rotations which include canola (oil 
seed rape), which is available as a RR crop in Australia. They find that, without harvest weed-seed 
control, and given a high initial weed seed density, resistance to non-selective hebicides such as 
glyphosate would reduce farm profit in Western Australia by roughly 37%; with additional harvest 
weed-seed control, the reduction in profit due to glyphosate resistance would still be around 13%. 
 
Little research has been done on the implications of glyphosate resistance for the other properties 
of plants. However, Kuester et al. (2017) use a combination of laboratory and greenhouse studies 
of 32 natural populations of the common agricultural weed, Ipomoea purpurea, to show that 
herbicide-resistant populations self-fertilise more than susceptible populations.  

 
Thus, GR superweeds not only counteract the initial advantages of RR crops on farming practices 
(like no-till), they also lead to severe economic damage for farmers, that can be attributed to RR 
crop technology. Nevertheless, the herbicide-centric approach to weed control persists (see 
Section 6. Industry response). Desquilbet et al. (2019) analyse the current herbicidal ‘lock-in’ in 
countries where GM HT crops are grown, showing different barriers to a more sustainable weed 
management, including changes in farm size, equipment and crop rotation that were triggered by 
the HT cropping system, which are less suited for ecological weed management and difficult to 
reverse; a lack of regulation for HT crops; faith in companies offering new solutions; and the lack 
of incentive for private companies (that conduct a major share of agri-food R&D) to abandon the 
herbicide-centric approach. In some countries, another factor contributing to ‘lock-in’ is that the 
most popular seeds (for example, bred to have higher yields) are released only as GM herbicide-
tolerant versions (Benbrook, 2018; Brunharo et al., 2022). Binimelis et al. (2009) and Mortensen et 
al. (2012) describe the resulting “transgenic treadmill”: a spiralling process of the evolution of 
resistant weeds and the subsequent development of the next generation of transgenic crops, that 
allow for an intensified use of herbicides and thus favour the emergence of another round of 
resistant weeds (see also Section 6. Industry response). As Pannell et al. (2017) note, because of 
the mobility of resistant weeds, the susceptibility of weeds to a specific herbicide is a resource 
shared in common by all operators in the community. Under such conditions, the collective long-
term interest of farmers is to conserve the herbicide’s usefulness. Yet, farmers have an individual 
short-run incentive to use the herbicide without considering effects on resistance because they are 
unsure their neighbours will reciprocate with sound stewardship. Simulations in the 2015 USDA 
report on the Economics of Glyphosate Resistance Management in Corn and Soybean Production 
(Livingston et al., 2015) also show that weed-seed dispersal from a field where crop growers ignore 
resistance when managing weeds could reduce the returns on nearby fields. 

3.1.3 Impact of fertilisers on glyphosate efficacy  
 
The simultaneous application of pesticides with other agrochemicals such as fertilisers, is a 
common practice that aims to reduce production costs as well as soil compaction since the number 
of trips made across the fields can be reduced (Bailey et al., 2002). This practice can, however, 
reduce glyphosate efficacy. Glyphosate is known to act as a chelating agent that forms insoluble, 
stable complexes with hard-water cations or with cationic nutrients found in fertilisers. Glyphosate 
was initially even patented as metal chelator (Stauffer Chemical Co, 1964).  
 
Studies of the effects of micronutrients on the herbicidal effectiveness of glyphosate have shown 
impaired leaf penetration and limited translocation of glyphosate within the plant due to the 
formation of such stable, insoluble complexes (Eker et al., 2006; Bailey, 2002; Bernards et al., 
2005a; Hall et al., 2000). In greenhouse bioassays, Bernards et al. (2005a; b) have found that 
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several manganese (Mn) fertilisers antagonise glyphosate efficacy against different weed species 
including velvetleaf, giant foxtail and common lambsquarter. The antagonism depended on the 
glyphosate salt, the weed species treated, as well as upon the Mn formulations applied. The 
authors estimate that in tank mixtures with either of two fertilisers (Mn-LS and MnSO4), less than 
10% of the applied glyphosate entered the plants and moved towards actively growing tissues. 
Fertilisers that antagonised glyphosate efficacy contained chelates or complexing agents with 
stability constants lower than glyphosate, such as citric acid or lignin sulfonate for example. This 
means that glyphosate is the stronger chelator and some fertilisers may lose manganese ions 
(Mn2+) to glyphosate (Bernards et al., 2005b). On the other hand, fertilisers may even increase 
glyphosate control if they have a higher chelate stability constant for Mn2+ than glyphosate and can 
bind Mn tightly enough to prevent it from forming a complex with glyphosate.  
 
Glyphosate solutions may exert greater herbicidal activity the more acidic they are. Bailey et al. 
(2002) found that adding manganese formulations to glyphosate solutions reduced the acidifying 
effect of glyphosate salts as well as the herbicidal activity against four weeds, common 
lambsquarter, larger crabgrass, morningglory and smooth pigweed. The antagonism varied 
depending upon the Mn formulation applied and upon the species treated. The most severe 
reduction in control was observed with common lambsquarters. The authors suggest that higher 
glyphosate application rates could restore control in some species.  
 
Thus, the reduced efficacy of glyphosate when combined with fertilisers may be another reason for 
increased glyphosate use. 
 
Bernards et al. (2005 a; b) and Hall et al. (2000) recommend that certain adjuvants such as 
ammonium sulphate, that compete with Mn2+ for binding sites on the glyphosate molecule, should 
be added to the tank mixtures to reduced or overcome the antagonism. This method could however 
not eliminate the antagonism for all fertilisers on all species. The authors further recommend not to 
use excessive Mn application and that glyphosate and Mn should be applied on separate days. 

3.1.4. Impact of climate change on glyphosate efficiency 
 
It is predicted that climate change will significantly impact weed management strategies. Changing 
environmental conditions, such as precipitation or the rise in concentrations of greenhouse gases 
in the atmosphere, can affect the physiological and growth processes of weeds. Elevated carbon 
dioxide (CO2) can, for example, enhance growth, biomass and yield of crop plant as well as weeds, 
through greater carbon availability and increases in photosynthesis and water use efficiency, 
respectively (Cowie et al., 2020; Mollaee et al., 2020). Changing environmental conditions can also 
affect weed response to herbicides. A recent study suggests that increasing atmospheric CO2 
levels reduce the efficacy of glyphosate against the invasive weed Parthenium hysterophorus 
(Cowie et al, 2020). Mollaee et al. (2020) find water-stress to decrease glyphosate efficacy against 
both glyphosate resistant and susceptible Echinochloa colona. The authors suggest that increased 
vegetative growth due to rising CO2 levels, combined with water stress, may decrease herbicide 
uptake, absorption and translocation and ultimately decrease herbicide efficacy. Using high doses 
of glyphosate in these conditions may, however, increase the risk of resistance evolution. Further 
studies need to be conducted to understand whether rising CO2 levels and water stress generally 
reduce herbicide efficacy against different weeds and how other climate change factors such as 
radiation or temperature influence herbicide efficiency. 

3.1.5. Seed prices, patents and corporate control 
 
To fully reflect the costs associated with RR crop technology, the increasing costs for herbicides 
noted above have to be added to the increasing costs for RR seeds. The development of a GM 
trait was estimated to cost about $136 million in 2011 (Phillips McDougall, 2011) and thus much 
more than a similar conventional trait that cost about $1 million in 2002 (Goodman, 2002). It makes 
sense that the industry wants a reward for its investment. The introduction of GM crops created the 
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possibility of claiming intellectual property rights for crop varieties, the most restrictive of which is 
the patent. This development further triggered the enormous market concentration that we observe 
in the seed sector (Howard, 2009), with only three companies (Monsanto, DuPont and Syngenta) 
owning more than 50% of the commercial seeds market by 2013 (ETC Group, 2013). The US 
company Monsanto was the market leader in GM crops until it was bought by Bayer in 2018. The 
other major companies involved are now Corteva Agriscience (formed from the agricultural parts 
of DuPont, Dow and Pioneer and spun out as a separate company in 2019), BASF and Syngenta 
(Real Money, 2016). A takeover of Syngenta by China National Chemical Corp. (ChemChina) 
occurred in 2017. Thus, Syngenta, Bayer Crop Science, BASF and Corteva were the top four global 
agrochemical firms in 2020 (Yuan, 2021). 
 
Clapp (2021) describes the problem with growing corporate concentration and power in the global 
food system, detailing how concentrated firms can shape markets, shape technology and 
innovation agendas, and shape policy and governance frameworks. She describes how just four 
large firms (Bayer, Corteva, ChemChina-Syngenta, and BASF), which control around 70% of the 
global pesticides market and 60% of the global seed market, can exert power within the global food 
system, both directly and indirectly. This allows these powerful firms to shape the policy agenda 
(spending significant sums on lobbying and PR) and also influence technology and innovation 
pathways, with a particular focus on genetically modified seed and agrochemical packages (selling 
both the herbicide-tolerant GM crop and the associated herbicide). Vanloqueren & Baret (2009) 
describe how this leads to research and innovation systems that develop genetic engineering but 
lock out alternatives, such as agroecological innovations. Because these seed companies have 
such control over the market, they typically release some seeds only as GM herbicide-tolerant 
versions in countries growing GM crops, restricting farmer choice (Benbrook, 2018; Brunharo et 
al., 2022). In Brazil, in 2010, Monsanto introduced an 85/15 rule, which allowed farmers to buy only 
15% non-GM seeds, while the other 85% had to be GM seeds (E.O.S. Intelligence, 2016). 
 
In a highly concentrated market, competition does not regulate price and can thus lead to an 
increase in seed prices. In the U.S., seed prices rose rapidly since the introduction of GM crops. 
According to Zilberman et al. (2010), overall seed prices in the U.S. had risen by 140% compared 
to 1994. Soybean seed prices in the U.S. rose about 63% in the 25 years from 1975 to 2000 and 
over 200% in the subsequent 12 years (Benbrook, 2012b). In 2010, a bushel of RR soybean seed 
was 47% more expensive than a bushel of conventional soybean seed (Benbrook, 2012a). Gaitán-
Cremaschi et al. (2015) report a higher price for GM soybean seeds than for non-GM soybean 
seeds in Brazil. For corn (maize), GM corn seed is more expensive than non-GM corn seed and its 
price increases at a faster rate than the price of non-GM corn seed. Between 1996 and 2005, the 
price of GM corn seed varieties doubled (Benbrook 2012b). In 2010, GM corn seed cost about 
twice as much than non-GM corn seed (Benbrook, 2012a). Moreover, biotech companies have 
implemented a ‘technology’ or ‘trait fee’, that is charged in addition to basic seed costs. This trait 
fee rose from $4.50 per bag in 1996 to $17.50 in 2008 (Hubbard, 2009). Royte (2013) reports that 
the ratio between GM and non-GM seed prices might even be distorted in that non-GM seed prices 
are artificially elevated by large seed companies to encourage farmers to continue buying GM 
crops. 
 
In Brazil, trait fees for GM seeds are not collected from individual farmers: a royalty system is used 
instead. In the mid-2000s, Monsanto implemented a nationwide private mechanism of royalty 
collection for RR soybeans that virtually eliminated the right to freely save seeds for those growing 
RR varieties (Filomeno, 2013). Since the implementation of the system, soy growers using RR 
seeds have had to make payments to seed companies twice. First, when they purchase the seeds, 
they pay a royalty implied in the price of each bag. Second, when rural producers sell the harvest 
that originated from the cultivation of those seeds, they pay royalties corresponding to RR 
technology. This payment, which can also be made in advance, is regulated by the Law of Industrial 
Property and is based on Monsanto’s patents in Brazil. The soy grower can declare his or her 
harvests are free of RR soybeans, but if their presence is detected by tests applied during the 
harvest sale, a fine will be charged. A royalty system also applies in Paraguay. Conflicts regularly 
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emerge over Monsanto’s attempts to charge royalties on RR soybeans throughout South America 
(e.g. Reuters, 2015b; Buenos Aires Herald, 2016; Peschard, 2019). 
 
Afidchao et al. (2014) report seed costs in the Philippines for RR maize of US $354.51 per hectare, 
compared to US $262.84 per hectare for conventional maize, meaning a 35% premium for the GM 
variety.  
 
The increase in seed price is not compensated by rising prices for crops. Between 1994 and 2010 
overall crop seed prices more than doubled relative to market prices farmers received for their 
agricultural commodities (Fuglie et al., 2011). Soybean seed to soybean market price ratio was 
2.02 in 1995 before the commercialisation of RR soybeans and thus consistent with the historic 
norm. In 2005 it was 6.1 for GM soybeans and 3.4 for non-GM soybeans. Although farmers are 
supposed to be compensated for higher seed prices and/or royalty fees by lower costs of 
production, these short-term benefits are eroded over time as resistant weeds develop (see Section 
3.1.2. Superweeds). For example, in cotton grown in the USA, Nichols (2018) reports that “the 
costs of weed control in tillage, trait costs, increased herbicide use, and hand weeding have greatly 
increased with respect to those of 10 years ago”. Furthermore, the so-called transgenic treadmill 
locks farmers into escalating costs as they are trapped into buying ever more expensive seeds and 
weed control options (Binimelis et al., 2009; Mortensen et al., 2012). In her anthropological studies 
of Canadian farmers, Müller (2021) describes glyphosate as “like an entry drug to chemical 
dependency”, based on a series of simplifications promoted by a handful of transnational 
corporations as an easy solution for complex problems. 
 
Another consequence of GM seeds and the affiliated strict intellectual property (IP) instruments is 
that they prevent farmers from exercising their customary habit of seed saving (Mascarenhas & 
Busch, 2006). Instead, they have to purchase new seed every year from the biotech companies. 
This additionally results in higher costs for seed. Although not all non-GM seeds can be saved 
(hybrid seeds do not breed true), seed saving still plays an important role for many farmers. 
Monsanto (now owned by Bayer) has tried to obtain recognition and protection for IP rights on the 
RR technology around the world. Unlike hybrid maize, soy can reproduce through self-fertilization, 
and its seeds retain their agronomic qualities from one generation to another. This allows rural 
producers to save soybean seeds for future cultivation, which Monsanto regards as a breach of its 
intellectual property rights (Filomeno, 2013). In Argentina, the corporation has unsuccessfully tried 
to obtain recognition for the IP rights it claims to have over RR soybeans: seed saving is allowed 
and Monsanto was refused a patent in 2019 (Fries et al., 2019). However, Monsanto’s patents are 
strictly enforced in the USA and the company threatens to sue farmers it suspects of saving GM 
seeds (EcoWatch, 2012). Such lawsuits continue to this day (Carignan, 2021). 

3.2. Impact of RR crops on yield 
 
The majority of farmers adopted GM crops to increase their yield. However, studies about yield 
differences between GM and non-GM crop varieties have been controversial, with some studies 
finding that GM crops increase, decrease or have the same yield compared non-GM varieties (see 
for example Fernandez-Cornejo et al., 2006; Gurian-Sherman, 2009 and Zilberman, 2010). These 
differences in study results can have several causes. On the one hand, they could result from 
different background genetics rather than the transgene. If high-yielding GM crops are compared 
with average-yielding non-GM crops or vice versa, this would bias the results. And it is very difficult 
to separate the yield effect from the crop variety that the genes are inserted into from the effects of 
the transgene. Therefore, background genetics between the GM and non-GM varieties should be 
as identical as possible. On the other hand, study results depend on the definition of ‘yield’. 
Herbicide tolerant crops are designed to reduce crop losses in the presence of weeds, to approach 
the highest possible yield that the genetics of the crop allow when grown under ideal conditions 
(this is known as ‘potential yield’). This means they ideally would increase the actual yield (i.e. the 
potential yield minus pest damage) but not the potential yield itself (Gurian-Sherman, 2009). There 
are no GM crops available today that increase the yield potential of a hybrid variety (Fernandez-
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Cornejo et al., 2006; Gurian-Sherman, 2009) and the value of GM traits depends on pest pressure 
(Nolan & Santos, 2012). This was also experimentally shown by Bruns (2014) who found no 
decisive yield or economic benefit of multiple trait GM crops compared to non-GM crops in the 
absence of pest pressure. In addition, with the development of herbicide resistant weeds, the actual 
yield of RR crops is also declining. For example, Norsworthy et al. (2014) (as discussed in Section 
3.1.2.3 Economic damage caused by GR weeds) showed clearly how fast GR weeds can spread 
and lead to complete crop failure. A modelling study conducted by Nolan & Santos (2012), using 
163,941 experimental field studies conducted between 1997 and 2009 in the most important maize 
producing U.S. states, reported a positive impact of GM traits on corn yield. But this effect on the 
one hand could only explain about 25% of the yield increase in corn during this time (Gurian-
Sherman, 2013) and on the other hand only concerned GM pest resistant (Bt) crops and stacked 
trait varieties. For single herbicide tolerant traits no yield benefit was found (Nolan & Santos, 2012). 
Shi et al. (2013) addressed the same question, using field studies that have been conducted in the 
U.S. state of Wisconsin from 1990-2010. They were surprised not to find strong positive transgenic 
yield effects. For RR maize, the average yield was even lower than for conventional maize. 
 
A global meta-analysis of studies by Areal et al. (2013) reports no significant differences in yields 
between RR and conventional crops. In Brazil, only minor differences in RR and conventional 
soybean yield are reported by Bohm et al. (2014); and Hungria et al. (2014) find that yield 
parameters were more affected by location, cropping season and cultivar than by the transgene, 
herbicides, or weed-management strategy.  

 
In 2009, the Union of Concerned Scientists (UCS) published a report evaluating the yield effects of 
GM crops after 20 years of research and 13 years of commercialisation. They found that herbicide 
tolerant crops failed to increase actual crop yields (Gurian-Sherman, 2009). They attributed the 
recorded increase of crop yields over the last 15 years mainly to traditional breeding, improvements 
of agricultural practices and more extensive crop rotations that not only include soybeans and corn 
but many other crops as well. Similarly, Brian Rossnagel, a retired oat and barley breeder from the 
University of Saskatchewan, stated that the big increase in corn yields was primarily due to 
improved plant architecture, such as upright plant growth, that is achieved by conventional plant 
breeding and not GM technology (Pratt, 2014a). A study comparing different RR, multiple trait GM 
and non-GM corn crops found that environmental parameters such as early season drought or 
reduced solar radiation at critical growth stages had also a much bigger influence on yield than the 
type of hybrids used (Bruns, 2014). According to agronomic and soils specialist Dr Heather Darby 
from the University of Vermont, RR corn had no effect on yield in a cropping system field trial with 
GM and non-GM corn varieties. The non-GM varieties performed as well or even better than the 
GM varieties. More important for production and yields were good rotation and soil management 
(Roseboro, 2015a). 
 
Schütte et al. (2017) note that the actual yield reduction in Roundup Ready soybean observed in 
some studies cited by Gurian-Sherman (2009) might be due to several causes: (i) the present 
resistance gene in the first generation of Roundup Ready line (40-3-2) and (ii) reduced nodular 
nitrogen fixation upon glyphosate application and/or a weaker defence response. They note that 
the second generation RR2Y soybean (MON 89788) was introduced to provide better yields, but 
when tested in the greenhouse, different cultivars of RR2Y performed less well than RR 40-3-2 
(Zobiole, 2010d). 
 
When looking at USDA NASS (National Agricultural Statistics Service Information) data, it becomes 
evident that crop yields in the U.S. have been continuously increasing since long before the 
commercialization of genetically engineered crops and that the commercialisation of GM crops in 
the mid-1990s has not led to an obvious leap in yield increase (Figure 7). Moreover, wheat yields, 
for which there are no commercialised transgenic crops, increased by the same magnitude as 
soybean yield since 1930 (Figure 8.). Gurian-Sherman (2013), estimated that 86% of the total 
increase in yield in corn from 1996 to 2008 reported by the USDA was due to other factors than 
GM, such as crop breeding and improved agronomy. 
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Figure 8. Grain maize, soybean and wheat crop yield started to increase 
continuously decades before the introduction of genetically modified crops. Source: 
USDA NASS Statistics by Subject: 
http://www.nass.usda.gov/Statistics_by_Subject/index.php?sector=CROPS. 

 
A study that compared maize, rapeseed and wheat yield data from North America and Western 
Europe found that Western Europe, where to date no herbicide tolerant crops are grown, had a 
greater yield increase between 1961 and 2010 than North America for all three species and had 
an overall higher yield of rapeseed and wheat. Maize yields were similar or even slightly higher in 
Europe in recent years, according to the authors (Heinemann et al., 2014a). In an article published 
later that year, Heinemann et al. (2014b) further included newly published maize yield data. They 
revealed that in 2011 and 2012 maize yields in Western Europe were higher compared to those in 
the U.S., thereby confirming and further pronouncing the trend observed by Heinemann et al. 
(2014a). Similarly, Hilbeck et al. (2013) reported that maize yields in European non-adopting 
countries (Austria, France, Germany, Netherlands and Switzerland) had been similar and even 
slightly higher than maize yields in Spain (where a small amount of GM Bt maize is grown) and the 
USA. Despite the introduction of GMOs in North America, yield benefits did not exceed those of 
Western Europe in either absolute number or in their yield growth per year, also indicating that 
conventional breeding methods are more efficient than genetic engineering at increasing yield.  
 
Rizzo et al. (2022) conclude that climate and agronomy, not genetics, underpin recent maize yield 
gains in favorable environments. They analyse an extensive database collected from the largest 
irrigated maize production domain in the world located in Nebraska (United States) from 2005 to 
2018. In this study, 48% of the yield gain was associated with a decadal climate trend, 39% with 
agronomic changes, and only 13% with improvement in genetic yield potential. Agronomic changes 
that appeared to increase yields included increased seeding rates and greater use of fertilizer, 
fungicide and insecticide, and more use of maize-soybean rotations. A small yield penalty was 
associated with the use of conservation tillage (see 4.6. Can RR crops help to mitigate climate 
change?). Genetic yield potential in this study includes the use of new (conventionally bred) maize 
hybrids as well as GM traits (which include insect-resistant traits, as well as herbicide-tolerance). 
The authors highlight that this finding is consistent with the view that yield gains become more 
difficult to achieve in cropping systems in which average farm yield is near yield potential, as is the 
case for irrigated maize in the United States. They conclude, “Our study shows that previous 
predictions of sharp increases in maize yield potential (2 to 3.6% p.a.) with the advent of 
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biotechnology and molecular techniques have fallen short of reality… Indeed, we found the rate of 
genetic gain in maize yield potential to be less than a third of the yield gain due to management 
(0.17 versus 0.51% p.a.), suggesting that the rate of yield increase of maize grown in favorable 
environments will slow markedly over coming decades.” These authors suggest that opportunities 
to increase yields on existing farmland in irrigated and favorable rainfed environments will more 
likely come from increased cropping intensity (more crops per year) rather than higher yields per 
crop. 

3.2.1. Impact of glyphosate on plant health and crop productivity 
 
Glyphosate controls weeds by disrupting the enzyme 5-Enolpyruvylshikimat-3-phosphate-
Synthase (EPSPS), a key enzyme of the shikimate pathway. RR crops are genetically modified to 
produce glyphosate-insensitive EPSPS so they survive glyphosate treatment. However, several 
reports show higher incidence of many soil-borne diseases in RR crops upon glyphosate treatment, 
as well as a decrease in plant nutrient content and photosynthetic parameters, with effects on plant 
biomass. This may subsequently impact plant health and rises concerns regarding the impact of 
glyphosate on crop productivity and the economic benefit of the RR cropping system. Freitas-Silva 
et al. (2022) review evidence showing that indirect effects of glyphosate-based herbicides (GBHs) 
on plant physiology can also lead to plant death and conclude that GBHs promote plant death not 
only through EPSPS inhibition but also through other biochemical, physiological, and structural 
changes. 
 
Several studies show that glyphosate alters rhizosphere microbial communities, shifting the 
balance of beneficial and detrimental plant-associated microorganisms. Positive impacts on certain 
plant pathogens such as Fusarium spp. that cause disease in many crops, are frequently reported. 
The effect might be increased by the negative impact of glyphosate on some beneficial soil micro-
organisms such as Fluorescent Pseudomonas that antagonise pathogens (see Section 4.5. Impact 
on soil microbial communities). According to Sanogo et al. (2000), supressed plant defence and 
enhanced disease susceptibility caused by glyphosate reduces the benefit of herbicide tolerance. 
As a response, Monsanto enhanced the second generation of RR soy with a proprietary fungicide 
coating. Such measures can however lead to a chemical treadmill, which is costly to farmers. 
 
A change in the soil microbial community composition can also change soil nutrient dynamics and 
cause nutrient deficiencies in plants. Different studies have shown that glyphosate reduces the 
ratio of manganese (Mn) reducers to Mn oxidisers upon release in the rhizosphere (see Section 
4.5. Impact on soil microbial communities). This suggests that soil Mn is immobilised by glyphosate 
and not available for plant uptake and active defence reactions, which potentially detrimentally 
affects plant growth. Glyphosate has also been shown to exert toxic effects on nitrogen-fixing 
organisms in the rhizosphere (see Section 4.5.1. Impact on bacterial communities and beneficial 
fungi). Several studies indeed suggest that glyphosate at label use rate reduces nodulation in 
soybeans (Zobiole et al. 2012). King et al. (2001) found a negative impact of glyphosate application 
on growth, nitrogen (N2) accumulation and N2 fixation of different RR soybean cultivars. Early 
application of glyphosate decreased shoot biomass and nitrogen accumulation in both roots and 
shoots at day 19 after emergence. By day 40 plants had however recovered. Continuous 
application of glyphosate between days 19 and 40 prevented this recovery and also affected root 
growth in some cultivars. Biomass and nitrogen content were also decreased when RR soybeans 
were grown with available soil nitrogen. N2 fixation was more sensitive to water deficits in 
glyphosate-treated plants compared to untreated plants. Data also suggests that RR soybeans 
treated with glyphosate have smaller nodules but a similar total nodule mass as non-treated RR 
soybeans due to an increased number of nodules. This is in contrast to the study of Zobiole et al. 
(2012), where glyphosate application significantly decreased not only nodule mass but also nodule 
number.  
 
Bellaloui et al. (2008) study the effect of glyphosate application on the nitrogen metabolism and 
seed composition in RR soybeans in a two-year field experiment. They find a significant effect of 
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glyphosate application on nitrogen assimilation and seed composition. For soil nitrate to be used 
by plants, it has to be reduced to nitrite. This is done by the enzyme nitrate reductase. After a first 
application of glyphosate, nitrate reductase activity in leaves, roots and nodules of the soybeans 
decreased compared to untreated plants, probably because of a reduced or limited nitrate uptake 
by the roots and subsequent translocation to the shoots. A second application of glyphosate, 
resulted in a significant decrease of the nitrate reductase activity in the leaves and nodules but a 
significant increase in the roots up to full potential. The authors suggest this was probably to 
compensate for the previous reduction in leaves and nodules. Glyphosate application at a higher 
rate than suggested, representing a “worst case scenario”, further resulted in a higher protein 
percentage, a higher oleic acid percentage and a lower linolenic acid percentage compared with 
the non-treated soybean. The increase in protein percentage may be a result of the nitrate 
translocation from root to leaves, the main site of nitrogen assimilation. The changed oil 
percentages may suggest a possible alteration to carbon metabolism namely a reduction in 
photosynthesis and carbon substrate availability due to the glyphosate application. They conclude 
that glyphosate application may alter nitrogen and carbon metabolism. Johal and Huber (2009) 
suggest that regular inoculation of legume crops with nitrogen-fixing organisms may be required 
for maximal productivity where glyphosate applications have eliminated them from the soil. 

 
Moreover, the stable, insoluble complexes between glyphosate and cationic nutrients not only 
antagonise glyphosate efficacy but also plant uptake and translocation of essential minerals (Eker 
et al., 2006). This is problematic because micronutrients can activate or inhibit many critical 
physiological functions and are essential for many metabolic pathways. A change or reduction in 
availability of micronutrients can greatly affect plant growth and also resistance to diseases and 
pests.  
 
Studying the effects of spraying sublethal doses of glyphosate on sunflowers, Eker et al. (2006) 
showed that glyphosate treatment decreased uptake, translocation and accumulation of iron (Fe) 
and manganese (Mn) in sunflower plants. In one experiment Fe concentration in non-treated leaves 
was almost 3-fold higher than in treated leaves. The authors concluded that the formation of poorly 
soluble glyphosate-metal complexes is possibly the main factor for the antagonism between 
glyphosate and cationic micronutrients. Glyphosate that is transported to the roots upon spraying 
may form immobile complexes with essential metal nutrients and consequently impair translocation 
to the leaves. And glyphosate that leaks into the soil solution may accordingly impair root uptake 
of those nutrients. Impaired nutrient uptake and translocation can have negative impacts on plant 
health and growth. 
 
This antagonistic effect of glyphosate on micronutrient uptake and plant growth was also 
demonstrated in RR crops tolerant to glyphosate. Bott et al. (2008) showed that glyphosate 
decreased the Mn concentration and total Mn in RR soybean leaves by approximately 50-60%. 
Glyphosate further significantly reduced root dry matter production of a RR soybean in a hydroponic 
experiment with sufficient Mn supply. A similar trend was also observed with low Mn supply and for 
shoot biomass of glyphosate treated soybeans, although the differences were not significant. 
Glyphosate further reduced root length by approximately 30% and the number of root tips. In an 
experiment in soil culture, glyphosate significantly reduced the concentration of zinc (Zn) in young 
RR soybean leaves depending on the soil. 
 
Zobiole et al. (2010b; 2010c; 2012) found glyphosate not only to decrease micronutrient- but also 
macronutrient content in RR soybean leaf tissues. In the study of Zobiole et al. (2010b), there were 
however differences in reduction between the RR cultivars, with the early maturity crop being most 
affected. Interestingly, the concentration of shoot macro- and micronutrients was also decreased 
in the RR soybeans not treated with glyphosate, compared to their respective non-RR parental 
lines, suggesting that the RR gene itself also reduces the plant’s nutrient efficiency. Application of 
glyphosate had an additive negative impact on nutrient accumulation. In the study of Zobiole et al. 
(2012), macro- and micronutrient content was proportionally reduced with increasing rates of 
glyphosate. However, except for copper, nutrient concentrations were within the nutrient-sufficiency 
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ranges for soybeans. Zobiole et al. further observed glyphosate to reduce photosynthetic 
parameters such as photosynthetic rate, stomatal conductance and transpiration rate (Zobiole et 
al., 2010a; b; c; 2012). Photosynthetic rate was more reduced with increasing rates of glyphosate 
(Zobiole et al., 2010a). One reason for the observed reduction in photosynthetic parameters could 
be the observed reduction in essential micronutrients, such as Mn, by glyphosate. Since the 
chloroplast is sensitive to Mn deficiency for example, a decrease in essential micronutrients might 
affect the chloroplast and hence photosynthesis. Another reason might be that accumulation of one 
of the main metabolites of glyphosate, AMPA, in the glyphosate treated plants may cause plant 
injury and chlorosis (Zobiole 2010b; c). Since plant injury also occurred several weeks after 
herbicide application, the authors suggest that either glyphosate or AMPA exert long-term effects 
on plant physiology. Zobiole et al. (2010a; b; c; 2011) further found glyphosate to reduce shoot and 
root biomass of RR soybeans. The effect increased with increasing glyphosate rates (Zobiole et 
al., 2011). Zobiole et al. (2010b; c; 2012) suggest that the additive effect of decreased 
photosynthetic parameters and the lower nutrient concentration may cause the reduced plant 
biomass. Zobiole et al. (2011) further suggested that glyphosate-based suppression of plant growth 
promoting bacteria contributes to the decreased biomass. According to Zobiole et al. (2012) a 
decrease in dry biomass could also mean a decrease in the production of grain, since dry biomass 
and grain yield are closely linked for soybean crops. Zobiole et al. (2010b) suggest that the reduced 
nutrient efficiency of RR crops needs to be considered for fertiliser recommendations. According 
to Zobiole et al. (2012), even higher levels of nutrients may be required to achieve physiological 
sufficiency in RR soybeans upon glyphosate treatment. 
 
Krenchinski et al. (2017) investigate reports of visual injuries to RR soybeans after glyphosate 
application. In greenhouse experiments, they find a significant linear decline in the chlorophyll index 
with rising glyphosate dose for all four Intacta RR2 soybean cultivars tested. However, they find 
that, in general, RR2 soybeans have the ability to recover from visual intoxication injuries and 
reestablish the normal chlorophyll production and photosynthetic parameters after glyphosate 
application.  
 
Bomfim et al. (2017) observe that the application of glyphosate in RR soybeans moderately affects 
nitrogen fixation and assimilation. 
 
Helander et al. (2019) find that glyphosate residues in soil affect crop plant germination and growth. 
They study the effects of the glyphosate-based herbicide (GBH) Roundup Gold, and of pure 
glyphosate. The seed germination of faba bean, oat and turnip rape, and sprouting of potato tubers 
was delayed in the greenhouse experiments. However, total shoot biomass varied between 
greenhouse and field experiments. Potato tubers tended to accumulate low amounts of glyphosate 
(0.02 mg/kg) and its metabolite AMPA (0.07 mg/kg). In addition, grazing by barnacle geese was 
three times higher in oats growing in the GBH soils compared to control oats in the field. 
 
Fan et al. (2017) also report that glyphosate appears to exert stress on the glyphosate-resistant 
(GR) soybean cultivar used in their greenhouse experiments. In these experiments, glyphosate-
treated GR soybean had lower chlorophyll content, root mass, nodule mass, total plant nitrogen, 
and nitrogenase activity than the untreated conventional cultivar, and glyphosate also inhibited the 
growth of rhizobia isolated from root nodules. 
 
Soares et al. (2019) evaluate oxidative damage and antioxidant responses in tomato plants grown 
for 28 days under different concentrations of a commercial formulation of GLY (Roundup® 
UltraMax) - 0, 10, 20 and 30 mg kg−1 soil. The exposure of plants to increasing concentrations of 
GLY caused a severe inhibition of growth (root and shoot elongation and fresh weight), especially 
in the highest treatments. The evaluation of the antioxidant system showed that GLY interfered 
with several antioxidant metabolites and enzyme activities. The authors conclude that soil 
contamination with glyphosate, applied as part of its commercial formulation Roundup® UltraMax, 
impairs the growth and physiological performance of tomato plants, and likely of other non-target 
plant species, after 28 days of exposure. 
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Fuchs et al. (2022) seek to determine the effect of GBH residues in soil on phytohormone pools of 
three different crop species (oat, potato and strawberry). They argue that central role of 
phytohormones in regulating plant growth and responses to abiotic and biotic environment has 
been ignored in studies examining the effects of glyphosate residues on plant performance and 
trophic interactions. They find that residues of GBH in soil modulate plant hormonal homeostasis, 
plant size and herbivore damage, with results that vary among crop species. 

3.3. Profitability of marketing RR crops versus non-GM crops 
 
In addition to production costs and yield it is crucial for farmers to be able to sell their products for 
a good price. However, some uncertainties exist regarding the marketing of RR crops, such as 
different and changing policies regarding GM crops from country to country and increasing demand 
for non-GM seeds and foods. 

3.3.1. Effects of different and changing policies regarding GM crops on RR crop 
marketing 

 
Detected unauthorised GM seeds or the presence of an unauthorised GMO in food or feed can be 
a reason to either recall products or reject imports at national borders (Price & Cotter, 2014). Issues 
of GM contamination can lead to expensive rejections of shipments, or product recalls, particularly 
if some markets have not authorised a particular GM crop, or if crops labelled as non-GMO or as 
organic crops command higher prices. Examples of GM contamination incidents and the 
associated costs are given in Section 3.4.2. Consequences of GM contamination.  
 

3.3.2. Effects of the increasing demand for non-GM seeds and foods on RR crop 
marketing  

 
Farmers worldwide need to consider the increasing demand for non-GM ingredients.  Although 
predictions vary, significant market growth is forecast by all analysts. According to Mordor 
Intelligence (n.d.), the non-GMO foods market is projected to witness a compound annual growth 
rate (CAGR) of 9% during the forecast period 2020 to 2025. According to a Grand View Research 
(2019), the global non-GMO food market size is expected to reach USD 2.76 billion by 2025 
registering a CAGR of 16.5%. According to Fortune Business Insights (2022), the global non-GMO 
food market is projected to grow from USD 623.96 billion in 2021 to USD 1,231.13 billion in 2028 
at a CAGR of 10.20% in the forecast period. Driving factors are reported to include a significant 
increase in certified non-GMO producers (to augment market share), and rising investment. 
 
The current market for non-GM soybean in the EU is relatively high compared with other parts of 
the world and considered more than a niche market. For example, the fast-food chain, McDonalds, 
abandoned GM soy in their products in France in 2015 (Smagghe, 2015). In 2015, about 8.3% and 
11.3% of the soybean and soybean meal imported by 14 EU countries that together account for 
91% of the total soybean and soybean meal imports in the EU, was segregated as non-GM 
according to a report by the European Commission’s Joint Research Centre, (Tillie & Rodríguez-
Cerezo, 2015). Despite the higher price, demand for GM-free soya is high (Hungary Today, 2015). 
The situation is however very mixed between EU member states. While in some countries like 
Poland and Portugal, the demand for non-GM soy is virtually non-existent, others like Hungary and 
Sweden import exclusively non-GM soy from outside the EU (Tillie & Rodríguez-Cerezo, 2015). In 
Hungary, the government provides subsidies to promote GM-free soya production (Hungary Today, 
2015). The Danube Soya Association aims to increase Europe’s self-supply with GM-free protein 
and counts an increasing area planted to GM-free soya in the Danube region. In June 2015, 
Europe’s biggest soy producer, the Ukraine, signed the Danube Soya Declaration (Donau Soja, 
2015a; b). Europe also imports a lot of non-GM canola from Australia, which pays Australian 
farmers on average $40 a tonne more than GM canola (Gribbin, 2013). Such price premiums for 
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non-GM crops reflect the preference of European consumers for non-GM products (Gaitán-
Cremaschi et al., 2015) and are a clear incentive for farmers to produce GM-free crops. Fortune 
Business Insights (2022) notes that Europe is one of the leading customers of GM-free food and 
this is forecast to continue to grow. 
 
Although GM foods are required to be labelled in the EU (and hence consumers reject them), meat 
and dairy products from GM-fed animals are not required to be labelled (see Section 5.2. 
Consumers’ reluctance to eat GM crops). To address this issue with animal products, retailers and 
food manufacturers in Germany can make use of the “GMO-free”-seal, issued by the industry 
association VLOG. To use the label, retailers have to ensure that all ingredients, including 
pharmaceuticals and feed supplements are GMO-free and provide an appropriate certification from 
suppliers. With a growing demand for GM-free products, this effort is certainly worthwhile. Similar 
labels exist in some other European countries (Michail, 2015). In Germany, there is a continuing 
shift towards non-GM material in animal feed. In 2015, Germany’s largest dairy company decided 
to transition to GM-free feeding of their dairy cows and TÖNNIES Holding, Germany’s largest pork 
marketer, began to convert to non-GM soybean meal. Moreover, the vast majority of retailers 
demand more GM-free raw materials for their private label products (Breloh et al., 2015). Demand 
for non-GM soybean meal has also increased in other European markets such as France, Austria, 
Switzerland, Hungary, Italy or the Scandinavian region (Breloh et al., 2015; Byrne, 2015). A 2016 
report in Germany highlighted the ability to secure increased supplies of non-GM feed from Brazil, 
provided the food retail sector is willing to pay the higher costs for segregation (VLOG, 2016). By 
2021, around 60-70% of all milk egg, poultry and meat production in Germany was certified 
according to the VLOG standard (Southey, 2021). Consumers spent around 13.2 billion euros on 
"Ohne Gentechnik" (Non-GMO) products in Germany in 2021, 4.3 percent more than in the 
previous year (VLOG, 2022a). 

 
In Brazil, ProTerra certification requires soybeans to be non-GM and ensures that farms practice 
sustainable use of soil, pesticides, and water and do not convert native forests or other high 
conservation value areas (HCVAs) to cropland. More specifically, soybeans may not be grown on 
HCVA land that was cleared after 2004. This standard requires certified products to be segregated 
and traceable from farm to fork. Compliance with the ProTerra standard is evaluated according to 
a uniform certification protocol, by a third-party (independent) certification body that is accredited 
according to ISO/IEC standards. The premium for ProTerra certified soybeans is roughly $4 per 
ton, which is added to the standard premium for non-GM soybeans (Garrett et al., 2013). Brazil has 
increased its import share faster in countries with a strong non-GM preference versus other 
countries. This is explained statistically by Brazil’s level of non-GM soybean production rather than 
by changes in prices. More specifically, Garrett et al. (2013) find that the Netherlands, Italy, Spain, 
and Belgium increased imports from Brazil and simultaneously decreased imports from the United 
States, even as Brazil’s currency increased in value in the late 2000s, which should have made 
Brazilian soybean producers less competitive than their North American counterparts on a pure 
cost basis. The non-significant finding for direct imports from Brazil to Germany is likely related to 
the large amount of non-GM soybeans that Germany imports indirectly via the Netherlands: and 
similarly, Japan also imports non-GM soybeans from China. Brazil produced the majority of the 
globally certified non-GM soybeans in 2012: 4.3 million tons, while India, China, the US and Canada 
together provided less than 2 million tons. Approximately 79% of Brazil’s certified non-GM 
soybeans were also certified under ProTerra standards for environmental and social responsibility. 
The advanced soybean supply chains of central Brazil are well illustrated by the case of the 
Brazilian soybean agribusiness giant Grupo Andre Maggi, which produces non-GM soybeans 
certified by the ProTerra Foundation, has continued to produce non-GM soybeans on its farms and 
has maintained private ports specialized in non-GM soybeans. These ports, located in Itacoatiara, 
Amazonas and Porto Velho, Rondônia, allow for a direct shipping route to Europe through the 
Amazon river. This vertically integrated export pathway not only prevents GM contamination, but 
also reduces the costs of segregation and aids traceability. In contrast, other South American 
countries that did not develop segregated supply chains for non-GM soybeans now face smaller 
opportunities to access non-GM markets. Fortune Business Insights (2022) reports that the South 
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American non-GMO food market continues to grow (retail sales were around USD 30.5 billion in 
2020, and are projected to grow to USD 61.81 billion in 2028), with Brazil expected to have the 
biggest market. According to figures from Brazil's Instituto Soja Livre (ISL), Brazil plans to increase 
non-GMO soybean acreage by 24 percent for the 2022/23 crop to meet demand from Europe 
(VLOG, 2022b). 
 
In the U.S., farmers are also increasingly demanding non-GM and organic seed. Among US 
farmers, interest in growing non-GM varieties reportedly started increasing around 2012, with seed 
companies reporting strong demand for non-GM seed sales and some even reporting they had 
sold out of non-GM seeds due to the rapidly increasing demand (Bunge, 2015; Roseboro, 2015b). 
eMerge Genetics’ non-GM soybean and corn (maize) seed sales for example tripled from 2012 to 
2015 (Doering, 2015). One reason is the continuous and accelerating growth of the non-GM and 
organic food market due to consumer demands. In 2014, non-GM food products were among the 
fastest growing U.S. food segments. According to Packaged Facts, non-GM foods and beverages 
generated $200 billion in sales in the U.S. in 2014 (Heneghan, 2015; Packaged Facts, 2015). Retail 
sales of products verified by the Non-GMO Project rose dramatically from $248.8 million in 2010 to 
$8.5 billion in 2014 and 13.5 billion in 2015, with sales now over $26 billion (Non-GMO Project, 
2014; 2015; 2022). The Wall Street Journal reported an almost 30% increase of sales of food that 
is labelled as “non-GM” in 2013 (Case, 2014). Data from the Natural Marketing Institute shows that 
use of food labelled as non-GM rose to 59% of the general U.S. population in 2014, which was up 
from 53% the year before and 37% in 2012. GM-free product launches in the U.S. also rose, from 
551 in 2012 to 1992 in 2014 (Gelski, 2015). Moreover, sales of organic food in the U.S., that is 
certified as free of synthetic chemicals or genetic engineering, increased 11% from 2013, reaching 
$35.9 billion in 2014, which accounts for about 5 percent of U.S. grocery spending (Bjerga, 2015; 
OTA, 2015). According to Packaged Facts, the U.S. organic food market tripled from 2005 to 2015 
(Heneghan, 2015; Packaged Facts, 2015). Fortune Business Insights (2022) reports that North 
America is projected to dominate the global market in terms of revenue from GMO-free foods, 
supported by increasing resistance by consumers to GM foods.  
 
Due to consumer demand, U.S. food companies and retailers increasingly provide voluntary 
consumer information about the presence of GMOs in their food products. In January 2016, 
Campbell Soup Co. announced it would cite GMOs on its packaging and advocates for labelling all 
food products and beverages regulated (Gasparro, 2016). Some companies are abandoning single 
GMO products or ingredients, others are committed to become totally GM-free. Whole Foods 
Market for example commits to full GMO transparency. In 2013, it stated that by 2018, all products 
sold in its U.S. and Canadian stores would be labelled to indicate if they contain genetically modified 
ingredients (Whole Foods Market, 2013). Also in 2013, the retailer Target introduced its new brand 
Simply Balanced, aiming to eliminate all GMOs by the end of 2014 (Renter, 2013). General Mills 
removed GMO ingredients from its original cheerios, Post from Grape Nuts (Lindholm, 2014), 
Abbott offers a GM-free version of its commercial baby formula Similac Advance (Strom, 2015), 
Ben & Jerry’s removed all GM ingredients from its ice-cream (Lindholm, 2014) and Hershey’s 
promised to remove GM sugar beet from its most popular chocolates by the end of 2015 (Devine, 
2015). In spring 2015, the fast-food chain Chipotle announced that it would remove GM ingredients 
from its food in stages (Alesci & Gillespie, 2015). Reasons for this decision by Chipotle include 
concerns about environmental and human health risks associated with the heavy use of glyphosate 
in RR crop fields (Chipotle, 2015). In 2020, Chipotle announced it had officially reached its goal of 
going 100 percent GMO-free for all of its ingredients at all United States Chipotle and ShopHouse 
location (Jones, 2020). In June 2015, US meat producer Applegate removed GMO ingredients from 
all of its products and in 2016 promised to take GMOs out of its entire supply chain and to seek 
third-party verification for all its products (AgWeb, 2016): this has been proceeding step by step. In 
2016, the global agribusiness Bunge added Non-GMO Project Verified milled corn ingredients and 
Non-GMO Project Verified oils to the products it supplies, to meet growing demand for non-GM 
ingredients (Business Wire, 2016).  
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The reasons why farmers increasingly demand non-GM seeds are the failing effectiveness of GM 
crops due to resistance development, and declining commodity prices for corn and soybeans, 
higher seed costs and technology fees for GM seeds, as well as premium prices for non-GM and 
organic grains. In the USA, demand for non-GM seeds has reportedly been increasing due to the 
problems caused by herbicide-resistant weeds, associated with growing RR crops (Kuphal, 2017). 
As prices for organic grains are about double those of conventional grains, some farmers go 
beyond non-GM food production and convert to organic food production (Case, 2014; Lucht, 2014; 
Bunge, 2015; Doering, 2015; Roseboro, 2015b; Selman, 2015). As a consequence, research into 
conventional soybean varieties at the University of Arkansas System Division of Agriculture has 
started to expand. Their biggest challenge is the scarcity of seed (Hightower, 2015).  
 
The non-GM corn and soybean supply in the U.S. is relatively small. Of the 87.2 million soybean 
acres planted in the U.S. in 2021, 4.4 million were non-GMO. Around 2.6 million acres were food-
grade non-GMO soybeans, whilst the other 1.7 million acres of non-GMO soy were feed-grade 
(Twellman, 2021). Growing demand for non-GM and organic foods can force the U.S. to import 
those crops from nations that are largely free of GM crops. U.S. corn (maize) imports from 
Romania, for example, increased more than 20-fold from 2013 to 2014 (Bjerga, 2015). Countries 
where GM crops have not been grown could continue to dominate the non-GM market in future, 
surpassing countries such as the U.S. where non-GM agricultural production has become more 
and more difficult.  

3.4. Economic and regulatory implications of RR crop cultivation on 
coexistence with conventional crops 
 

The purpose of co-existence rules is to allow GM crops to be grown whilst protecting non-GM crops 
from contamination so that they can be sold in GM-free markets (including organic markets), which 
consumers generally prefer. However, cases of GM contamination are known worldwide, including 
in Europe (Price & Cotter, 2014), and the concept of coexistence, using GM and non-GM cropping 
systems in parallel, and its technical measures and feasibility, remain a topic of controversy 
(Binimelis, 2008) .  
 
Due to the lack of systematic global monitoring of GM contamination incidents, GeneWatch UK 
and Greenpeace International established the GM Contamination Register, a searchable database 
of recorded incidents of GM contamination that covered the period from 1997 to 2013. The GM 
Contamination Register contains almost 400 incidents of GM contamination across 63 countries 
from 1997-2013 (Price & Cotter, 2014). As only the incidents that have been publicly documented 
are recorded, the real number of global contamination incidents is probably much higher. This is 
also supported by the fact that the countries reporting the highest number of contamination 
incidents, Germany, France, USA and the United Kingdom, are (with the exception of the USA) 
currently not even cultivating GM crops and are probably not the countries with the highest degree 
of GM contamination. It is more likely that there is more frequent testing and a more effective 
mechanism to report such incidences in those countries. 
 
There are a number of ways in which a GM crop may cause contamination of non-GM crops and/or 
end up in harvested material, feed and foodstuffs. These include cross-pollination of non-GM crops 
and co-mingling of seeds or grains during harvest, transportation, storage, processing and 
distribution. The hazard of cross-pollination depends on a variety of factors, many of which are crop 
specific, such as whether or not it is a cross-pollinating crop and what vectors (wind-borne or insect 
borne) it depends on to spread its pollen. According to Zhang et al. (2018a), honeybee-mediated 
gene flow in rapeseed plays a greater role at smaller distances and wind-mediated gene flow 
becomes a greater contributor at greater distances. While soybean is, for example, mainly self-
pollinating, maize and sugar beet are cross-pollinating crops (European Commission, 2003). Other 
important factors that determine the hazard of cross-pollination include the duration of pollen 
viability and the degree of overlap of flowering periods. How far the pollen can ultimately travel by 
wind depends on landscape and weather-related factors. In insect-pollinated crops, numerous 
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factors including crop characteristics, pollinator species, pollinator density, pollinator foraging 
behavior, field size, planting management practices, topographical factos, and environmental 
factors, such as water availability and rainfall etc., all affect gene flow (Kesoju et al. 2021). 
 
There are considerable uncertainties about how far pollen may be spread by wildlife, including 
pollinators, such as bees. Vallaeys et al. (2017) cite evidence that bees do not spread in the same 
way as a gas (Brownian motion) but make a different type of motion, consisting of frequently 
occurring short displacements with more occasional longer displacements (known as Lévy flight).  
Using a computer model, they show that the isolation distances required to keep outcrossing levels 
below a certain threshold are substantially increased if the bees spread through Lévy flight, by 
comparison with the original predictions (based on Brownian motion). They suggest that isolation 
distances between GM and non-GM crops may need to be much larger than originally thought. 
 
In the end, it is important to note, that even with great care being taken by producers, GM 
contamination may occur accidentally, for example if seeds remain stuck in farming equipment. 
Moreover, there exists no harvesting system capable of containing all the seeds produced on a plot 
of land (Smyth et al., 2002). Seeds that are inadvertently left in a field after harvest can germinate 
in the following seasons, depending on the germinability of the crop, and lead to the establishment 
of RR volunteer plants. The potential to form RR volunteers also depends on the crops and the 
time their seeds remain viable in the soil. The risk of RR volunteers is for example greater in oilseed 
rape than in maize whose seeds might not survive frost (European Commission, 2003). To control 
RR volunteer plants, older and more toxic pesticides, such as 2,4-D are often used. With reports 
of field evolved resistance to 2,4-D and other herbicides (see Section 6. Industry response), the 
control of volunteers may require the application of more and more expensive chemicals. 
 
Cases of GM contamination are not restricted to countries that commercialise these crops (Price & 
Cotter, 2014). Cases of spilled grains of transgenic oilseed rape and even established plants are 
also known in countries where cultivation is prohibited and only import is allowed such as Japan or 
Korea (see for example Aono et al., 2006; Han et al., 2014; Kawata et al., 2009; Nishizawa et al., 
2009; Saji et al., 2005). Seeds and established plants form imported transgenic oilseed rape were 
found at major grain ports, in storage facilities, near the feed processing plants or along transporting 
routes. Even in Switzerland where import of GM plants that are capable of propagation, as well as 
plant parts and seeds that are intended for agricultural, horticultural or forestry use in the 
environment are prohibited, feral genetically modified oilseed rape has been found (Hecht et al., 
2014; Schoenenberger & D’Andrea, 2012; Schulze et al., 2014). Sohn et al. (2021) conduct a 
review of the unintentional release of feral genetically modified rapeseed into the environment. 
They find that the unintentional release of GM rapeseed mainly occurs due to seed spillage during 
harvesting, storing in soil seed banks, and seed spillage during importation of the GM rapeseed 
and its transportation along road verges. 
 
RR alfalfa is another crop that has dispersed into the environment beyond cultivated fields. 
Occurrence of feral alfalfa in alfalfa growing areas is widely recognised. Greene et al, 2015, for the 
first time also detected RR plants in feral alfalfa populations in the U.S. (see also Section 3.4.2. 
Consequences of GM contamination). Spot checks of seed and crop shipments also frequently 
reveal GM-contamination and lead to the elimination of the seeds or crops (Hungary Today, 2015).  
 
Paull (2018) argues that coexistence with non-GM varieties is a fiction and categorises genetically 
modified organisms as invasive species. He concludes: “If GMOs are regarded as invasive species, 
or potential invasive species, then they can be evaluated appropriately as a threat to health and 
wealth and dealt with on a risk assessment, biosecurity and quarantine basis. The onus is then on 
the promoters to prove, manage and be responsible for containment, risk and escape, and to 
maintain alerts at all points of the foodscape. Under such a scenario, the secrecy of GM crops is 
replaced with transparency, farms with GMOs are declared, neighbours are aware, foods with 
GMOs are declared, there are labelling and traceability protocols in place, and the present practices 
of GM-invisibility is replaced with consumer awareness and clear declarative labelling.” 
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3.4.1. Preventing GM contamination 
 
Some countries have specific guidelines or regulations in place to prevent GM contamination. 
These often rely on isolation distances. Kesoju et al. (2021), demonstrate that other factors, such 
as size of GM pollen pool within the pollinator foraging range and the foraging behaviour of 
pollinators, are also important variables to consider when trying to minimize GM contamination in 
outcrossing plants. Similarly, Lu et al. (2019) argue that increasing isolation distance alone will not 
prevent gene dispersal and name human activities including cultivation methods, agricultural 
practice, transportation, trade and seed-sharing as posing greater potential risks that can cause 
large-scale gene dispersal. In other countries such regulations or appropriate labelling of GM 
products are still entirely lacking. Preventing contamination might be especially difficult in 
smallholder agricultural systems where seed saving and exchange is a daily practice. Iversen et al. 
(2014), for example, found transgenes in local maize varieties of small-scale subsistence farmers 
in South Africa, outside the formal seed system. Those included the Roundup Ready maize NK603. 
They attributed the contamination to seed saving, seed exchange and lack of knowledge from both 
retailers, about the seeds they were selling, with unclear or even incorrect labelling of seeds, and 
from farmers about the seeds they were buying, planting, saving or sharing.  

3.4.1.1. Regulation in the EU 
 
In the European Union (EU), where there is currently very limited cultivation of GM crops, and no 
cultivation of GM HT crops, there is a legal obligation for coexistence of GM and non-GM 
agricultural production. The aim is that on the one hand, farmers can freely choose between 
conventional, organic and GM crop production, and on the other hand, consumers have a choice 
between GM and non-GM food products. To facilitate producer and consumer choice, food or feed 
containing more than 0.9% of EU-authorised GMO-resources need to be labelled as containing 
GMOs. Food and feed containing detectable traces of unauthorised GM events cannot be legally 
marketed in the EU. Food and feed products that contain less than 0.9% GMO-resources do not 
have to be labelled if the presence of the GMO was adventitious or technically unavoidable. 
(Directive 2001/18/EC; Regulation (EC) No 1829/2003; Regulation (EC) no. 1830/2003).  
 
In the EU, coexistence measures are the responsibility of the Member States, since farming 
conditions such as farm and field size and management practices as well as other regional aspects 
such as climatic conditions, topography or pollinator behaviour vary enormously across Europe and 
need to be taken into account when developing and implementing coexistence measures. In 
developing and implementing national strategies and best practices for co-existence, Member 
States should follow the guidelines provided by the European Commission (European Commission, 
2010) and the European Coexistence Bureau (ECoB). These guidelines are, however, non-binding 
recommendations. The Network Group for the Exchange and Coordination of Information 
concerning Coexistence of Genetically Modified, Conventional and Organic Crops (COEX-NET) 
should facilitate the exchange of information among the Member States and the Commission. 
Where no other measures are sufficient to prevent GM contamination, the Commission notes, it 
may be necessary to exclude GMO cultivation from large areas (European Commission, 2010).  
 
By February 2009, 15 Member States had adopted specific legislation on coexistence and three 
further Member States had notified draft legislation to the Commission. In some Member States 
the development of a regulatory framework is not envisaged since the cultivation of GM crops on 
their territory is considered unlikely (European Commission, 2009). As from 3 April 2017, Member 
States in which GMOs are cultivated are required to “take appropriate measures in border areas of 
their territory with the aim of avoiding possible cross-border contamination into neighbouring 
Member States in which the cultivation of those GMOs is prohibited, unless such measures 
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are unnecessary in the light of particular geographical conditions”. Four Member States have done 
so (EC, n.d. a). Eighteen Member States have also introduced national measures to restrict GM 
crop cultivation on all or part of their territory (EC, n.d. b). Since only one GM crop is grown in the 
EU at present (Bt maize, grown mainly in parts of Spain), and this is not a GM HT crop, co-existence 
measures are largely untested even where they have been adopted. 
 
Among the Member States that have adopted specific legislation on coexistence, the measures 
vary greatly from country to country. In most Member States, farmers who wish to grow GM crops 
are legally obliged to priorly inform their intentions to neighbours and/or competent authorities 
(Verrière, 2014). They further might have to negotiate a mutual agreement with neighbouring 
farmers and landowners on their respective cropping intentions (Devos et al., 2009). Further 
coexistence measures implemented by member states include spatial and/or temporal isolation of 
GM crops on the field, as well as prevention of contamination during harvest, transport, storage or 
the cleaning of tools amongst others (European Commission, 2009; Verrière, 2014). Defining 
appropriate isolation distances or buffer zones for example is non-trivial and remains a disputed 
topic. In the EU for example, member states proposed isolation distances from a couple of meters 
to several kilometers (Munro, 2008; Verrière, 2014). In order to establish appropriate isolation 
distances to prevent cross-pollination it is important to understand gene-flow and to know how far 
pollen of a certain GM crop can be deposited. Hofmann et al. (2014) analysed data on maize pollen 
deposition collected from 2001 to 2010 in Belgium, Germany and Switzerland to model pollen 
deposition in relation to distance from the nearest field. They concluded that a power function 
described the decrease in pollen deposition with increasing distance from the nearest pollen source 
better than the exponential model currently used in EU risk assessment and management. With 
the exponential curve, pollen deposition is underestimated for distances greater than 10 m, with 
increasing inaccuracy over longer distances. Hofmann et al. (2014) concluded that maize pollen is 
not restricted to close distances of less than 100 meters but can travel up to the kilometre range. 
Brunet et al. (2003) even observed maize pollen dispersal over dozens of kilometres. Based on 
their results, Hofmann et al. (2014) questioned the current buffer zone distances of 20-30 meters 
between GM maize and protected habitats, as suggested by the European Food Safety Authority 
(EFSA). To prevent exposure of non-target organisms, buffer distances should instead be in the 
kilometre range. Hofmann et al. (2014) suggest that previous risk assessments and conclusions 
regarding distances, potential exposure, and effects on non-target organisms should be revised in 
the light of these findings. In response, the EFSA GMO panel announced in December 2014, that 
they would re-evaluate their risk mitigation measures reducing exposure of non-target organisms 
to GM maize (EFSA, 2014). In their revision, completed in July 2015, the EFSA GMO panel 
controversially concludes that their previous recommended isolation distance of 20-30 meters still 
remains valid. They recommend further studies to estimate the effective exposure of non-target 
organisms to maize pollen (EFSA, 2015a). However, not only the effects on non-target organisms 
should be revised, but also the current risk mitigation measures preventing conventional and 
organic fields from GM contamination. Kruse-Plass et al. (2017) respond to EFSA point-by-point 
and confirm the need for specific environmental impact assessments for GM maize with respect to 
protected habitats within isolation buffer distances in the kilometre range. Keeping in mind that 
large isolation distances might not always be feasible in practice (Devos et al., 2009), the results 
of Hofmann et al. (2014) show that the cultivation of RR crops in Europe would come with a great 
risk of GM contamination. 

3.4.1.2. Regulation in the U.S.  
 
In contrast to Europe, there exists no legislation governing the co-existence of GM and non-GM 
agricultural production in the U.S. and labelling of food and feed containing GMOs is not required, 
although manufacturers will be required to label some products containing GMOs (using a 5% 
ingredient threshold) by 2022 under a new National Bioengineered Food Disclosure Standard 
(NBFDS) (Berry, 2021). It is estimated that processed food in the U.S. contains 70 - 80% GM 
ingredients (Paull, 2018). In 2011, the U.S. Department of Agriculture convened the Advisory 
Committee on Biotechnology and 21st Century Agriculture (AC21) to address the feasibility of 
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coexistence in agriculture, to design a compensation mechanism (i.e. to address liability) and to 
issue recommendations. They claimed that there was insufficient data to determine if contamination 
was occurring. Thus, the AC21 recommends that the USDA should fund and/or conduct research 
to quantify the economic loss incurred by farmers as a result of GM contamination and assess the 
efficacy of existing GM contamination mitigation techniques. If needed, the USDA should develop 
improved mitigation techniques. The USDA should further fund a comprehensive education and 
outreach initiative to strengthen understanding of the importance of coexistence and provide tools 
and incentives to promote coexistence. Primary strategies for coexistence emphasised are good 
stewardship practices and communication and collaboration between neighbouring farmers (AC21, 
2012). According to farmer statements, communication between GM, non-GM and organic farmers 
has however rather deteriorated since the introduction of GM crops. Good practice alone is 
sometimes not enough to prevent GM contamination (FWW & OFARM, 2014). Moreover, the Office 
of General Counsel has indicated that the USDA lacks the legislative authority to implement a 
program to incentivise the development of joint coexistence plans by neighbouring farmers (AC21, 
2015). Accomplishing coexistence of GM and non-GM agricultural production in the U.S. seems 
difficult in the light of these findings and given the fact that GM crop adoption already reaches 
saturation in the main GM crops. By 2016, at least, ten GM maize (corn) contamination events had 
occurred in the U.S. (Han and Garcia, 2016). 

3.4.1.3. The costs of contamination prevention 
 
It is important to note that in order to have coexisting GM and non-GM agricultural production, costs 
to implement appropriate coexistence measures arise prior, during and after cultivation. The 
European Commission (2010) notes that additional costs might be incurred by farmers if they have 
to adopt monitoring systems and measures to minimise the admixture of GM and non-GM crops. It 
is however difficult to find reliable data on coexistence cost in food supply chains. In the EU, the 
question of coexistence is still a theoretical one in most supply chains and thus the database to 
calculate the costs of coexistence systems is uncertain. Generally, it can be said that every actor 
and level of a supply chain will be economically affected under a coexistence scenario and that 
costs of coexistence of GM and non-GM agricultural production systems are influenced by multiple, 
dynamically changing factors and have to be calculated on a case-by-case basis (Gabriel & 
Menrad, 2015). 
 
Coexistence measures are extensive on the different levels of the supply chain. At the producer 
level they include costs for cleaning of machinery and equipment, buffer zones of uncultivated land 
around the edge of non-GM fields, monitoring costs (such as testing of seeds or crops), and building 
additional farm storage facilities. Regarding the food-processing level, Gabriel & Menrad (2015) 
present three possible general strategies to prevent contamination: spatial specialisation or 
temporal specialisation within one factory or segregation of the production lines in spatially 
separated factories. Depending on the strategy, costs to prevent contamination include: costs for 
testing of the incoming commodity as well as the produced outgoing goods, greater transportation 
distances to the next GM or non-GM plant respectively, building of additional storage facilities, 
creating a complete second production line in an existing plant, cleaning or flushing of repositories, 
investment in additional personnel and equipment and training programs for workers (Gabriel & 
Menrad, 2015). Gabriel & Menrad (2015) show that ensuring coexistence has a significant 
economic impact on actors on the different levels of the non-GM supply chains of rapeseed oil and 
maize starch. Depending on assumed segregation strategies, the total additional costs of 
coexistence and implemented product segregation systems can amount up to 14% of the total 
product turnover at the gates of rapeseed oil mills or companies processing maize starch, 
respectively. Costs for insurance policies or compensation funding were not included in these 
estimates. 
 
In Switzerland, Agroscope names the crop, the size of the farm, the allocation of the GM fields, the 
number of neighbours that must be consulted, the number of fields that must be tested for GM 
presence and how strict the demanded coexistence measures are, as parameters the costs of 
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coexistence depend on. They calculated that under unfavourable conditions, costs for coexistence 
measures could amount to 5-20% of the total costs for conventional production in Switzerland 
(Albisser Vögeli et al., 2011). In this study, under unfavourable conditions, the field size is small, 
the two GM fields have a distance of 1500 meters from one another; the GM field has 6 neighbours, 
the gene flow potential of the crop is high and the coexistence measures are strict. 
 
Thus, allowing GM cultivation in countries that do not currently cultivate GM crops, would increase 
the cost of food supplies, because of the added costs of segregation (assuming that at least some 
famers and consumers wish to maintain access to GM-free markets, which generally command a 
higher price). 
 
It is also important to note that according to Munro (2008), there can be no market equilibrium in 
which all land is cultivated and GM and non-GM crops types coexist. Otherwise, some non-GM 
crops would be grown within a distance to GM crops at which contamination occurs. In that case 
the crop could only be sold at the lower price for GM crops, which would not be profit maximising. 
If non-GM farmers have to sell their crop for the lower price of the GM variety, due to GM 
contamination, they might face elimination from the market or be forced to switch to GM production. 
Thus, there are only three possibilities for market equilibria: either only GM crops are cultivated, 
only non-GM crops are cultivated, or not all land is cultivated. This means that coexistence comes 
at the cost of leaving some uncultivated land. Further costs to regulate planting patterns have to 
be taken into account. Munro (2008) calculated that when only 10% of an area is devoted to GM 
farming, over 60% of the area could be denied to non-GM crops, even if the distance of gene flow 
is small. How much land is lost for non-GM crops very much depends on the pattern of planting. If 
for example GM fields are allocated so that the number of adjacent non-GM fields are minimised, 
the area unavailable for non-GM varieties is up to 3.7 times smaller than if the GM fields are chosen 
at random. This study concludes that coexistence may be impossible without strong regulation on 
planting patterns. In some cases, enforcing planting patterns would, however, mean that some 
farmers are not able to choose between GM and non-GM agricultural production. Munro (2008) 
estimates that, if the distance in which contamination occurs is large enough, it will be economically 
optimal to ban the GM variety. Munro (2008) further suggests introducing a subsidy for non-GM 
farmers that operate in a zone in which GM contamination occurs, that covers the price difference 
between the GM and non-GM crop to the farmers. Additionally, he argues that there should be a 
licensing scheme for GM crops that ensures that a crop is only approved when the resulting pattern 
of land use is externality minimising, i.e. crop types are efficiently planted in clusters to minimise 
the area unavailable for non-GM varieties. 
 
The costs to prevent GM contamination might be especially high for organic producers, since global 
organic farming standards do not allow GMOs in either seed or food (IFOAM, 2002). The European 
Commission (2010) notes that since organic production is often more costly, stricter segregation 
efforts to avoid GM contamination may be necessary to guarantee the associated price premium. 
In the EU, the organic sector argues that, following the polluter-pays-principle, the costs of 
coexistence should be borne by the companies that place GMOs on the market, and not by the 
organic and GMO-free sectors (Oehen et al., 2018). In the U.S., organic farmers are responsible 
for making certain that they do not grow GM crops, thereby bearing the burden of avoiding GMO 
presence from crops planted by neighbouring GM farmers. Certain preventative measures to 
minimise the risk of GM contamination are required by the USDA organic standards. Those include 
maintaining a buffer zone. Buffer zones represent financial losses to organic farmers, since the 
buffer takes up space that otherwise could be cultivated. In cases where conventional crops are 
planted as pollen barriers, the financial loss comes in the value of the organic premium for those 
acres. Other preventative measures that farmers take, in addition to what is required by the USDA, 
include delayed planting so that their crops pollinate later than their neighbours’, seed testing, 
flushing out equipment more often, abandoning crops prone to GM contamination and spending 
more on purer seeds. Median annual costs for preventative measures were estimated at $6,532 to 
$8,500 per farmer in 2014. Adding to this are median costs of $520 for record-keeping to prevent 
GM contamination (FWW & OFARM, 2014). 
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Fernandes et al. (2022) discuss the challenges regarding the coexistence of GM and non-GM crops 
based on transgene flow detection in maize landraces in Brazil. In this participatory transgene-flow-
monitoring process, 1098 samples of maize landraces were collected in the Brazilian Semi-arid 
Region between 2018 and 2021 and analyzed using immunochromatographic strips (known as 
strip tests). GM proteins were detected in 34% of samples. Of these, in 2018-19, 98% had insect 
resistance (from GM Bt crops), 53% had glyphosate tolerance (mostly stacked with the Bt trait as 
well) and 3% glufosinate tolerance (all stacked with Bt). In 2020-21, 75% had insect resistance 
(from GM Bt crops), 62% had glyphosate tolerance (mostly stacked with the Bt trait as well) and 
9% glufosinate tolerance (mostly stacked with Bt and/or glyphosate tolerance). The authors 
conclude that, “Effective measures are needed to confine GM seeds in the areas and agricultural 
systems for which they were designed, thus preventing the social sectors responsible for on-farm 
conservation from assuming the burden of monitoring actions and the threat of losing their rights 
and their seeds”. 

3.4.2. Consequences of GM contamination 
 
Preventing GM contamination may not always be possible, regardless of how effective regulations 
are or how much care is being taken by producers. Where GM contamination does occur, despite 
preventative measures being taken, the consequences are numerous and costly, including product 
recall, loss of crops, GM-free fields, sales, markets, certifications, premium prices, reputation, 
consumer trust, non-GM seed supply and genetic diversity as well as lawsuits and fines. In the US, 
farmers can be accused of intellectual property infringement by seed companies if patented GM 
plants inadvertently grow in their fields (Barker et al., 2013; Hoyle, 1999; Reuters, 2014). In 2014, 
the U.S. Supreme Court dismissed a case filed by the Organic Seed Growers and Trade 
association et al. that meant to stop Monsanto from suing farmers for patent infringement in case 
their land gets contaminated with Monsanto’s seeds. Between 1997 and 2016, Monsanto had 
already settled around 700 cases and filed at least 140 lawsuits against farmers for allegedly 
planting their patented seeds (Chow, 2016) (see also Section 3.1.5. Seed prices, patents and 
corporate control).  
 
In the EU, products intended for entry into the human or animal food chain that contain GMOs 
above the tolerance threshold of 0.9% are subjected to mandatory labelling (see Section 3.4.1.1. 
Regulation in the EU). Thus, contamination of non-GM food or feed with GM food or feed could 
cause a loss of income, due to lower market prices and difficulties in selling the product (Devos et 
al., 2009; European Commission, 2010). The economic loss does not only depend on the price 
difference between GM and non-GM products. Even if the price difference is small, there are still 
costs to identify contamination, re-label and re-market the crop. It is important to note, that costs of 
GM contamination do not only affect the farm level but also the marketing level, as well as food 
companies and food processors. Grazina et al. (2017) detected RR soybean in 9 out of 90 samples 
of processed foods commercialised in Portugal. Of these samples, 5 were identified as being the 
GTS-40-3-2 event, 3 the MON89788 event and one contained both events. The estimated RR 
soybean contents of 8 samples ranged between 0.01 and 0.39%, but the sample containing both 
events accounted for 23.9% of GM ingredients. The authors conclude that the identification of a 
sample with high level above the threshold for labelling regulations suggests the need for more 
strict control of GMOs in foods. Areal and Riesgo (2021) find that the probability of finding imported 
products containing GMOs above the threshold varies among member states and years but could 
be quite high, as a result of limited human and financial resources allocated to inspections and 
analysis of import samples. 
 
The following examples illustrate some consequences of GM contamination.  

3.4.2.1. Contamination incidents can lead to the destruction of crops or entire fields 
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• In Switzerland in 1999, many cornfields had to be burnt or destroyed due to the 
contamination of two of Pioneer Hi-Bred’s non-GM corn (maize) seed varieties with GM 
corn. Moreover, the Swiss seed importer Eric Schweizer Samen AG had to pay affected 
farmers 700 Swiss Francs per hectare in compensation (Furst, 1999).  

 
• When, in 2000, the EU found 0.4% unapproved GM traits in canola seed imported by 

Advanta, France ordered that all 600 hectares planted had to be ploughed down. The 
contamination incident occurred despite growers following isolation rules (Smyth et al., 
2002).  

3.4.2.2. Contamination incidents can cause rejection of shipments, product recalls 
and loss of market 

 
• In 1998, Aventis’s GM StarLink corn (maize) with traits of herbicide and insect resistance, 

was approved for commercial production of animal feed, but not for human consumption, in 
the United States. Subsequently, the corn was required to be grown in segregated areas, 
surrounded by a buffer crop, which also was supposed to be marketed as animal feed. 
Nevertheless, in late 2000, the StarLink corn found its way into the human food chain across 
the U.S., Japan, South Korea and Canada. It is estimated that the StarLink trait 
contaminated 10% of all foods containing corn meal. As a consequence, many food 
manufacturers had to recall whole product lines and Aventis had to pay more than U.S. $1 
billion to withdraw StarLink and compensate producers (Smyth et al., 2002; Schaefer & 
Carter, 2015). The Starlink contamination incident had a large negative effect on U.S. maize 
(corn) prices (Han and Garcia, 2016). 

 
• Triffid flax, a genetically modified flax resistant to soil residues of sulfonylurea-based 

herbicides, was developed in Canada and authorised for commercial use in Canada and 
the United States in the late 1990’s. Canada, the global leader in flax production, has a flax 
export value averaging over $200 million CAD. Canada’s biggest export market for flax is 
Europe, receiving more than 70% of Canada’s flax production. Thus, it is not surprising that 
Triffid flax was officially deregistered in 2001 and all remaining stocks were supposedly 
destroyed after Europe threatened to stop importing Canadian flax should GM flax enter 
into commercial production. Nevertheless, in 2009, Triffid flax was detected in EU food 
products, with over 100 reported incidents (Ryan and Smyth, 2012). The transgene was 
also detected in flax shipments from Canada to Japan and Brazil (Booker et al. 2017). This 
led to an immediate halt of Canadian flax imports and severe economic losses for the 
Canadian flax industry. Following the contamination incidents, a testing protocol was 
developed to manage the situation in Canada. Samples that tested positive at levels ≥ 
0.01% for Triffid would not be accepted for import into the EU. Regular testing of flax all 
along the value chain put a burden not only on grain companies but also on farmers, who 
had to bear the costs for the Triffid tests themselves. When eventually two flax varieties that 
tested positive at 0.01% for Triffid were determined as a source of the Triffid contamination, 
their seed stores were subsequently destroyed. Other varieties, that showed trace levels of 
Triffid contamination, were reconstituted in a lengthy and expensive procedure (Ryan & 
Smyth, 2012). Ryan & Smyth (2012) estimate the total costs for quarantine, testing, 
segregation etc. in the first 1-2 years alone to be $ 29 million CAD. This does not include 
costs to the EU flax industry. Testing costs between 2009 and 2014 were estimated at $3.34 
million CAD from 2009 to 2014. Thereafter, testing costs for producers are estimated at 
$500,000 CAD. Numbers are not known for the flax industry (Booker et al. 2017). In the 
long term, Canada lost some market share to Russia and Ukraine, who increased flax 
production to service short supplies in the EU flax market. Total costs for the EU’s value 
chain were calculated at more than $50 million CAD (Ryan and Smyth, 2012). Prior to the 
Triffid flax incident, the EU imported an average of 80% of Canada’s flax production. Twenty 
years later, the international flax trade between Canada and the EU was still adversely 
affected with the EU only importing one-third of the flax produced in Canada, while China 
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replaced the EU as most valuable export market for Canadian flax. Furthermore, flax 
commodity shipments to the EU continued to be tested for transgene presence: “The 
political sensititvity of testing has now become embedded within the flax trade between 
Canada and the EU and is likely to be viewed as entrenched. Therefore, this cost will likely 
have to be borne by producers and the flax industry going forward” (Booker et al. 2017). 

 
• In 1999, the EU detected pollen from a GM canola not yet approved for consumption in the 

EU in a honey shipment from Canada. As a result, honey shipments to the EU dropped by 
55% between 1998 and 2000, with a monetary loss of C$4.8 million, reaching the lowest 
level in over ten years (Smyth et al., 2002). 

 
• RR wheat not approved for cultivation was found on an Oregon farm in May 2013, causing 

Japan and South Korea to temporarily reject some U.S. wheat imports and the EU to call 
for tougher testing of shipments into the EU. This led to a class action law suit which was 
settled by Monsanto paying $ 350,000 (NBC News, 2015). RR wheat not approved for 
cultivation was again found in Montanta in 2014 and Washington state in 2016 (Reuters, 
2016c). In August 2016, this contamination incident led Japan and South Korea to 
announce that they would defer new purchases of U.S. wheat until they could implement a 
new test for genetically engineered wheat (Capital Press, 2016). Ultimately this RR wheat 
strain contaminated non-GM wheat supplies throughout the U.S. (Capps and Babula, 
2019). Capps and Babula estimate that U.S. farmers producing red hard wheat lost receipts 
ranging from US$32.77 million to US$131.06 million and suffered a drop in wheat prices of 
3.83% (US$0.27 per bushel) in the wake of the May 2013 contamination event. This would 
amount to U.S. $4,807 in lost receipts for an individual farmer.  

 
• Glufosinate resistant rice, which escaped into the supply chain from field trials conducted 

from 1999 to 2001 in Louisiana State University, was detected in a rice shipment to the EU 
in 2006. As a result, the EU greatly reduced imports from the U.S., costing U.S. rice farmers 
at least U.S.$ 1.2 billion (Schaefer & Carter, 2015). 

 
• In 2005, the USDA deregulated RR alfalfa for cultivation. Since alfalfa is an insect-

pollinated, outcrossing species that has high potential for gene flow, many seed producers 
became concerned that cultivation of RR alfalfa would lead to the contamination of organic 
and conventional alfalfa. In 2007, an injunction was passed, barring further planting of RR 
alfalfa. In 2010, the Supreme Court granted the USDA the authority to establish conditional 
deregulations with coexistence measures. Nevertheless, RR alfalfa was deregulated a 
second time in 2011, without any conditional coexistence measures. The short and limited 
duration of the first deregulation period of RR alfalfa, allowed Greene et al. (2015) to assess 
transgene penetration into feral alfalfa populations during that time. In a survey conduced 
between 2011 and 2012 in alfalfa seed production areas in the U.S., they detected 
transgenic plants in 27% of all sites surveyed where feral alfalfa plants were detected. There 
was also evidence that the populations may be self-sustaining and that gene flow is likely. 
The authors suggest that minimising seed spillage during production and transport, as well 
as eradicating feral alfalfa along road sites, would be the best strategies to decrease 
transgene dispersal of alfalfa to a minimum. A study by Boyle (2015), however, highlights 
the importance of pollinator-mediated gene-flow between glyphosate-tolerant and 
conventional alfalfa crop fields. Studying the foraging range of the alfalfa leafcutting bee 
Megachile rotundata and its influence on RR trait expression in harvested conventional 
seed, Boyle (2015) suggests that current AOSCA (Association of Official Seed Certifying 
Agencies) isolation standards for the alfalfa leafcutting bee may be inadequate to ensure 
that harvested seed will fall under the 0.1% threshold for adventitious presence. Moreover, 
economic impacts from the adventitious presence of RR alfalfa were seen in 2014 when 
China, which had not approved GM alfalfa, rejected all shipments containing GM material 
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upon testing of hay imports from the U.S. This resulted in a drop in U.S. hay prices (Schaefer 
& Carter, 2015).  
 

• Starting in November 2013, China rejected more than 850,000 metric tons of U.S. maize 
(corn) containing GM MIR162 maize (corn) produced by Syngenta under its Viptera brand, 
which was not approved for import to China. According to analysis by the U.S. National 
Grain and Feed Association (NGFA), this trade disruption cost between $1 billion and $2.9 
billion in economic losses, although more recent analysis has questioned whether other 
U.S. market factors had a greater effect on the drop in U.S. maize (corn) prices at the time 
(Han and Garcia, 2016). As a result of these major losses, Syngenta faced almost 1,800 
consolidated lawsuits as of May 2015. As of June 2015, Hecker Law Group represented 
over 10,000 clients that had field lawsuits against Syngenta. Lawsuits were filed from 
farmers and commodity traders, such as Cargill and Archer Daniel Midland, against 
Syngenta for launching US sales of MIR 162, despite the fact that it was not yet approved 
for import by China. Reportedly, there were lawsuits pending against Syngenta in 22 states 
and more than 50,000 farmers across the U.S. had filed suit by 2016, with a class-action 
lawsuit expected to go ahead in 2017 (Muscatine Journal, 2016; Davies, 2016). In June of 
2017, a federal grand jury in Kansas awarded nearly $218 million to around 7,300 growers 
who had sued Syngenta and a $1.5 billion settlement was then reached for the remaining 
cases (WNAX, 2018). In November 2015, Syngenta on the other hand sued Cargill and 
Archer Daniel Midland, saying that it was the exporters that failed to keep MIR 162 corn 
separate from approved strains and for shipping it to China, even though they should have 
known the strain was not approved by China (Polansek, 2015). In 2019, Archer Daniels 
Midland Company then filed a lawsuit against Syngenta, alledging negligence and false 
statements regarding whether or not major corn purchasers like China would accept a new 
gene in GMO corn (Strom, 2020). Either way, the National Grain & Feed Association 
estimated that US farmers suffered combined losses of over $1 billion due to trade 
disruptions linked to the rejections. Other sources spoke of economic damages between $1 
and almost $3 billion. The economic damage may be substantially higher, as U.S corn 
exports to China were slow to recover. In 2014, exports of U.S. corn were 85 percent lower 
than in 2013 and accordingly the price of US corn dropped (AP, 2014; Grant, 2014; Plume, 
2014; Polansek, 2014a; 2014b; Turner, 2015a). In the first five months of 2015, China 
purchased nearly 90% of their total corn imports in the Ukraine, which grows non-GM, and 
thus surpassed the U.S. as top corn exporter to China (Terazono, 2015). 

3.4.2.3. Contamination incidents result in fines 
 

• GM farmers can be punished for failure to comply with national coexistence measures, such 
as failure to respect isolation distances. Depending on the country, this can result in fines 
of up to €150,000 and prison sentences up to two years (Verrière, 2014).  

 
• Glyphosate-tolerant creeping bentgrass was developed in order to help controlling weeds 

in superior quality turf on golf courses. But the grass has been found growing wild since its 
first approved field trials in 2002, leading to a fine of $500,000 for Scotts Miracle-Gro, 
developer of the grass. Monsanto and Scotts subsequently sought deregulation for the 
grass, although according to the companies they do not plan to commercialise it or licence 
it to other entities (Kaskey, 2016; USDA APHIS, 2016a).  

3.4.2.4. GM contamination threatens the organic sector 
 
Whereas in the above cases, single crop varieties, fields or product lines were affected, GM 
contamination poses a threat to the whole organic sector. Since global organic farming standards 
do not allow for GMOs in both seed and food (IFOAM, 2002), GM contamination can lead to product 
recalls and the withdrawal of organic certification. The associated loss of price premiums, 
reputation and trust in organic products are serious issues not only for organic farmers but also on 
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the marketing level. Without the organic label, companies are forced to sell their products at a lower 
price on the conventional market or on lower-premium markets, such as the animal feed market. 
Adding to this is extra labour to find new buyers if a load is rejected and shipping costs to move a 
load back to the farm and to a new buyer (FWW & OFARM, 2014). 
 
In a survey conducted by FWW & OFARM (2014) with organic farmers, median loss of loads 
rejected due to GMO presence in one season was $4,500, with one organic farmer reporting losses 
of $367,000 in one year. Upon rejection of their crops, contaminated farmers must often also pay 
for the transportation of that load back from the buyer, estimated at $1,000 to $2,000 per rejected 
load. With some crops getting rejected more than once, this can become very costly and time-
consuming. The 2015 USDA Organic Survey revealed that 92 U.S. organic farms suffered 
combined monetary losses of over $6 million between 2011 and 2014 due to GMO contamination 
(USDA NASS, 2015). Others have estimated that contamination of the total organic maize crop 
could costs U.S. organic farmers $90 million annually (Hewlett & Azeez, 2008). In Brazil, farmers 
lost higher premiums for organic products because of GM contamination of organic soybeans 
(Hewlett & Azeez, 2008). In Spain, GM contamination of organic maize has caused economic 
losses to farmers that had their organic certification withdrawn upon contamination. As a result, 
some organic farmers have given up cultivating maize because of the impossibility of preventing 
GM contamination and organic maize is progressively disappearing in regions with dense 
cultivation of GM maize (Cipriano et al., 2006; Hewlett & Azeez, 2008; Verrière, 2014). In Canada, 
organic farmers have largely stopped growing canola because of GM contamination that prevented 
farmers from growing, selling and exporting organic canola (CBAN, 2008; Holmes, 2002; Hoyle, 
1999; The Sydney Morning Herald, 2008). Smyth et al. (2002) estimate that this lost market 
amounts to between C$100,000 and C$200,000 annually. However, this is a conservative estimate 
and the organic market has grown considerably since then. IFOAM speaks of ‘millions of dollars of 
damage to businesses’ (Hewlett & Azeez, 2008). This has also become a problem for organic 
canola growers in the U.S. (FWW & OFARM, 2014) and Australia. In 2014, a lawsuit case became 
popular in the media in which an organic farmer from Western Australia sued his neighbouring 
farmer, whose GM canola contaminated his property. Following the contamination, the farmer lost 
his organic certification. After a three-week hearing, the Western Australia Supreme Court decided 
in favour of the GM farmer (Supreme Court of Western Australia, 2014). The organic farmer who 
had to pay the court costs of about $804,000 appealed the decision with no success (Chow, 2016). 
This landmark case highlights gaps in GM legislation and the potential negative impacts on organic 
farmers.  
 
In Hawaii, organic farmers suffered economic losses due to GM contamination of organic papaya 
(Greenpeace International, 2006). While the papaya ring spot virus is mostly a problem for large-
scale production, organic farmers say that it is less damaging on organic papaya farms that are run 
by some of the only small-scale family farmers left in Hawaii. GM ring spot virus resistant papaya 
however, threatens organic papaya farmers’ markets. According to this report, since the 
introduction of GM papaya in Hawaii total papaya production declined and fewer papayas are 
harvested in Hawaii now than during the years when the outbreak of papaya ringspot virus was at 
its worst. Since traditional buyers rejected the GM papayas, the Hawaiian papaya industry has lost 
export markets and prices of GM papaya dropped. Simultaneously, other papaya producing and 
exporting countries, such as Mexico or Brazil, showed steady increases in production. On average, 
farmers earn 35% less per kilogram for their fruit than they did before the GM papaya was released 
(Greenpeace International, 2006). 
 

3.4.2.5. GM contamination threatens biodiversity 
 
A further concern is that GM crops could spread into a crop’s wild or weedy relatives, traditional 
varieties or landraces. If that GM crop confers a trait that benefits the plant, such as herbicide 
tolerance, the resulting hybrids may have increased ecological fitness. This could boost the 
extinction probability of wild populations within a local econsystem, thereby threatening genetic 
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diversity that is the basis for crop breeding and the development of new crops. Crop wild relatives 
and landraces are today increasingly used in breeding programs because they are well adapted to 
their environment and pests and therefore often possess valuable traits.  
 
The chance of establishment of feral populations of GM crops or of interbreeding with wild relatives, 
depends on the one hand on the spread of pollen or seed and, on the other hand, on the extent to 
which the crop is competitive in the wild and the genetic closeness and abundance of its relatives. 
Oilseed rape, for example, has a number of close relatives, including wild and crop plants, while 
wheat has only few potential partners for hybridisation (Munro, 2008). Feral populations of oilseed 
rape and alfalfa are widely known today (see Section 3.4. Economic and regulatory implications of 
RR crop cultivation on coexistence with conventional crops). 
 
Fernandes et al. (2022) discuss the challenges regarding the coexistence of GM and non-GM crops 
based on transgene flow detection in maize landraces in Brazil (see Section 3.4.1. Preventing GM 
contamination). 
 
Mexico is recognised as one of the 12 megadiverse countries and considered the centre of origin 
and diversity of cotton and maize (Burgeff et al., 2014). Maize is mainly produced by smallholders 
in Mexico, using landraces that are very well adapted to the local growth conditions. Contamination 
of these landraces, could threaten preservation of this very important maize genetic diversity 
(Snow, 2009). GM transgenes have already been reported in at least some maize landraces in 
Mexico (Agapito-Tenfen et al., 2017; Dyer et al. 2009; Piñeyro-Nelson et al., 2009; Quist & Chapela, 
2001; Serratos-Hernández et al., 2007; Snow, 2009). Seed management practices and social 
characteristics of the communities engaged in maize farming play an important role in the extent 
and frequency at which transgenes can be found in Mexican maize landraces. Controlling the 
spread of transgenes will be particularly difficult for communities sharing seeds within and outside 
the community in informal markets and purchasing seeds from grain stores in the formal market. 
As seed saving, sharing and purchasing practices can vary from season to season, even for 
individual farmers, sampling the same fields over different years using the same method can obtain 
different results for transgene frequency. A further explanation for studies reporting inconsistent 
results on transgenes in Mexican maize, is the fact that even validated methods for transgene 
detection are not specifically developed for the purpose of detecting transgenes in landraces and 
wild relatives (Agapito-Tenfen et al., 2017).  
 
Rendón-Aguilar et al. (2019) investigated whether transgenes are still present in Oaxaca, Mexico, 
nearly 20 years after the first report by Quist and Chapela (2001). From 2008 to 2018 they collected 
1,412 samples of maize landraces (and some hybrid varieties) in different municipalities in Oaxaca 
that are important for the conservation of biodiversity (Priority Terrestrial Regions). 1.69% of the 
samples analysed were positive for the presence of transgenes at low levels. The presence of 
transgenes flucturated through the years and farmers’ responses indicate that there is a high 
movement of seed among municipalities and from outside Oaxaca. Traditional management, 
mechanisms for seed acquisition, as well as government seed distribution policies via 
municipalities or peasant organisations are named as sources of introcution of foreign material. 
These findings are in line with the results from Agapito-Tenfen et al. (2017). González-Ortega et 
al. (2017), report a high abundance of transgenes in a wide variety of maize food products 
consumed in Mexico, with 82% of all food samples analysed containing at least one transgenic 
marker and at least 60.8% of all food samples analysed containing transgenic maize. This also 
includes food products labeled as GMO-free. While industrially produced maize-derived food 
products revealed a greater chance of transgene presence than artisan products, which are 
putatively derived from local maize landraces, the frequency of transgenic markers detected in 
artisan products analysed was still between 55.6 and 59.3%, respectively. While artisan products 
are putatively derived from local maize landraces, the authors suggest it is more likely that the 
source of transgenes in these products stems from using industrialised flour. In order to contribute 
to food security and sovereignty and as a special measure to protect native corn and human health, 
amongst other things, the Mexican government has decided to revoke or refrain from granting 
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permissions for the environmental release of GM corn and its dietary use as of January 31st 2024 
(DOF, 2020). 
 

 
Wild populations of the most widely cultivated cotton species in the world, Gossypium hirsutum, 
have also been contaminated by GM varieties, the majority of which are geographically located 
over 300 km away from all wild cotton populations (Wegier et al., 2011). In Spain, GM 
contamination of organic maize reportedly led to the loss of farmers’ maize varieties adapted to the 
local climate (Cipriano et al., 2006). Burgeff et al. (2014) suggest that such events could limit the 
future availability of high-value germplasm in breeding programs. This could threaten innovation in 
plant breeding and decrease farmers’ freedom of choice. 
 
Gene flow from transgenic to wild soybean is a major environmental concern in China, Japan, 
Korea, and far eastern Russia, where wild soybean is extensively distributed (Liu et al. 2021a). 
There is evidence for outcrossing from transgenic to wild soybeans in studies conducted in both 
Japan (Nakayama & Yamaguchi, 2002; Mizuguti et al., 2009; 2010) and China (Chen et al., 2006; 
Liu et al. 2008; 2012; 2020a), where wild soybean is extensively distributed (and GM soybeans are 
not cultivated commercially). In these experiments, the resulting transgenic hybrids either exhibit 
lower, similar or greater performance compared with that of their wild relatives for some traits (Guan 
et al., 2015; Kan et al., 2015; Liu et al., 2021a). Liu et al. (2021a) show that the herbicide resistance 
gene from the transgenic soybeans was highly conserved in the F1 hybrids. Crossed seeds had 
significantly lower vegetative and reproductive fitness (with one exception) than the wild relatives 
but were viable. That means F1 hybrids can still germinate and backcross with wild soybeans. 
Thereby, the transgene could introgress into the wild soybean and create herbicide resistant wild 
soybean. This could be accelerated under glyphosate pressure, when the transgene confers a 
selective advantage. Introgression from cultivated into wild soybean is known and has led to the 
establishment of the semi-wild type (Wang et al. 2010). The authors conclude: “Our results suggest 
that more attention should be paid to the escape of genetically modified genotypes to safeguard 
the biosafety of wild soybean gene pool, if GM soybeans are released in China, the place of origin 
of cultivated soybeans”. Liu et al. (2022a) study how pollen-mediated gene flow may alter the 
fitness of wild soybean relatives. The fitness of the first generation F1 hybrid between transgenic 
and wild soybeans was significantly lower than that of its parent. However, as the F2 generation of 
transgenic and wild soybeans had no fitness cost and the flowering stages overlapped, the foreign 
gene (EPSPS protein) might still spread in the wild soybean population. A two-year field study in 
Korea, also confirmed that pollen-mediated gene flow from glufosinate-ammonium resistant 
genetically modified soybean to wild soybean could occur under natural field conditions (Yook et 
al., 2021). Their results suggest that transgenes of glufosinate resistant soybeans may disperse 
into wild populations and persist in the environment, as the hybrid progeny showed greater fitness 
than the glufosinate resistant soybean. Notably, the hybrid progeny had almost 3 times greater 
seed productivity, 4 times greater pod shattering, and over 18 times greater seed dormancy.  

 
Brassica napus (oilseed rape/canola) has many wild and weedy relatives in agricultural and natural 
ecosystems and there are numerous reports in the scientific literature of transgenic oilseed rape 
hybridising with many of those relatives such as Brassica rapa or Brassica juncea (see, for 
example, references in Song et al. 2010). Studies analysing the fitness of outcrossed hybrids 
between genetically engineered herbicide tolerant B. napus and wild brown mustard B. juncea 
suggest a potential rapid introgression of herbicide resistance genes to the wild relative and 
highlight the weedy potential of the hybrids (Di et al., 2009; Song et al. 2010). The maximum 
potential gene flow from herbicide tolerant B. napus to B. juncea has been reported at 21.95% 
(Zhang et al. 2018a). In addition, herbicide tolerant oilseed rape itself can act as a problematic 
weed in herbicide tolerant cropping fields. Pandolfo et al. (2016) report the presence of glyphosate-
resistant oilseed rape (canola) populations in Argentina, as weeds in RR soybeans and other fields. 
This study identifies Monsanto’s GT73 GM oilseed rape as the source of the contamination, 
although its cultivation is prohibited in Argentina. The authors speculate that the contamination 
could come from unauthorized GM oilseed rape crops cultivated in the country, or as seed 
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contaminants in imported oilseed rape cultivars or other seed imports. The authors raise concerns 
about the potential for hybridization with wild related species, which was the main reason for the 
ban on cultivation and import of GM oil seed rape in Argentina. 
 
Weedy rice is a serious problem in one of the world’s most important food crops (Delouche et al. 
2007). Since cultivated rice and weedy rice belong to the same species, they are also both killed 
by the same herbicides. It is thus attractive to cultivate herbicide tolerant rice in order to selectively 
control weedy rice. On the other hand, belonging to the same species also increases the danger 
of gene flow between the cultivated rice and the weedy rice. Indeed, the commercialization of the 
conventional imidazolinone (IMI) herbicide tolerant rice (Clearfield rice), has led to the quick 
introgression of the IMI-resistance genes into weedy rice populations wherever this rice is grown 
and led to more complications in managing weedy rice in some countries (Sudianto et al. 2013; 
Zhang et al. 2006)1. Gene flow from different herbicide resistant rice to weedy rice relatives can 
results in hybrid progeny with lower, similar or greater performance compared with that of their 
weedy relatives (Chun et al., 2011; Liu et al. 2016; Nam et al. 2019; Song et al. 2011; Wang et al., 
2014; Zhang et al. 2003). Liu et al. (2016) demonstrate that potential of gene flow from transgenic 
to weedy rice, as well as the fitness of the resulting hybrids, depends on the genotype of both 
transgenic and weedy rice and whether they are of the same or different subspecies. In the study 
of Wang et al (2014), the transgenic crop-weed rice hybrid progeny, derived from a glyphosate 
resistant cultivar and different weedy rice populations, had a very strong and consistent increase 
in fitness compared with their non-transgenic counterparts, even without exposure to glyphosate. 
Zhang et al. (2003) demonstrate that glufosinate resistance can be transferred from transgenic 
crop lines to weedy rice. In their study, glufosinate resistance did however not increase fitness in 
hybrids or subsequent progeny. Nam et al. (2019) quantified gene flow from herbicide resistant to 
weedy rice at 0.025% - 0.139%. The resulting hybrids and subsequent progeny had significantly 
more and heavier grains. Moreover, the F3 progeny showed resistance to a PPO-inhibiting 
herbicide, indicating that the herbicide resistance gene is dominantly inherited. Despite the low rate 
of hybridization, the authors conclude that: “These results suggest that transgenes that could 
escape from PPO-inhibiting herbicide-resistant rice and be transferred to weedy rice might persist 
and disperse into weedy populations over several generations due to herbicide resistance and 
improved reproductive traits in the hybrids.” Zhang et al. (2018b) warn that the potential risk of 
‘reverse’ gene flow, weedy rice traits introgressing into hybrid rice, must not be underestimated and 
demonstrate that glufosinate resistant weedy rice can also rapidly arise by pollen-mediated gene 
flow from weedy to transgenic hybrid rice. In their study, the composite fitness of the weed-rice-like 
(feral) progeny was significantly higher than that of the transgenic hybrid rice and many also had 
higher relative fitness than the weedy rice parents. Moreover, all the feral plants found had the 
glufosinate-resistance gene: “The high relative (both vegetative and reproductive) and composite 
fitness, weediness traits, and glufosinate-resistance of the feral plants suggest that they could be 
potentially harmful and difficult to control in paddy fields, particularly if glufosinate-resistant 
transgenic rice is grown sequentially”. The authors conclude: “Our findings suggest that there is a 
need to revise the transgenic rice safety assessments and management regulations that were 
originally established based on the premise of unidirectional gene flow, and to consider the 
relevance of gene flow from weeds to transgenic crops.”  
 
Fang et al. (2018) assess the fitness effects of transgenes overexpressing EPSPS in Arabidopsis 
thaliana (thale cress). They conclude that their results provide a strong support to the hypothesis 
that transgenic plants overproducing EPSPS can benefit from a fecundity advantage in glyphosate-
free environments. Beres et al. (2018b) also conclude that that overproduction of EPSPS in 
Arabidopsis does not have a fitness cost and might confer a fitness benefit under the examined 
growth conditions. 

 
1	Resistance	to	ALS	inhibitors,	such	as	IMI	herbicides	may	also	evolve	from	spontaneous	mutations	in	the	
ALS	gene	of	weedy	rice.	Gene	flow	has	however	accelerated	the	evolution	of	ALS-resistance	in	weedy	rice	
(Sudianto	et	al.	2013).	
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3.4.3. Liability & costs for compensation 
 
If a non-GM farmer suffers economic losses due to GM contamination, the question arises whether 
or not they will be compensated for the loss and who will be liable.  
 
3.4.3.1. Regulation in the EU 
 
In the EU, liability and financial compensation regimes for economic damage caused by GM 
contamination are the exclusive competence of member states (EU Commission, 2010). Some EU 
member states adopted specific rules on liability and compensation if contamination occurs 
(Verrière, 2014; Koch, 2007). Those vary greatly between member states2. A minimum of protection 
in cases of GM contamination is provided under the regular conditions of tort law (which involves 
lawsuits seeking to obtain civil remedies) in all national jurisdictions (EU Commission, 2010; Koch, 
2007). Tort law requirements vary substantially throughout Europe. Some countries maintain 
traditional tort law rules based on fault liability, others have introduced special strict liability regimes, 
which apply specifically to GM contamination. Under strict liability regimes, those that take 
advantage of a risk must compensate any losses in case the risk materialises, independent of the 
individual behaviour or fault. Thus, GM farmers are more likely to be held liable for economic losses 
than under traditional tort law, where defendants can only be held liable due to faulty behaviour, 
for example if they did not maintain the required isolation distances (Koch, 2007). 
 
In member states such as Spain, that exert fault liability, affected farmers have to prove causation 
and fault by identifying the farmer responsible for the contamination and by proving his or her 
culpability for the damage caused (Binimelis, 2008). Given the various sources that can contribute 
to GM contamination it can however be very challenging to prove a causal link between the damage 
and the source of the damage. This issue gets even more complicated if there are causal 
uncertainties, for example if several farmers in the neighbourhood grow GM crops, or in cases of 
cross-border contamination. In such cases it might be impossible to determine whom to hold liable 
for the contamination and the question arises how to refund affected farmers. In countries like 
Germany and Austria, that have adopted special liability regimes, GM crop farmers are jointly liable 
for the incurred losses caused by contamination (Devos et al., 2009). Another option might be to 
redirect the claims against the seed producers. In that case, they might however pass these costs 
back to their customers, for example by increasing seed prices (Koch, 2007). 
 
Insurance might be an alternative to tort law. Liability insurance would however only be available if 
the insured is actually liable, meaning that all substantive requirements of tort law are met. 
Alternatively, non-GM farmers could be insured against losses from GM contamination. However, 
non-GM farmers may not know that they are at risk or not be willing to pay insurance if the risk is 
brought about by GM farmers. Neither liability, nor first party insurance products covering GM 
contamination risks, are available on EU markets today. One reason for this is that there is currently 
not enough data available to predict likelihood and extent of possible losses due to GM 
contamination (Koch, 2007). Moreover, many insurance companies have already announced that 
risks linked to GMOs will not be covered by them (Verrière, 2014).  
 
Some Member States have established compensation funds to cover losses resulting from GM-
contamination. The money is to be collected from GM farmers or seed producers. In some cases, 
this is supposed to happen via a levy for GM crop cultivation or a seed tax (European Commission, 
2009; Koch, 2007). Because GM cultivation in the EU is currently limited, these liability regimes 
have not been fully tested. 
 
In the end, it is most likely that farmers and not seed producers have to bear the costs resulting 
from GM contamination, unless appropriate liability regimes are adopted and enforced in future. 

 
2	For	the	detailed	special	liability	or	compensation	regimes	implemented	in	each	member	state,	please	refer	
to	Koch	(2007).	
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3.4.3.2. Regulation in the US 
 
In the U.S., the Department of Agriculture convened the Advisory Committee on Biotechnology and 
21st Century Agriculture (AC21) to design a compensation mechanism for farmers that are 
economically harmed by GM contamination. Even though they were unable to estimate the costs 
associated with GM contamination on non-GM and organic farms due to lack of data, they 
suggested that non-GM farmers pay a premium as a form of crop insurance. Non-GM farmers 
should furthermore receive incentives for the development of joint coexistence plans with 
neighbouring farmers in the form of a reduced insurance premium.  
 
To obtain compensation, a farmer would need to demonstrate that they had suffered an actual 
financial loss (AC21, 2012; FWW & OFAEM, 2014). In 2014, the USDA created the Contract Price 
Addendum, that allows organic farmers to use their contract price, rather than USDA-established 
prices to establish crop insurance guarantees. The contract price addendum is available for 73 
crop types, including corn, cotton and soybeans (USDA RMA, n.d.; 2013; 2016). Since 2016, the 
USDA can also offer farmers insurance under Whole Farm Revenue Protection, if they wish to 
insure every commodity on the farm. A survey conducted by FWW & OFARM (2014) with organic 
farmers however revealed that nearly half of respondents would not purchase crop insurance and 
that most farmers that would purchase insurance for GMO contamination-related losses believe 
that GMO patent holders and farmers should pay the added premium. Moreover, there is doubt 
that a crop insurance mechanism is feasible for organic growers. The Office of General Counsel 
has indicated that the USDA lacks the legislative authority to implement a crop insurance program 
that addresses economic losses farmers suffered from GM contamination. AC21 Member, Charles 
Benbrook argues that for a crop insurance program to work, a threshold of GM contamination that 
triggers payments is needed. Yet no threshold or guidance on how to set one has been suggested. 
He further criticises the fact that between 50% and 75% of the total cost of crop insurance is paid 
by taxpayers, via the USDA budget (AC21, 2012).  
 
It is evident that many uncertainties evolve around the question of compensation for non-GM 
farmers in the U.S. and that ultimately non-GM farmers, as well as taxpayers, pay the burden and 
costs of GM crop contamination. 

3.4.4. Summary 
 
In summary, coexistence measures are costly and not sufficient to prevent GM contamination. 
Thus, in countries where GM crops are grown, non-GM farmers, including organic farmers, bear 
risks and costs associated with protecting their crops from GM contamination and certifying their 
supply chain as GM-free for consumers. Commercialising RR crops in new countries in Africa, Asia, 
Europe, or elsewhere, would increase the hazard of GM contamination, which in turn would pose 
legal and economic uncertainties to farmers and be prone to create tensions among neighbouring 
farmers. Ultimately this would result in increased costs for food production. According to the IFOAM 
EU Group (Verrière, 2014), banning GMO cultivation altogether would be the most efficient and 
cost-effective way to prevent contamination. 

3.5. Impact of RR crops on farmers’ choice, land rights and indebtedness. 
 

Intellectual property (IP) rights associated with GM crops, and the resulting increasing market 
concentration (Howard, 2009), lead to restricted access to breeding material for farmers and 
breeders and thus hinder innovation in plant breeding and impede farmers’ freedom of choice (Then 
& Tippe, 2014; see also Section 3.1.5. Seed prices, patents and corporate control). A study 
comparing seed availability in GM adopting (Spain) and non-adopting (Switzerland, Germany, 
Austria) European countries found that in adopting countries the maize seed market is more 
concentrated with fewer available maize cultivars for farmers than in the non-adopting countries 
(Hilbeck et al., 2013). Apart from an overall decrease in seed cultivars, it has become more and 
more difficult to find non-GM seeds in GM adopting countries (Roseboro, 2008). In the U.S. for 
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example, already more than 90% of all soybean, corn and cotton cultivars are GM (USDA NASS, 
2014: see also Section 1. Introduction). Thus, the widespread adoption of GM cultivars can also 
decrease the choice of farming practice, as it gets more difficult to find conventional or organic 
seed. And vice versa, the lack of conventional varieties in the local seed markets are also a reason 
for the high adoption rates of GM crops in some countries (Burgeff et al., 2014). This questions 
again whether coexistence of GM and non-GM agricultural production is feasible and highlights 
concerns about the ‘transgenic treadmill’, in which farmers are trapped into paying the increasing 
costs of GM seeds and the associated chemicals.  
 
Whilst selling GM HT seeds and the associated herbicides has been profitable for large 
agrochemical companies, there have not been the same benefits for farmers, or for taxpayers (who 
pay for subsidies). In the USA, rising input costs, volatile production values, and rising land rents 
have left farmers with unprecedented levels of farm debt, low on-farm incomes, and high reliance 
on federal programs (Burchfield et al., 2022). According to Burchfield et al. (2022), “In nine of the 
last 10 years, the United States Department of Agriculture (USDA) has reported that the average 
funds generated on-farm for farm operators to meet living expenses and debt obligations have 
been negative”. Subsidies are largely directed at commodity production, including soy and corn, 
which are typically GM crops, and for which per acre costs tripled between 1990 and 2020. 

3.5.1 Impacts on smallholders in South America 
 

Leguizamón (2016) explores how agriculture in Argentina has transformed from a food-producing 
activity into a commodity and, eventually, to a stock in the financial market. She argues that the 
expansion of GM soy monocultures has been associated with violent peasant displacements; 
increased cancer rates in rural and peri-urban populations due to agrochemical exposure; food 
insecurity; deforestation; soil nutrient depletion; and water, air and soil pollution. The Argentine 
soybean seed market is not particularly profitable because certified seed sales are low and farmers 
do not make royalty payments, unlike in Brazil. Nevertheless, the adoption of new technologies, 
including the use of RR seeds, has transformed labour by replacing workers with machines, leading 
to rural displacement and depopulation in conjunction with the specialization and concentration of 
rural labour. Soy production in Argentina is now highly concentrated by large agribusinesses that 
farm vast tracts of land: in 2010, only 2.6 percent of producers (approximately 1600 farmers) 
controlled more than 50 percent of soybean production, farming 9.34 million hectares in plots larger 
than 5000 hectares. There is a shift to leasing land, rather than owning it, which reduces the 
farmer’s incentive to use sustainable practices by removing his or her stake in future productivity. 
According to this analysis, the GM soy model has entailed – contrary to the rhetoric of agribusiness 
– an intensification of fossil fuel- and chemical-powered agroindustrial practices, whilst labour-
replacing technologies in reality decrease social benefits and increase ecological risk. 
 
Lapegna (2013) documents a number of cases where activists of peasant and indigenous 
organizations have been killed in the context of land conflicts in northern Argentina. These conflicts 
are associated with the expansion of genetically modified soybeans in the area, which has resulted 
in, sometimes violent, enclosures of peasant land and also destroyed thousands of hectares of 
native forests. 
 
Goldfarb and van der Haar (2016) show how the process of soy and cattle expansion into the new 
frontiers in Argentina happens through a group of different mechanisms which range from voluntary 
purchase to violent evictions. Soy expansion mostly affects forest areas, indigenous communities, 
and small-scale farmers (campesinos) with vulnerable land rights. Based on field-based research 
in Santiago del Estero, the researchers observe different mechanisms of land control, mainly in the 
direction of dispossession and enclosure.  
 
McKay and Colque (2016) document a similar process in Bolivia, where GM soybeans were 
legalized much later (in 2005). Small farmers in Bolivia are becoming more and more subject to the 
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terms of their unequal relations of production, and dependent on external inputs and international 
markets.  
 
Similarly, Paraguay’s soy boom has resulted in increasing soy production on fewer, larger farms, 
increasingly excluding peasant farmers from the rural landscape whilst providing them with few 
livelihood alternatives (Elgert, 2016). Elgert’s research is based on two years of fieldwork, between 
2004 and 2008, in Canindeyú, a department in the North-East of Paraguay, where small-scale 
subsistence and cash-crop farming on parcels of around 10 hectares sit uncomfortably beside soy 
farms 10 to more than 100 times their size. She argues that most of Paraguay’s 6.8 million people 
receive few benefits from the country’s soy boom and that alternatives to ‘more soy on fewer farms’, 
that include rather than exclude small-scale producers in Paraguay’s agricultural development 
trajectory, are likely to be more sustainable and equitable. During her research, she interviewed 
three small-scale producers, living and farming along the perimeters of soy fields, who reported 
their entire subsistence crop eradicated by a neighbour’s glyphosate application. 
 
Phélinas and Choumert (2017) document how planting GM soybeans in Argentina initially 
increased farm productivity and reduced the costs per unit produced: however, they question 
whether this is sustainable. They note that economic benefits arose in Argentina partly because 
Monsanto’s patents were not enforced (see Section 3.1.5. Seed prices, patents and corporate 
control) and thus GM seeds were cheaper than elsewhere. Using data from a 2011 field survey, 
they find a mixed picture of changing land distribution patterns and labour displacement resulting 
from GM soybean expansion, with former farm labourers likely losing out and few if any benefits 
for the poorest segments of the rural population. They note that the expansion of GM soya in 
Argentina has caused major concerns regarding environmental impacts, particularly the expanse 
of crop land at the expense of natural areas and forests, and created dependence on the foreign 
exchange revenue generated by export earnings. These authors question whether the short-term 
economic advantages of GM soya can be sustainable. It is worth noting that soy exports from 
Argentina fell from a high of $5.25 billion in 2011 (when the field survey was undertaken), briefly 
rebounding to $4.27 billion in 2015, before falling steeply afterward to $1.89 billion in 2018 (when 
95% of total exports were to China) (Davis, 2020).  
 
Schmidt et al. (2022) document social and environmental conflicts caused by agrochemical use in 
Salta, Santiago del Estero and Santa Fe, Argentina, in an area dominated by use of genetically 
modified seeds and agrochemicals, including glyphosate sprayed on glyphosate-tolerant GM 
crops. They highlight how conflicts and disputes over the environmental and health consequences 
of exposure to agrochemicals have surged in society and conclude that there is no official 
recognition of the health and environmental damage. 
 
Garrett and Rausch (2016) argue that federal investment in the soy industry in Brazil has largely 
excluded the poorest farmers, particularly in the North and Northeast regions, to the benefit of large 
multinational agribusiness firms, small farmers from the South, and well-capitalized entrepreneurs 
from the Southeast. In addition, counties with high levels of soybean production tend to have higher 
income inequality than counties dominated by other land uses. These authors conclude that soy 
production has created substantial but exclusive economic benefits without reducing domestic food 
security, since it has not replaced other crops. However, the expansion of soy cropland into native 
savannas has endangered future generations’ well-being by contributing to irreversible climate 
change and biodiversity loss in ways that are uncertain and immeasurable.  
 
Nevertheless, many family farms still exist in Brazil, with a variety of farming practices, including 
organic and conventional production (Vennett et al. 2016; Cacho, 2016), so not all Brazilian soy 
production is large-scale GM soy. Garrett et al. (2013) provide empirical evidence that Brazil’s 
continued production of non-genetically modified (GM) soybeans has increased its competitive 
advantage in European countries with preferences against GM foods. Brazil’s strong trade 
relationship with European consumers has facilitated an upgrading of the soybean supply chain. 
Upgraded soybean supply chains create new conservation opportunities by allowing farmers to 
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differentiate their products based on environmental quality in order to access premiums in niche 
markets in Europe. These interactions between GM preferences, trade flows, and supply chain 
structure help to explain why Brazilian soybean farmers have adopted environmental certification 
programmes on a larger scale than Argentinian, Bolivian, Paraguayan, and Uruguayan soybean 
producers. 
 
Dreoni et al. (2022) present a systematic literature review of the direct and indirect social-economic 
impacts of soybean agricultural production for trade. They find clear evidence clear of negative 
impacts associated with soybean production due to land use changes and deforestation, and 
agricultural intensification. However, they also find that that the empirical evidence for direct social 
impacts of soy production is scarce and mixed in terms of direction of impact. Income, nutrition and 
living standards are more often positively impacted by soy trade, while more intangible dimensions 
such as freedom of choice and cultural value are found to be negatively affected. These authors 
also find that more attention to equity and power issues is required, such as actions to avoid land 
appropriation, and to empower smallholders in supply chains. 

3.5.2. Increasing indebtness in the Philippines 
 
In the Philippines, GM corn (maize) rapidly increased in area from 2002, initially with the insect 
resistant Bt trait. In 2011, 96% of all GM corn contained the RR trait. Farmers were promised 
increased incomes from growing GM crops. However, the farmer-led network MASIPAG argues 
that they have instead experienced increasing indebtedness, unemployment, loss of ownership of 
their lands and control over their seeds, as well as food insecurity from loss of biodiversity 
(MASIPAG, 2013). 
 
While the introductory price for GM corn (maize) was not much higher than the price for 
conventional corn, it subsequently rose dramatically. According to MASIPAG, in 2000, in Carataya, 
Cuartero for example, a 18-20 kg bag of RR corn cost 60% less than a 9 kg bag in 2008. In 2012, 
costs for RR corn were about 2.5 times as much as for hybrid seed. Moreover, Roundup is the 
most expensive herbicide brand. Combined costs for GM corn seed and Roundup accounted for 
22-26% of total farmers’ production costs in 2011. Before the introduction of RR corn, farmers 
saved their seeds and hence also saved the costs for expensive seeds. Intellectual Property Rights 
(IPRs) (i.e. patents) on the RR seeds however prevent farmers from replanting and re-using the 
seed for cross breeding with other varieties without paying royalties to the patent holder (MASIPAG, 
2013). Afidchao et al. (2014) report seed costs in the Philippines for RR maize of US $354.51 per 
hectare, compared to US $262.84 per hectare for conventional maize, meaning a 35% premium 
for the GM variety.   
 
Farmers in all case areas in the MASIPEG study reportedly complain of not being able to plant 
vegetables, fruits and rootcrops near their GM cornfields because herbicide drift negatively affects 
them. As a result, families now have to buy vegetables. Moreover, farmers reportedly lost the staple 
crop white corn due to GM contamination. Farmers also complain about soil erosion, landslides, 
destroyed crop fields and heavy rainwater runoff from cornfields planted with RR corn. According 
to MASIPEG, in 2009, corn (maize) farms had the highest rate of soil loss (MASIPAG, 2013). In a 
survey of farming households on the Philippine island of Mindanao, Bequet (2020) finds a 
correlation between herbicide tolerant corn cultivation and landslide occurrence. He argues that 
more aggressive weed control via broad-spectrum herbicide is a likely mechanism. 
 
Many smallholder farmers in the Philippines are greatly indebted today. One reason for this is that 
traders charge farmers with 5-10% monthly interest on the farmers’ loans. The inputs are also 
priced higher when bought on a loan basis. Moreover, the farmers are bound to sell their produce 
to the traders at a price usually lower than the prevailing market price, since traders control the 
price of inputs and the buying price for corn. Indebted farmers loose control over their lands and 
the decisions over what crops, which variety and brand to plant to traders. If they wanted to plant 
other corn varieties, traders could deny loans for their corn production and consumption needs. 
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According to MASIPAG, the introduction of RR crops further contributed to rural unemployment, 
since many farm workers lost their livelihood as weeders (MASIPAG, 2013). 

3.6. Conclusions 
 
In North and South America, the initial benefits from RR crops for farmers have declined quickly, 
mainly due to the emergence of GR weeds which force RR crop adopting farmers today to apply 
additional, older and higher risk herbicides, making weed control more difficult, more expensive 
and more environmentally damaging. With 55 evolved GR weed species already known worldwide 
and new GR weed species evolving at an increasing rate, this technology is becoming obsolete. 
Applying ever increasing amounts of more and more toxic herbicides is detrimental to the 
environment and human health and locks farmers into a system where they heavily rely on 
technological improvements by the industry to keep up with the evolution of weeds. Moreover, the 
adoption of RR crops brings about legal uncertainties for farmers and states that do not want to 
grow GM crops and decreases overall seed choice. Patents on GM seeds give companies 
monopoly control and have led to significant increases in seed prices. Farmers buying RR seeds 
are locked into a “transgenic treadmill” in which they are forced to pay for hikes in seed prices and 
for increasing amounts of herbicides and labour to tackle weed resistance. The biggest winners 
are the multinational biotech companies, selling not only the seeds but also the corresponding 
herbicides.  
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4. Environmental impacts of RR crops and associated glyphosate-based 
herbicide regime 
 

The economic literature, examining the effects of HT crop adoption on profit for farms, seed and 
herbicide suppliers and consumers, usually ignores negative environmental externalities 
(Desquilbet et al. 2019). The European Food Safety Authority (EFSA) has acknowledged that the 
cultivation of RR crops and the associated use of glyphosate may have potential adverse 
environmental effects such as glyphosate resistant weeds, subsequent changes in weed 
community diversity (as mainly glyphosate tolerant species will be selected), a reduction in 
farmland biodiversity and changes in soil microbial communities (see, for example, EFSA, 2012). 
We already described the development of GR weeds above (See Section 3.1.2. Superweeds) and 
will in this section discuss the other potential environmental effects. Unfortunately, reliable and 
independent data on the long-term environmental impact of the cultivation of RR crops are scarce 
globally. The major RR crop cultivating countries fail to systematically monitor the impact of non-
selective herbicides such as glyphosate on the environment (Hilbeck et al., 2008). The largest field 
trials ever conducted with HT crops are the Farm-scale Evaluations (FSEs) in the UK (see Section 
4.2.1 Farmland biodiversity and the UK Farm Scale Evaluations (FSEs)), which explored impacts 
of growing such crops on farmland biodiversity, and informed the UK decision not to grow such 
crops.  

 
Adverse environmental impacts associated with the use of glyphosate in agriculture are of two 
kinds: (i) indirect impacts, for example due to the loss of habitats for wildlife; and (ii) direct impacts 
due to adverse effects of glyphosate-based hericides on living organisms. Although glyphosate is 
used as a weedkiller in many different applications, its use on RoundUp Ready GM crops involves 
blanket spraying of agricultural fields and has resulted in a significant increase in the volume of 
glyphosate-based herbicides in countries where RoundUp Ready GM crops are grown (See 
Section 3.1.1 Herbicide use). 
 
When glyphosate was approved for use in 1974 it appeared to be safe because its acute toxicity 
(i.e., the immediate effect on an organism, following a single dose of glyphosate) appears to be 
low. However, subsequently attention has shifted to the effects of long-term exposure to low doses 
(Shaw, 2021). Mechanisms of harm can include oxidative stress, caused by the accumulation of 
toxic oxygen reactive species (ROS) in cells and tissues (Wang et al., 2022a), and endocrine 
disruption (see also Section 5.5.4. Endocrine disruption and reproductive health). Another major 
limitation of most early studies was the lack of consideration of other chemicals, mixed with 
glyphosate to form glyphosate-based herbicides (Martins-Gomes et al., 2022). Regulators focus 
only on the supposed ‘active’ ingredient, not on the harmful effects of mixtures (Sprinkle & Payne-
Sturges, 2021). 
 
The US Environmental Protection Agency (EPA) released its final Biological Evaluation (BE) 
assessing risks to listed species from labeled uses of glyphosate in November 2021 (US EPA, 
2021a). The term "listed species" refers to those that are federally listed as endangered or 
threatened, as well as experimental populations and species that are proposed and candidates for 
listing. The EPA identified that glyphosate was ‘likely to adversely affect’ (LLA) 93% of the species 
assessed (including mammals, birds, amphibians, reptiles, fish, plants, aquatic invertebrates and 
terrestrial invertebrates) and 96% of their habitats. This was a total of 1676 species and 759 critical 
habitats. According to the EPA, most of these adverse impacts had moderate evidence. Strong 
evidence was found for one bird species (the California clapper rail, Rallus longirostris obsoletus), 
and six critical habitats (for the Mississippi sandhill crane, Grus canadensis pulla; and the plants 
Hoover's spurge, Chamaesyce hooveri; Gypsum wild-buckwheat, Eriogonum gypsophilum; 
Greene's tuctoria, Tuctoria greenei; Willamette daisy, Erigeron decumbens; and Large-flowered 
woolly Meadowfoam, Limnanthes floccosa ssp. Grandiflora). 
 
Many studies have now identified chronic toxicological effects of glyphosate in a wide variety of 
animals (Gill et al., 2018). These authors note that toxicological effects have been traced from lower 
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invertebrates to higher vertebrates. Their review of toxicological effects of glyphosate and 
metabolites notes that effects have been observed in annelids (earthworms), arthropods 
(crustaceans and insects), molluscs, echinoderms, fish, reptiles, amphibians and birds. They 
document how toxicological effects like genotoxicity, cytotoxicity, nuclear aberration, hormonal 
disruption, chromosomal aberrations and DNA damage have also been observed in higher 
vertebrates like humans. 
 
Singh et al. (2020) review evidence of glyphosate toxicity on different ecosystems. They find that 
experiments reveal that excessive glyphosate use induces stress on crops and on non-target 
plants, and is toxic for mammalians, microorganisms and invertebrates. They conclude that the 
long half-life period of glyphosate and its metabolites under different environmental conditions is a 
major concern.  
 
Barbosa Lima et al. (2021) review the environmental effects of glyphosate on a wide variety of 
species and express concern about glyphosate contamination of water resources and soil in Brazil. 
Marques et al. (2021) also review environmental impacts of glyphosate from a Brazilian 
perspective. They highlight studies that show that the intensive use of glyphosate has the potential 
to cause harmful effects on soil microorganisms, leading to changes in soil fertility and ecological 
imbalance, as well as impacts on aquatic environments, nontarget species and the contamination 
of the atmosphere. 

 
This section will look at such existing data and case studies to approach the question what impact 
the cultivation of RR crops, including the use of glyphosate-based herbicides like Roundup, has on 
the environment. Impacts of new 2,4-D and dicamba-tolerant crops that have been developed as 
a response to GR weeds are likely to add to environmental harms (see Section 6. Industry response 
and Section 7. Environmental and health effects of other herbicides). 
 
Production of glyphosate requires the mining of phosphate (also used to make fertilizer), which can 
have adverse impacts on the environment, such as destruction of soil and vegetation, 
contamination of watercourses and noise and air pollution (Wozniacka, 2019). However, these 
impacts are not considered further here. 

4.1. Increased environmental occurrence of glyphosate and AMPA 
 
The introduction of RR crops and the corresponding increase in the use of glyphosate-based 
herbicides has obviously also increased environmental exposure to those herbicides. Glyphosate 
binds strongly to soil and is very water-soluble. Its half-life (the time taken to reduce its 
concentration by half, as it breaks down into other chemicals) is said to range from 2 - 215 days in 
soil and from 2 – 91 days in water (Battaglin et al., 2014). Myers et al. (2016) argue that the half-
life of glyphosate in water and soil is longer than previously recognised. One of glyphosate’s 
primary metabolites (the main substance produced when glyphosate breaks down), aminomethyl 
phosphanic acid (AMPA), is also very water-soluble but degrades more slowly than glyphosate. 
AMPA finally degrades into inorganic phosphate, ammonium and CO2 (Battaglin et al., 2014).  
 
Mamy et al. (2016) consider that a significant fraction of pesticides sprayed on crops may be 
returned to soils via plant residues. In experiments using oil seed rape (canola) they find that the 
trapping of herbicides in plant materials provides protection against degradation, so that crop 
residues may increase the persistence of glyphosate in soils. Glyphosate was still detected after 
80 days when an entire leaf was left on the soil surface. This pattern appeared more pronounced 
for glyphosate-tolerant crops, which accumulated more non-degraded glyphosate in their tissues. 
These authors conclude that the increase in extractable glyphosate and AMPA following soil 
degradation of glyphosate contained in oilseed rape leaves could increase the potential risk of 
groundwater contamination. 
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Battaglin et al. (2014) detected glyphosate and AMPA in 39.4% and 55%, respectively, of 3,732 
environmental samples ranging from precipitation, streams, rivers, lakes, ponds, wetlands, soil 
water and ground water to soil and sediment. The samples were collected from 2001 – 2010 in 38 
US states. Medalie et al. (2019) test 70 streams throughout the United States, from 2015 to 2017, 
and find glyphosate and AMPA in all regions and all size watersheds. Bollani et al. (2018) find 
concentrations of glyphosate and AMPA, with maximum values of 13.6 and 9.75 μg L−1, in water 
samples water from an area of the Pampean region (Argentina). 
 
Pesticides can become airborne through volatilization, spray drift or wind erosion of soil particles 
to which they are attached and be carried by wind in unintended environments where they can then 
be deposited by precipitation. Majewski et al. (2014) found glyphosate and AMPA in more than 
75% of air and rain samples collected in the Mississippi delta in 2007. Glyphosate was detected 
over the entire growing season and accounted for 55% of the total herbicide flux. Chang et al. 
(2011) detected glyphosate and AMPA in more than 60% and more than 50%, respectively of all 
air and rain samples collected in agricultural areas in Mississippi, Iowa and Indiana during the 
growing seasons of 2004, 2007 and 2008. In 2004 in Indiana, both glyphosate and AMPA were 
detected in 92% of the rain samples. The detection frequency and median glyphosate 
concentrations in air were comparable to other highly used herbicides, however the maximum 
concentrations of glyphosate were greater. For rain, both median and maximum concentrations of 
glyphosate were substantially greater than those of other currently used herbicides even though 
other herbicides are more volatile than glyphosate. 
 
Bento et al. (2016) study the persistence of glyphosate and AMPA in ‘loess’ soil (windblown dust 
and silt). They find that glyphosate and AMPA dissipate rapidly under warm and rainy climate 
conditions. However, they conclude that repeated glyphosate applications in fallows or winter crops 
in countries where cold and dry winters normally occur could lead to on-site soil pollution, with 
consequent potential risks to the environment and human health.  
 
Bohm et al. (2014) find that two applications of glyphosate to RR soybeans in Brazil at 960 g a.i. 
ha-1 brought about a residue of 4.33 mg kg-1 in soil. AMPA residues were significantly higher in the 
areas where glyphosate was applied twice (11 mg kg-1) compared with the area of only one 
application (5 mg kg-1). In their study of glyphosate and AMPA in topsoil in Brazil, da Silva et al. 
(2021) find glyphosate (GLY) and AMPA at peak concentrations of 66.38 and 26.03 mg/kg soil 
respectively. This study collected soil from three different farming areas and nearby forest patches 
to perform a pesticide screening. GLY was strongly associated with forest soil properties, while 
AMPA associated more with no-tillage soil properties. According to the authors, the glyphosate 
concentrations are the highest ever reported in the world. They recommend that future studies 
investigate the possible mechanisms and transport pathways of GLY and AMPA from agricultural 
land to forest areas. 
 
Ramirez Haberkon et al. (2021) report the first evidence of glyphosate and AMPA in breatheable 
dust particles (PM10) emitted from unpaved rural roads of Argentina. They find that actual PM10 
emission was 11.5 g ha−1 year−1 in agricultural soils and 4711.4 g ha−1 year−1 in unpaved roads, 
partly due to higher wind erosion. The content of glyphosate in the PM10 ranged from 59 to 359 μg 
kg−1 in agricultural soils, from 382 to 454 μg kg−1 in unpaved roads inside farm fields, and from 39 
to 639 μg kg−1 in unpaved roads outside farm fields. Content of AMPA in the PM10 ranged from 
387 to 7228 μg kg−1 in agricultural soils, from 900 to 4138 μg kg−1 in unpaved roads inside farm 
fields, and 98 to 500 μg kg−1 in unpaved roads outside farm fields. They highlight the importance 
of considering the risk of PM10 dust particles emitted by unpaved roads and agricultural fields. 
 
Cristofaro et al. (2021) assess glyphosate concentrations in six reservoirs of the Paraíba do Sul 
and Guandu River Basins in southeast Brazil. Glyphosate was detected in all six reservoirs and in 
three of them concentrations were above the limit imposed by Brazilian legislation. Barbosa Lima 
et al. (2021) and Clasen et al. (2019) also highlight glyphosate contamination of water resources 
and soil in Brazil. Brovini et al. (2021a) perform a systematic review of quantitative studies of 
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glyphosate, atrazine, and 2,4D in Brazilian freshwater. In this analysis, regarding environmental 
risks, 94% of Brazilian states had a medium to high risk to glyphosate and 80% of Brazilian states 
evaluated showed a high environmental risk considering a mixture of the three pesticides. The 
authors state that most of the environmental concentrations registered were below the allowed 
limits but could still pose a high risk for aquatic ecosystems. They strongly recommend a 
revaluation of the maximum allowed values of these pesticides in Brazilian legislation. 
 
Aparicio et al. (2013) demonstrate that glyphosate and AMPA are present in agricultural soils in 
Argentina. Sixteen agricultural sites and forty-four streams in agricultural basins were sampled 
three times during 2012. In cultivated soils, glyphosate was detected in concentrations between 35 
and 1502 μg kg-1, while AMPA concentration ranged from 299 to 2256 μg kg-1. In the surface water 
studied, the presence of glyphosate and AMPA was detected in about 15% and 12% of the samples 
analyzed, respectively. In suspended particulate matter, glyphosate was found in 67% while AMPA 
was present in 20% of the samples. In streams sediment glyphosate and AMPA were also detected 
in 66% and 88.5% of the samples respectively. In stream samples the presence of glyphosate and 
AMPA was relatively more frequent in suspended particulate matter and sediment than in water. 
The authors conclude that surface run-off can cause the movement of soil particles which carry 
adsorbed glyphosate and end up in surface water courses where the glyphosate can also be 
desorbed, biodegraded and accumulate in the bottom sediment. Iturburu et al. (2019) attempt to 
develop an Environmental Risk Assessment for pesticides in the surface water of the Pampas 
region of Argentina. They find that 29% of reported sites showed high risk for current use pesticides, 
including glyphosate. DeMonte et al. (2018) find glyphosate and AMPA in 15% and 53% of 
analyzed samples from livestock wells waters from 40 dairy farms located in the central region of 
Argentina, with concentrations ranging from 0.6–11.3 μg/L and 0.2–6.5 μg/L respectively. These 
authors report greater concentrations of glyphosate in waters from open-reservoir tanks, which are 
directly exposed to the farm environment, with glyphosate and AMPA occurrence quantified in 33% 
and 61% of samples, with values ranging 0.6–21.2 μg/L and 0.2–4.2 μg/L respectively.  
 
Alonso et al. (2018) collect 112 rainwater samples in urban areas of the Argentine pampas having 
different degrees of land use and with extensive crop production, plus 58 subsurface-soil samples. 
They report glyphosate, AMPA, and atrazine in 80% of the rainwater samples. In the soil samples, 
glyphosate was found in 41%, atrazine in 32% and AMPA in 22%. These authors highlight the 
ubiquitouness of these herbicides in the atmosphere and in rainfall, at concentrations higher than 
those detected in other countries and warn that this might constitute a source of exposure of the 
population to these pollutants from the air. Lupi et al. (2019) study glyphosate runoff and its 
occurrence in rainwater and subsurface soil in Argentina. Their experimental results demonstrate 
that 88.1% of the applied glyphosate was retained in the surface soil layer (0–9 cm). Glyphosate 
leaching was negligible compared to its runoff (3.9%) and spray drift (6.9%). Thus, the risk of 
groundwater pollution would be lower in comparison to that of both surface waters and rainwater. 
Moreover, under field conditions, glyphosate and AMPA were detected in 52% of the rainwater 
samples and glyphosate was detected up to 1 m in both soil profiles. Spray drift was the main 
source of glyphosate off-site transport, degrading air quality and rainwater for human consumption 
and glyphosate and AMPA in rainwater exceeded the limit set for safe human consumption in 
drinking water in the European Union (this is 0.5 μg/l for total pesticides, or 0.1 µg/l for any single 
pesticide). The highest glyphosate concentrations in rainwater were detected in periods with 
intensive pesticide application (summer and autumn-winter months). 
 
Pesticides can reach water bodies by direct application to aquatic weeds but also by agricultural 
runoff and leaching processes or by precipitation. In 2002, Battaglin et al. (2005) found glyphosate 
and AMPA in 40% and 83%, respectively, of 51 streams in nine Midwestern states with a maximum 
concentration of 8.7 μg/l and 3.6 μg/l respectively. As a comparison, the maximum level of 
glyphosate allowed in drinking water in the EU is 0.1 μg/l. (Directive 98/83/EC). Struger et al. 
(2008), reported a considerably higher maximum concentration of glyphosate of 40.8 μg/l in surface 
waters of southern Ontario, Canada.  Coupe et al. (2012) found measurable concentrations of 
glyphosate and AMPA in the majority of 7 analysed streams in four different agricultural basins. 
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They found maximum concentrations of glyphosate as high as 250 μg/l in Iowa, 430 μg/l in Indiana 
and 73 μg/l in Mississippi and 86 μg/l in France. The highest observed glyphosate concentration in 
runoff was 5.2 mg/L one day after application (Edwards et al., 1980). Zheng et al. (2018) study 
agricultural fields in the Midwestern United States, which are are commonly tile-drained to remove 
excess water from the soil. They monitor glyphosate and AMPA in tile drainage and their receiving 
watersheds (e.g., the Spoon River and Salt Fork). In this study, glyphosate and AMPA were 
frequently detected in river water samples at concentrations ranging from 0.13 to 2.85 μg/L and 
0.13 to 1.30 μg/L, respectively, with much lower levels in subsurface tile drainage. This suggests 
that surface runoff and soil erosion could be major transport pathways for glyphosate and AMPA 
into watersheds. Montiel-León et al. (2019) find widespread occurrence of pesticides in the St. 
Lawrence River (SLR) and tributaries in Quebec, Canada. Glyphosate was one of the most 
recurrent compounds (detection frequency: 84%) in surface waters. Surface water samples were 
compliant with guidelines for the protection of aquatic life (chronic effects) for glyphosate and 
atrazine. However, 31% of the samples were found to surpass the guideline value of 8.3 ng L−1 for 
the sum of six priority neonicotinoids. 
 
Bonansea et al. (2017) study glyphosate and AMPA in the Suquía River basin, Argentina. 
Compared to levels found in the water, levels ranged from 12 to 20 times higher for glyphosate and 
AMPA in sediment and suspended particulate matter (SPM). The most polluted area was situated 
within a green belt zone of the city; while in second place were sites located in areas of extensive 
agriculture. The authors conclude that aquatic organisms inhabiting areas both inside and outside 
agricultural areas are threatened by water glyphosate concentrations. 
 
Fernandes et al. (2019) monitor the occurrence of glyphosate and AMPA residues in epilithic 
biofilms occurring in a watershed. Epilithic biofilms are communities of microorganisms composed 
mainly of microbial cells, substances from the metabolism of microorganisms, and inorganic 
materials. For this study, epilithic biofilm samples were collected in the Guaporé River watershed 
in southern Brazil, in the fall and spring seasons of 2016 at eight points. This study reports that the 
concentrations of glyphosate and AMPA detected in epilithic biofilms vary with the season and are 
strongly influenced by the amount of herbicide applications. One site was protected but at the other 
seven sites, glyphosate was detected in concentrations ranging from 10 to 305 μg kg−1, and AMPA 
in concentrations from 50 to 670 μg kg−1. 
 
Lutri et al. (2020) study glyphosate and AMPA in groundwater and surface water in Córdoba, 
Argentina (the eastern slope of Las Peñas Mountain and its adjacent oriental fluvio-aeolian-plain). 
From the total water samples collected, glyphosate was detected in 66% of surface water samples 
(0.2 to 167.4 μg/L), in 15.8% of the groundwater samples (1.3 to 2 μg/L) and in the harvested 
precipitation sample (0.2 μg/L). AMPA was found in 33% of surface water and 15.8% of 
groundwater. These authors highlight that detection of glyphosate and AMPA in the unconfined 
aquifer (the primary water resource) shows that the application of glyphosate in agriculture in this 
region exceeds the degradation potential of the soil and the unsaturated zone, causing 
groundwater contamination. In a subsequent review, Carretta et al. (2022) highlight detectable 
groundwater contamination by glyphosate and AMPA in several countries, with many cases 
exceeding European groundwater quality standards. 
 
Wang et al. (2016a) show that sediment plays a key role in the microbial degradation of glyphosate 
via both the sarcosine and AMPA pathway. Their findings demonstrate the key role of sediments 
in the degradation of glyphosate. These authors warn that accumulation of the main metabolite of 
glyphosate, AMPA, may be a cause for environmental concern and argue that further investigation 
of the fate of AMPA in water-sediment systems is needed. 
 
Munira et al. (2016) show that phosphate fertiliser impacts on glyphosate sorption by soil, 
suggesting that, under moderately acidic to slightly alkaline conditions, glyphosate may become 
mobile by water in soils with high phosphate levels. 
 



 
 

Genewatch UK 
August 2022 

70	

Mendez et al. (2017) document glyphosate and AMPA in dust emitted by an agricultural soil in 
Argentina. They find that glyphosate and AMPA are found in the respirable dust (RD) emitted by 
different sources (bulk soil and aggregate-size fractions), even 12 months after the last glyphosate 
application. Aminomethylphosphonic acid (AMPA) content in the RD is higher than glyphosate 
content. Glyphosate contents in RD were from 4 to 17 times higher than in the soil and aggregate 
source and AMPA contents in RD were from 4 to 9 times higher than in the source. The authors 
conclude that this suggests that glyphosate accumulates in RD, even when it is not detected in the 
source. This indicates that glyphosate and AMPA are accumulated in the respirable dust and it can 
potentially be a source of air contamination in the studied region. 
 
Aparicio et al. (2018) study glyphosate and AMPA concentrations in wind-blown material under 
field conditions in three areas in Argentine semiarid regions (Chaco, La Pampa, and San Luis). The 
wind-blown material carried by the wind at a height of 150 cm had concentrations of 247 and 218 
μg kg−1 of glyphosate and AMPA, respectively. This material was enriched 60 times in glyphosate 
and 3 times in AMPA as compared with the original soil. The authors conclude that this shows that 
the eroded material can, potentially, have a negative impact on the ecosystem and also on human 
health, depending on the proportion of this material released into the atmosphere in suspension as 
particulate matter. 
 
Okada et al. (2018) study seasonal variations of glyphosate and AMPA seasonal in soil, 
groundwater, surface water, and sediments within a rural agricultural basin in Argentina. They 
report that all of the studied compartments had variable levels of glyphosate and AMPA. The 
highest frequency of detections was found in the stream sediment samples (glyphosate 95%, 
AMPA 100%), followed by surface water (glyphosate 28%, AMPA 50%) and then groundwater 
(glyphosate 24%, AMPA 33%). Despite glyphosate being considered a molecule with low vertical 
mobility in soils, they found that its detection in groundwater was strongly associated with the month 
where glyphosate concentration in soil was the highest. The maximum levels of glyphosate in soil 
and groundwater were detected in the autumn (fall). 
 
By linking a pesticides database and a computer model, Maggi et al. (2020) find that low but 
pervasive contamination with glyphosate occurs in croplands globally, whilst a few geographic 
hotspots have mid to high contamination hazard. Glyphosate was found to be a persistent 
contaminant at relatively low values in about 30% of global croplands but AMPA was found to be 
persistent in about 93% of croplands. Hotspots found in South America, Europe, and East and 
South Asia were mostly correlated to widespread glyphosate use in pastures, soybean, and corn 
(maize). Soil residue accumulation and leaching below the root zone contributed locally to the 
hazard in hotspots. These authors note that the environmental persistence of glyphosate 
contradicts the earlier perception of rapid degradation “and rather indicates extended periods of 
time during which residues may be remobilized such as by wind erosion, runoff, and leaching and 
cause exposure to non-target organisms and ecosystems”. 
 
Botten et al. (2021) collect plant tissues from five forest understory perennial species growing in 
two distinct biogeoclimatic regions of northern British Colombia (Canada). Samples of roots and 
shoots were collected from four species of plants: Salix spp. (willow), Cornus sericea L., syn. C. 
stolonifera (red-osier dogwood), Rubus idaeus L. (red raspberry), and Chamaenerion angustifolium 
(L.) Scop. (fireweed) and fruits were also collected from R. idaeus and Vaccinium caespitosum 
Michx. (dwarf blueberry) plants. In this study, glyphosate residues persisted for up to 12 years in 
some tissue types, and root tissues generally retained glyphosate residues longer than shoot tissue 
types. Samples from the colder, more northern biogeoclimatic zone retained significantly higher 
levels of glyphosate for longer than samples collected from the warmer biogeoclimatic zone. The 
authors conclude that their study clearly demonstrates that surviving plants in forest cutblocks 
treated with glyphosate-based herbicides (GBH) may contain glyphosate residue in their roots, 
shoots and fruits for the first full year or more after treatment, and many also contain AMPA, with 
some plants retaining these residues for twelve years or more. 
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Yan et al. (2022) report that glyphosate, AMPA and glufosinate occurred widely in surfacewater, 
sediment and organisms (grasscarp, crayfish and crab) in aquaculture ponds from Honghu, China, 
with AMPA the most likely to accumulate in the intestine of aquatic products. 

 
These results indicate that glyphosate and AMPA occur widely in the environment, are mobile and 
that their median concentration in the environment increases over time. Increasing environmental 
exposure of a pesticide can have direct toxic effects to non-target organisms or an indirect impact 
by altering habitat and resource availability, competition or predator abundance.  

4.2. Impact on farmland biodiversity  
 
Farmland biodiversity has declined substantially in recent decades due to agricultural 
intensification. Widespread use of herbicides in agriculture reduces weed seeds in the soil bank. 
Arable weeds play an important role in supporting farmland biodiversity and agro-ecosystem 
functioning. A decline among arable weeds can threaten invertebrates, small mammals and seed-
eating birds that depend on the weeds for food resources, foraging, shelter or nesting habitats 
(Chamberlain et al., 2000; Donald et al., 2001; Fried et al., 2009; Fuller et al., 1995; Marshall et al., 
2001; Moreby et al., 1994; Robinson & Sutherland, 2002; Stoate et al., 2001; Storkey et al., 2011). 
Concern has been expressed that broad-spectrum herbicides, like Roundup used with HT crops, 
would exacerbate the observed long-term steady decline in farmland biodiversity (Buckelew et al., 
2000; Hails, 2000; Krebs et al., 1999; Marshall et al., 2001; Watkinson et al., 2000). 
 
In a review of published evidence, Schütte et al. (2017) show that the adoption of herbicide-
resistant crops impacts agronomy, agricultural practice, and weed management and contributes to 
biodiversity loss in several ways: (i) many studies show that glyphosate-based herbicides, which 
were commonly regarded as less harmful, are toxic to a range of aquatic organisms and adversely 
affect the soil and intestinal microflora and plant disease resistance; further, the increased use of 
2,4-D or dicamba, linked to new herbicide-resistant crops, causes special concerns (see also 
Section 6. Industry response and Section 7. Environmental and health effects of other herbicides); 
(ii) The adoption of herbicide-resistant crops has reduced crop rotation and favoured weed 
management that is solely based on the use of herbicides; (iii) the intensive use of glyphosate over 
the last 20 years have led to the appearance of at least 34 glyphosate-resistant weed species 
worldwide. Although recommended for many years, farmers did not counter resistance 
development in weeds by integrated weed management, but continued to rely on herbicides as the 
sole measure of weed control. Despite the occurrence of widespread resistance in weeds to other 
herbicides, industry prefers to develop transgenic crops with additional herbicide resistance genes. 
(iv) Agricultural management based on broad-spectrum herbicides as in herbicide-resistant crops 
further decreases diversity and abundance of wild plants and impacts arthropod fauna and other 
farmland animals. The authors conclude that, taken together, adverse impacts of herbicide-
resistant crops on biodiversity, when widely adopted, should be expected and are indeed very hard 
to avoid. 

4.2.1 Farmland biodiversity and the UK Farm Scale Evaluations (FSEs) 
 
The UK Farm Scale Evaluations (FSEs) of genetically modified herbicide tolerant crops arose out 
of concern that such crops would harm farmland biodiversity. The FSEs aimed to study the 
environmental impact of HT crops and their associated management practices. The research that 
started with a series of pilot studies in 1999, was commissioned by the government and overseen 
by an independent Scientific Steering Committee. The FSEs studied maize, spring-sown and 
winter-sown oilseed rape and beet in 273 field trials around England, Wales and Scotland. This 
broad coverage aimed to avoid possible bias due to local variations. Each experimental field was 
split in half, with one side being cultivated with a conventional variety and managed according to 
the then current normal practice, and one side being cultivated with HT varieties and controlled by 
a broad-spectrum herbicide. For HT maize, winter oilseed rape and spring oilseed rape the broad-
spectrum herbicide used was Liberty (glufosinate-ammonium) and for beet it was Roundup 
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(glyphosate). The field trials were carried out by conventional farmers who were free to manage 
the crops themselves, deciding when and how to plough the fields and to apply herbicides. The 
large number of field trials should reduce the chance of differences among the farmers affecting 
the overall results. The researchers monitored several indicators of farmland biodiversity such as 
weed density, weed biomass, the number of seeds that fell from the weeds on to the soil surface 
(seed rain) and the number of seeds left in the soil after harvest (the seedbank) in and around the 
crops. These indicators should help to determine food resource availability, whether the weeds 
would reproduce well and whether they were able to grow again the following year. They further 
monitored invertebrates present in the fields, including pollinators, herbivores, detritivores, 
predators and parasitoids. The data was collected several times a year before, during and after the 
crops were grown (Burke, 2003; 2005; Firbank et al., 2003).  
 
The researchers found treatment effects in all the crops. In HT spring oilseed rape and RR beet, 
they found overall fewer weeds and weed seeds than in the conventional varieties. The researchers 
stressed that the differences they found do not arise from the genetically modified crops per se, but 
rather from different crop management practices. Whereas in conventional crops farmers often 
applied specific herbicides to the field before weed emergence to prevent seeds from germinating 
and then different herbicides after the weeds had emerged but were still small, in HT crops they 
were able to leave weeds to grow around the crops before spraying. They concluded that the broad-
spectrum herbicide is a more effective weed killer than the combination of herbicides used on 
conventional crops, leaving fewer weeds in those GMHT crops, and that in the long term, seed 
stores could get depleted beyond recovery.  
 
In winter oilseed rape, overall weed number did not differ between the treatments. However, the 
researchers found fewer broad-leaved and flowering weeds and weed seeds in the GMHT crops. 
On the other hand, they found more grass weeds and weed seeds in the GMHT field halves 
compared to the conventional field halves. The researchers attributed these results to the fact that 
the particular broad-spectrum herbicide used with this GM crop was relatively better at controlling 
broad-leaved weeds and less efficient at controlling grass weeds than the conventional herbicides. 
 
In all three crop fields, there were more butterflies and bees in and around the conventional crops, 
probably because there were more flowering weeds to attract them. Flowering weeds are 
particularly important not only to insects but also to birds and small mammals. Growing GMHT beet 
and oilseed rape on a large-scale may thus disadvantage wildlife that depend on weeds and weed 
seeds. Springtails that live in the soil and feed on decaying and dead weeds, were however more 
abundant in the HT crop field halves compared to the conventional field halves. The researchers 
concluded that they benefit from farmers being able to apply the broad-spectrum herbicides post-
emergence in HT cropping systems. Thus, the weeds can grow bigger before they are killed, 
leaving more rotting biomass to feed on for the springtails. More abundant springtails would further 
benefit their predators such as certain beetles and spiders. The researchers however speculated 
that this effect might only be short-lived, as from year to year there could be fewer weeds left for 
the herbicide to kill and for the springtails to feed on. 
 
In maize, the treatment effect was different with more weeds, weed seeds, bees, butterflies and 
springtails found in HT fields compared to the conventional fields. The reason was that the broad-
spectrum herbicide used on the HT maize fields was not as effective as the triazine herbicides, 
mostly atrazine, used on conventional fields (Burke, 2003; 2005; EFSA, 2011). Here it has to be 
noted that atrazine was withdrawn from approved lists of EU chemicals in 2004 (Commission 
Decision, 2004/248/EC). Perry et al. (2004), predicted that the comparative benefits for arable 
biodiversity of HT maize cropping versus conventional cropping would be reduced, but not 
eliminated, by this withdrawal. These conclusions are however only based on assumptions made 
in 2004 about future herbicide regimes. Furthermore, application of glufosinate-ammonium based 
herbicides in HT maize crops was limited to a single spray (at dose rates lower than 0.8 kg/ha in 
most cases) and might thus not fully reflect real agricultural practice. Especially, in case of 
emergence of weed resistance, herbicide application is likely to increase in number and dosage. It 
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has also to be noted that while glufosinate-ammonium based herbicides were used in HT maize 
cropping in the FSE, glyphosate tolerant maize varieties are more widely used in countries which 
grow GM HT crops. Glyphosate-based herbicides reportedly provide more consistent and effective 
weed control than glufosinate-ammonium in particular cases (EFSA, 2011). Thus, the results of the 
FSEs for maize may not be sufficient to predict the effects of cultivation of RR crops on farmland 
biodiversity, because the impacts of RR crops on biodiversity might be expected to be worse. 
 
Overall, the results of the FSEs were remarkably consistent from year to year and from area to 
area, even though there was a wide range of species abundance, geographic location and crop 
management across the field sites (Burke, 2003). As a consequence of the FSEs, the UK 
government stated that it would oppose commercial cultivation of HT beet and spring oilseed rape 
in the European Union, if farmers managed the crops as in the trials (Burke, 2005). 
 
Research by Morandin & Winston (2005) in Canada supports the findings of the FSEs. Pollination 
deficit (the difference between potential and actual pollination) and bee abundance were measured 
in organic, conventional, and herbicide-resistant, genetically modified (GM) oil seed rape (canola) 
fields (Brassica napus and B. rapa) in northern Alberta, Canada, in the summer of 2002. Bee 
abundance data were collected using pan traps and standardized sweep netting, and pollination 
deficit was assessed by comparing the number of seeds per fruit from open pollinated and 
supplementally pollinated flowers. There was no pollination deficit in organic fields, a moderate 
pollination deficit in conventional fields, and the greatest pollination deficit in GM fields. Bee 
abundance was greatest in organic fields, followed by conventional fields, and lowest in GM fields. 
Overall, there was a strong, positive relationship between bee abundance at sampling locations 
and reduced pollination deficits. Seed set in B. napus increased with greater bee abundance. The 
authors speculate that the use of RoundUp in the fields growing GM crops may have reduced bee 
abundance. 
 
Glyphosate spray drift may also damage nontarget plants outside agricultural fields (Cederlund, 
2017). Golt & Wood (2021) cite evidence that low-dose glyphosate-based herbicide applications 
can cause male sterility in plants and report that glyphosate-based herbicides (GBHs) alter the 
reproductive morphology of Rosa acicularis (Prickly Rose), changing petal colour, petal shape, 
pollen viability, pollen size and shape, and anther development. These authors also report 
persistant GBH residues in flowers two years after applications. 
 
In two-year field trials, Pereira et al. (2018a) observe lower densities of arthropods in soils planted 
with transgenic soybeans and given three applications of glyphosate compared to other treatments 
(mechanical weeding, or one application of glyphosate), especially the predators Achaearanea sp. 
(Araneae: Theridiidae), Oxypodini sp. (Coleoptera: Staphylinidae), Solenopsis spp. (Hymenoptera: 
Formicidae), the detritivorous Entomobryidae (Collembola), Hypogastrura sp. (Collembola: 
Hypogastruridae) and Xyleborus sp. (Coleoptera: Scolytidae). They also compare with non-
transgenic soybeans and state that their results indicate that the insertion of the glyphosate 
resistant gene does not affect the richness and abundance of the arthropods, however the use of 
glyphosate reduces the densities of predators and detritivorous (organisms that eat dead or 
decaying plants or animals) on the soil surface.  
 
Pereira et al. (2020) evaluate the impact of glyphosate-resistant soybean and its management with 
glyphosate on the canopy arthropod community in an experiment undertaken in Coimbra, Minas 
Gerais, Brazil, during the 2007/2008 and 2008/2009 growing seasons. These authors note that 
most studies on the impact of glyphosate have shown that this effect is due to the habitat change 
where arthropods live and not necessarily to the toxicological effect of the compound itself. They 
find that glyphosate application reduced the richness of predators and chewing and sucking 
phytophagous arthropods in treatments with three herbicide applications. In the second season, 
total arthropod density was the lowest in blocks growing GM soybean with three glyphosate 
applications, with varying impacts on the different species studied. 
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4.2.2 Land use and biodiversity 
 
Although there have been no studies equivalent to the FSEs in other countries, a few other studies 
have looked at the impacts of RR crops on biodiversity. For example, De la Fuente et al. (2006) 
survey RR soybean fields in the Rolling Pampas in Argentina.  They find a loss of local and regional 
diversity, associated with the adoption of RR crops. In a later study, De la Fuente et al. (2010) show 
that weed richness and non-herbivore arthropod richness both decrease with the increasing 
percentage of soybean in the surrounding landscape. 
 
When a pasture or a soybean farm replaces natural ecosystems in Brazil, approximately 200–300 
species per hectare are replaced by very few species. The impact on Brazilian biomes has had 
additional deleterious consequences for Brazilian fauna: the number of endangered animal species 
in Brazil has increased from less than 100 in 1963 to more than 600 in 2004 (Martinelli et al., 2010). 
Landscape-scale conversion to soy also substantially alters water-balance, potentially altering the 
regional hydrology over large areas and increasing stream temperatures (Hayhoe et al., 2011; 
Macedo et al., 2013; Neill et al., 2013). In Argentina, researchers have reportedly warned that the 
change of land use from forest to soybean fields is a key to explaining why floods are becoming 
more continuous and serious (Página 12, 2016). 
 
In the mid-2000s, the Cerrado – Brazil’s central savannah - overtook Amazonia as the leading area 
of deforestation in Brazil. Eloy et al. (2016) analyse how agricultural and environmental policies 
play out at the ground level in the Cerrado in western Bahia state, the main area of rapid expansion 
of high-input soybean agriculture in the Cerrado. They show that despite the strengthening of 
environmental regulations, the soybean frontier is still advancing. They argue that selective 
environmental policies put a disproportionate strain on smallholders and traditional populations, 
whilst continuing to allow large-scale soybean plantations. Redo et al. (2013) map vegetation 
change in Brazil’s three largest dryland ecoregions – the Cerrado, Caatinga, and Mato Grosso 
seasonal forests from 2001 to 2009. South America’s dryland ecoregions cover 46% or 8,282,217 
km2 of available land surface, yet have received much less media, research, and conservation 
attention in comparison with other tropical forests. The overall area planted in cropland and tree 
plantations increased by 34,822 km2 from 2002–2003 to 2007–2008, although changes in the 
extent and distribution among the various crop types differed considerably. Among crops, soybeans 
experienced the largest increase with 17,880 km2. 
 
De Groot et al. (2021) argue that large-scale soybean monoculture has reduced honey yield in 
Argentina. Their results indicate that the expansion of the area cultivated with soybean since 1996, 
which involved the replacement of natural habitats with extensive cultivated fields, planted with GM 
soy and sprayed with glyphosate, is associated with a reduction in honey yield of around 60%. 
 
In the U.S., wild bees have also declined in areas of intensive agriculture, such as the Midwest 
Corn Belt. Koh et al. (2016) suggest that conversion of land to grow corn for biofuel production 
might be responsible for the decline. They didn’t exclude the possibility that pesticides are having 
an impact on wild bees (McGrath, 2015). See also Section 4.2.5. Pollinators. 

4.2.3. Farmland Birds  
 
Farmland birds have declined over past decades (Chamberlain et al., 2000; Donald et al., 2001; 
Fuller et al., 1995; Gregory et al., 2004). Intensive agriculture leaves fewer nesting places, weed 
seeds and insects as food supplies for the birds (Burke, 2005). Gibbons et al. (2006) use FSE data 
on weed seed rain and information on bird diets to determine how GMHT cropping might change 
the food resources available to farmland birds. They calculate the total abundance of all weed 
seeds important in the diet of each bird species in each crop and half-field. In beet and spring 
oilseed rape they found that the rain of weed seeds important in the diets of all 17 bird species was 
less in the GMHT compared to conventional halves, with an approximately threefold difference. 
These differences were significant for all but one species in each crop. In winter oilseed rape, the 
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rain of seed weeds important in bird diets was also lower in GMHT treatments, but this effect is 
less pronounced. In maize, the rain of weed seeds important to bird diets was however higher in 
the GMHT compared to the conventional halves for all 17 bird species, although this effect was 
only significant for seven species. However, as noted above, the conventional maize in this trial 
was treated with atrazine, which has now been banned in the EU. Since seeds from different weed 
species vary greatly in size and composition the researchers further used weights and 
compositions of seeds to determine the true resource availability to foraging birds. Overall, 
treatment effects for seed rain abundance and seed energy were strongly correlated. Total energy 
available from weed seeds important in the diets of all 17 bird species was also lower in GMHT 
beet and oilseed rape and higher in GMHT maize compared to conventional halves. The only 
systematic difference between these two measurements was that the treatment effect for weed 
seed energy in beet and spring oilseed rape was slightly but significantly more pronounced than 
for seed rain. According to Gibbons et al. (2006) that suggests that for those two GMHT crops the 
energetic resource available to birds would be reduced even further than suggested from the simple 
reduction in seed numbers. Gibbons et al. (2006) concluded that introduction of beet, spring and 
winter rape crops in the UK could, if managed as in the FSEs, markedly reduce important food 
resources for farmland birds, many of which declined during the last quarter of the twentieth 
century. 
 
As well as indirect adverse effects on birds (as a result of damage to their habitat), evidence of 
direct adverse effects of glyphosate on birds also needs to be considered. 
 
Kissane & Shephard (2017) note that a mounting number of studies in wildlife and humans indicate 
that there are concerning effects with even sub-lethal exposure concentrations of glyphosate-based 
herbicides. They argue that the rise in glyphosate due to the introduction of GMOs and glyphosate 
resistant crops makes it necessary that more research be done on the effects of exposure, 
particularly at sub-lethal levels, and that, as proven indicators of environmental toxicity, birds may 
well hold the key to some of the unanswered questions relating to chronic exposure of glyphosate. 
Birds are exposed to pollution through numerous pathways and their potential for exposure to 
glyphosate is high, given its application and known presence in wetland, agricultural, and urban 
environments, which contribute contaminant runoff to coastal and marine systems. These authors 
argue that, in particular, wetland birds may be excellent species for study as their biology and 
ecological roles in the functioning of wetland ecosystems is well understood, and glyphosate 
residues, and AMPA, are known to be present. However, very limited relevant research has been 
conducted to date. They note that the inhibition of the enzyme AChE has been reported in wild 
ducks exposed to glyphosate sprayed on rice crops in Mexico (Osten et al. 2005). These ducks are 
consumed by humans throughout the year. In addition, Oliveira et al. (2007) have reported harmful 
effects of RoundUp on the male genital system of mallard drakes. 
 
In the first long-term experiment testing the parental effects of glyphosate-based herbicides (GBHs) 
in birds, Ruuskanen et al. (2020a) expose a parental generation of Japanese quails (Coturnix 
japonica) to GBHs (200 mg/kg feed) or respective controls. Glyphosate residues were found in 
eggs (ca 0.76 kg/mg) and embryonic development tended to be poorer in the eggs of GBH-exposed 
parents (76% of eggs showed normal development) compared to control parents (89% normal 
eggs). Embryonic brain tissue from GBH-exposed parents tended to express more lipid damage 
(20% higher), however other biomarkers showed no apparent differences and there were no 
observed differences in egg quality. The authors argue that more studies are needed. Ruuskanen 
et al. (2020b) conduct further experiments in which they expose Japanese quails to GBHs from the 
age of 10 days to 52 weeks. They find that GBH exposure decreased the activity of an intracellular 
antioxidant enzyme (catalase) in the liver, but did not influence other intracellular oxidative stress 
biomarkers. They also report that GBH exposure altered overall gut microbiome composition, 
especially at a younger age and in females, and suppressed potentially beneficial microbes at an 
early age. GBH exposure decreased male testosterone levels both at sexual maturity and at 52 
weeks of exposure, but did not clearly influence reproduction in either sex. They conclude that their 
results suggest that cumulative GBH exposure may influence health and reproduction-related traits, 
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which is important in predicting their effects on wild populations and the global poultry industry. In 
an earlier study, Ruuskanen et al. (2020c) show that female quails prefer GBH-contaminated food 
compared to control food. In females, exposure to GBHs caused delayed plumage development, 
and GBH residues were present in eggs, muscles, and liver. 
 
Jarrell et al. (2021) report negative effects of RoundUp exposure on broiler breeder rooster 
reproductive health (reductions in sperm mobility, viability and count). 
 
Fathi et al. (2020) investigate the toxic effects of pure glyphosate or Roundup on the liver and small 
intestine of chick embryos. In their experiments, a total of 180 fertile eggs were injected with 
deionized water (control group), 10 mg pure glyphosate, or 10 mg of the active ingredient 
glyphosate in Roundup/kg egg mass. They find that exposure to glyphosate caused increased liver 
function enzymes, histopathological alterations in the liver and small intestines, and induced 
oxidative stress in chick embryos. They also find that glyphosate and RoundUp may cause 
dysfunction of the liver and intestinal enzymes system in chick embryos, which they conclude may 
increase the potential health risks to animals and humans. 
 
In a study that has not yet been peer reviewed, Lehel et al. (2021) treat chicken embryos with single 
and simultaneous doses of glyphosate (Amega Up, 360 g/L, 4%) and copper sulphate (0.01%), by 
injection or immersion. The report an additive interaction was between the copper sulphate and 
glyphosate “that may result in reduced vitality of the embryos and thus the number of offspring of 
wild-life birds”. 

4.2.4. Butterflies 
 
Butterflies rely on nectar from flowering crops, weeds and wildflowers. The UK Farm Scale 
Evaluations (FSEs) show a decreased abundance of butterflies in herbicide tolerant sugar beet 
and oilseed rape fields compared to conventional fields, thought to be due to a reduction in 
flowering weeds in those fields. Butterflies can fly long distances to find the plant they need, they 
do not have to be immediately impacted by a decline in flowering weeds in single GMHT fields. 
However, if weeds die away over large areas over several years, which could happen when RR 
crops are cultivated continuously on a large scale, this could have adverse impacts on butterflies. 
The UK FSEs suggested that growing conventional crops might thus be especially important in 
regions with few suitable flowers and nectar resources for butterflies. In such areas, a long-term 
reduction in weed populations could exacerbate the decline in butterfly populations (Burke, 2003; 
2005). In the U.S., where large-scale cultivation of RR crops and associated spraying of Roundup 
is abundant, serious negative impacts of RR cropping systems have been found on the famous 
Monarch butterfly.  
 
Monarch Butterflies (Danaus plexippus L.) undergo a multi-generation annual cycle that includes 
migration from central Mexico to their breeding areas in North America and back. During spring, 
adults that overwintered in Mexico begin migration to North America. In this time about three 
generations of larvae are produced that continue the journey north. Females lay their eggs 
exclusively on milkweed plants (Asclepias), which is the sole food source of the monarch butterfly 
larvae. In fall, adult monarchs enter a state of reproductive diapause and begin migrating back to 
central Mexico, where they overwinter. There is also a smaller overwintering population in western 
California.  
 
Monarch butterfly surveys are undertaken in Mexico (of the overwintering population) and of the 
overwintering ‘Western’ population in the U.S.A. These surveys show significant declines from 
historic numbers over the past decades, despite some small signs of partial recovery in recent 
years: 

• The International Union for the Conservation of Nature (IUCN) estimates that the population 
of monarch butterflies in North America has declined between 22% and 72% over 10 years, 
depending on the measurement method, and added the monarch butterfly to its "red list" of 
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threatened species and categorized it as "endangered" for the first time in 2022 (Larson, 
2022). 

• More than 1.2 million Monarch butterflies were recorded in the Western population in 1997, 
and scientists estimate that this population has decreased by 95% since the 1980s 
(Kimbrough, 2022). Other reported estimates are that the population of monarch butterflies 
he studies in the eastern United States has declined between 85% and 95% since the 1990s 
(Larson, 2022). 

• According to an annual survey by WWF of the area of forest occupied by overwintering 
monarch butterfly colonies in Mexico from 1993-1994 to 2021-2022, during the second half 
of December 2021, ten colonies of Monarch Butterflies were registered covering 2.835 
hectares (ha) of forest, which represents a 35% increase in relation to the area registered 
in 2020 (2.10 ha) (Rendón-Salinas et al., 2022). Six colonies covering 2.174 ha were 
located inside the Monarch Butterfly Biosphere Reserve (MBBR) and four covering 0.661 
ha were located outside the MBBR. The occupied area appears to have recovered from a 
historic low of 0.67 hectares in 2013-14, but is still significantly lower than the 6.23 hectares 
recorded in 1993-94, and the peak of 18.19 hectares recorded in 1996-97. 

• According to a count managed by the Xerces Society, the Western USA population of 
Monarch butterflies (overwintering in California) reached a historic low of 2,000 in 2020, but 
has since rebounded to 247,000 in 2022: however, this is still a dramatic decline from 
historic numbers and is not necessarily a sign of long-term recovery (Kimbrough, 2022).  

 
The Eastern population in the USA is made up of the butterflies east of the Rocky Mountains and 
accounts for roughly 99% of all North American monarchs. According to the Center for Biological 
Diversity (CBD), Monarch butterflies remain at risk of extinction in 2022 (CBD, 2022).  
 
Studies have implicated a number of factors in the historic decline in Monarch butterfly populations, 
including a significant loss of milkweed habitat in the USA, where Monarchs lay their eggs, due to 
to blanket spraying of RR GM crops with glyphosate. 
  
From 1994-2011, a statistically significant decline in the area occupied by overwintering monarchs 
was observed (Brower et al., 2012). Vidal & Rendón-Salinas (2014), reported a particular decline 
during the last seven seasons with a 20-year low reached during the 2013-2014 season, when the 
long-term average of about 350 million butterflies overwintering in Mexico dropped to a mere 33.5 
million butterflies (Fallon, 2014). In only 20 years, there had thus been a 90% decline in 
overwintering monarchs, putting them at risk of extinction (Monarch ESA Petition, 2014). In the 
2014-2015 season the number of monarchs rose again to approximately 56.6 million individuals 
but this is still the second lowest number ever observed (Fallon, 2015). A modelling study by 
Semmens et al. (2016) concluded that this population of monarch butterflies has a substantial 
probability of quasi-extinction (meaning the loss of a viable migratory population of monarchs in 
eastern North America). They calculate that an approximately 5-fold increase of the monarch 
population size (relative to the winter of 2014–15) is necessary to halve the risk. Loss of 
overwintering sites due to illegal logging in Mexico, severe weather conditions and the loss of 
milkweed plants associated with increased glyphosate use in RR crop fields, have been named as 
probable reasons for the population decline (Brower et al., 2012).  
 
For a long time, it was believed that the main reason for the decline was deforestation and 
degradation of the monarchs’ overwintering sites (Brower et al., 2002; 2004). To address these 
problems, the Monarch Butterfly Biosphere Reserve, today a World Heritage site (UNESCO, 2008), 
was established in 2000. Subsequently, a monarch butterfly conservation trust fund was created 
to provide economic incentives to landowners and agrarian communities to conserve their forests. 
Together with stringent law enforcement by Mexican authorities, payment for environmental 
services, and the creation of alternative incomes and employment for local communities, a 
decrease of illegal logging was observed from 731 ha affected in 2005-2007 to none affected in the 
2011-2012 (Vidal et al., 2014; Vidal & Rendón-Salinas, 2014). Since then there was a slight 
increase in illegal logging, resulting in degradation of 5.18 ha in 2013-2014 (Vidal & Rendón-
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Salinas, 2014; WWF Mexico & Fondo Monarca, 2013). Thus, illegal logging might not be completely 
halted but the improvement is nevertheless substantial. Still, monarch numbers are worryingly low. 
 
A subsequent study challenges the view that deforestation on the overwintering grounds is the 
main reason for the decline in monarch butterflies (Flockhart et al., 2014). This population model 
predicts that milkweed loss on the breeding grounds of monarchs has a much stronger negative 
impact on them. Between 1995 and 2013 the model estimated a 21% decline in milkweed 
abundance. Such a big decline in milkweed abundance is not only detrimental for monarch larvae 
feeding on it. A modelling study, conducted by Zalucki & Lammers (2010) found that decreasing 
milkweed density can also reduce lifetime potential fecundity of monarch females by about 20%, 
due to increased search time for host plants. With increasing energy invested for searching for host 
plants, the butterflies’ body fat depletes and as a consequence they lay fewer eggs or die before 
reproduction (Wines, 2014). Flockhart et al. (2014) attributed the huge milkweed loss predicted by 
their population model to herbicide-resistant corn (maize) and soybeans that are increasingly 
cultivated in the U.S. Midwest, which is also the major breeding ground for monarchs. They 
concluded that mitigating the negative impacts of GM crops on host plant abundance was the 
highest conservation priority. Semmens et al. (2016), as described above, argue that Flockhart et 
al. (2014) have underestimated the risk of quasi-extinction of this monarch butterfly population, 
particularly because the population is not only in decline but also fluctuating wildly.  
 
Common milkweed is a perennial plant with a deep and extensive root system that allows re-
sprouting in the spring or after disturbance (e.g. mowing or herbicide application). That is why 
common milkweed establishes best in disturbed areas, such as ploughed or some cultivated fields, 
pastures, along rails, railroads tracks and roadways, and why common herbicides do not have a 
big effect on milkweed as they only kill the above-ground plant while leaving the reproductive root 
system intact. They can even be beneficial to milkweed, in that they kill competing weeds. In fact, 
row crops like corn and soybeans with heavy use of milkweed-ineffective herbicides are a 
favourable habitat for milkweed - more favourable than crops and plants that grow more densely 
and tend to supress milkweed, such as wheat, alfalfa or grassland or unmown pasture. Despite its 
ability to survive in row crops treated with common herbicides and its wide distribution therein, 
common milkweed has rarely posed a threat to crop yields (CFS, 2015a). Glyphosate however, is 
toxic to milkweed. Upon spraying, glyphosate is absorbed by the leaves and stems of the plant and 
then translocated to its growing tissues such as the roots (Duke & Powles, 2008). In this way it can 
prevent regrowth the following year and thus is capable of killing milkweed. Applied with RR crops, 
it is particularly lethal because it is sprayed at a higher extent, at higher rates, higher frequencies 
and later in the season during milkweed’s most vulnerable flowering stage of growth. As RR crops 
are often cultivated continuously (due to crop rotations of different RR crops), this leads to one or 
more applications of glyphosate every year (CFS, 2015a). 
 
Decline in milkweed has also been shown in experimental field studies. A comparison between 
milkweed infestations in crop fields and adjacent roadsides in Iowa in 1999 and 2009, revealed, 
that within this 10 year-period, the percentage of infested sites raised slightly at roadsides and 
declined vastly (more than 6-fold) in crop fields. Whereas in 1999, milkweed was found in half of 
the surveyed corn and soybean fields, in 2009 only 8% of surveyed sites contained milkweed. 
According to CFS (2015a) only 1% thereof is estimated to have remained by 2013. The area 
infested with milkweed declined by approximately 90% (Hartzler, 2010). The observed time period 
is coincident with the increase in glyphosate use due to the adoption of RR crops and was named 
as the probable primary reason for the decline of milkweed in crop fields. This is also supported by 
the fact that at the roadsides, where the number of infested sites rose, herbicide use declined since 
the establishment of an integrated roadside vegetation management program in 1988. With 
additional data from Pleasants, who observed the change in milkweed density in cropfields in Iowa 
from 2000 to 2008 in a more limited survey, Pleasants & Oberhauser (2012) were able to make an 
assumption about the shape of the decline between 1999 and 2009. According to them, an 
exponential decay function fits the observed decline best and is also consistent with the increase 
in cultivation of RR crops. They find that milkweed declined 81% in crop fields in Iowa between 
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1999 and 2009. In non-agricultural habitats, including roadsides, pastures and Conservation 
Reserve Programs (CRP), the decline of milkweed was lower (31%). Their finding that Monarch 
females lay four times more eggs on agricultural milkweeds than on non-agricultural milkweeds 
makes the milkweed decline in crop fields even more devastating. Possible reasons why more 
monarch eggs are laid on agricultural milkweeds are that either more females find patches of 
agricultural milkweed or that individual females lay more eggs on agricultural milkweed. The first 
could be explained by a stronger milkweed chemical signal, against the monoculture background 
of the crop field and the latter by a preference of agricultural milkweed due to its higher nitrogen 
content, which potentially makes them more nutritious for larvae (Pleasants & Oberhauser, 2012). 
Whilst agricultural milkweed provided for 78% of U.S. Midwest monarchs in 1999, it only provides 
for 5% today. Thus, milkweed outside of crop fields, such as pastures, CRP and roadsides today 
provides for 95% of U.S. Midwest monarchs. But the small area outside cropland where milkweed 
grows cannot support viable monarch populations. Pastures, which are the most abundant habitat 
for monarchs outside of agricultural land, have only a low milkweed density, possibly because of 
the high competition with other grasses (CFS, 2015a). Moreover, milkweed density in pastures 
declined by 50% since 1999. The same is true for CRP land, which is the major provider of 
monarchs today (Pleasants & Oberhauser, 2012). In addition, the hectarage enrolled in 
Conservation Reserve Programs is sharply declining as many U.S. Midwest farmers are converting 
their CRP lands to cropland and the U.S. Congress has vastly reduced the maximum hectarage 
that can be enrolled in the program. On roadsides, milkweed density does not seem to have 
declined, but roadside habitats are simply too small to ensure a viable monarch population (CFS, 
2015a). Milkweed decline is not only reported in Iowa. Other weed surveys and observation by 
credible witnesses such as grain farmers and scientists, conducted in other Midwestern United 
States, also confirm that common milkweed, which was once quite prevalent, has been virtually 
eradicated from their soybean and corn fields (CFS, 2015a). Pleasants & Oberhauser (2012) 
estimate that between 1999 and 2010 monarch egg production was reduced by 81% throughout 
the U.S. Midwest.  
 
Some authors have argued that the decline in the overwintering Monarch butterfly population is not 
connected with the summer and early fall population size and that there has been no decline in the 
summer monarch population in the United States (Davis and Dyer, 2015, Inamine et al., 2016 and 
Agrawal & Inamine, 2018). They suggest that instead of milkweed limitation, increased mortality 
during fall migration (mainly due to increased parasite load and decreasing nectar availability) has 
been responsible for the decline in the overwintering population (migration mortality hypothesis). 
Saunders et al. (2019) however find no association between disease rate and colony sizes. 
Although they do find autumn greenness along the Midwest migratory route (as indicator of nectar 
availability) to explain some of the variation in overwintering population size, they don’t find a 
significantly decreased of autumn greenness during the period of monarch decline. Furthermore, 
they do find a significant relationship between summer breeding population size and winter arrival 
dynamics. Using tagging and recovery data, from 1998 to 2015, Taylor et al. (2020) further 
disproved the migration mortality hypothesis on multiple counts concluding: “the main determinant 
of yearly variation in overwintering population size is summer population size with migration 
success bein a minor determinant”. They suggest that increasing milkweed habitat would be the 
most effective conservation measure. Moreover, Pleasants et al. (2016) argue convincingly that 
problems with the three papers cited by Davis and Dyer undermine their conclusion of no decline 
in the summer monarch population. Stenoien et al. (2016) review the processes that may have 
affected the decline in the eastern population of the monarch butterfly in North America. They 
accept there are likely multiple contributing factors, such as climate and resource-related effects 
on breeding, migrating, and overwintering populations, however they conclude that the key 
landscape-level change appears to be associated with the widespread use of genetically modified 
(GM) herbicide tolerant crops that dominate the extensive core summer breeding range. These 
authors convincingly dismiss Davis and Dyer (2015) and Inamine et al (2016) as based on logically 
flawed misinterpretations of the summer adult count data, because they consider only the counts 
per milkweed patch, rather than the fact that the number of milkweed patches is declining. 
Pleasants et al. (2017) also question the use of counts of adult butterflies or eggs per milkweed 
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stem to estimate population size, because this does not account for the shift of monarch activity 
from agricultural fields to non-agricultural sites over the past 20 years, as a result of the loss of 
agricultural milkweeds due to the use of glyphosate herbicides on GM crops. They show how 
corrected summer monarch counts, which account for these changes, do show a decline over time. 
Stenoien et al. (2016) also highlight that egg densities within the remaining patches of milkweed 
have been found to be declining over the most recent 7 years, suggesting that many of the 
remaining sites are found by fewer or no females as the overall monarch butterfly population has 
declined. Reinforcing their argument, they note that annual herbicide resistant GM crop acreage is 
a useful predictor of the area occupied by overwintering monarchs.  
 
Thogmartin et al. (2017) investigate climatic and habitat-related factors influencing monarch 
population size from 1993 to 2014. They find that climatic factors, principally breeding season 
temperature, are important determinants of annual variation in abundance. However, their results 
also indicate strong negative relationships between population size and habitat loss variables, 
principally glyphosate use, and also weaker negative effects from the loss of overwinter forest and 
breeding season use of neonicotinoids. Cumulative glyphosate application was strongly negatively 
associated with overwinter population size, and these authors found a strong positive causal 
relationship of milkweed resource on overwinter monarch butterfly population size. These authors 
conclude that, given that more than 92% of corn and soy agriculture in the northern USA is now 
glyphosate-tolerant, there will likely be relatively little additional loss of agricultural fields as habitat 
for monarch butterflies in the future, as the major losses have already taken place. 
 
Malcolm (2018) sums up the threats to both the Eastern migrant population of monarchs in North 
America, which overwinter in high-elevation forests in Mexico, and the western monarchs which 
overwinter in trees on the coast of California. He states that both populations face three primary 
threats to their viability: (a) loss of milkweed resources for larvae due to genetically modified crops, 
pesticides, and fertilizers; (b) loss of nectar resources from flowering plants; and (c) degraded 
overwintering forest habitats due to commercially motivated deforestation and other economic 
activities. Secondary threats to population viability include (d) climate change effects on milkweed 
host plants and the dynamics of breeding, overwintering, and migration; (e) the influence of invasive 
plants and natural enemies; (f) habitat fragmentation and coalescence that promote homogeneous, 
species-depleted landscapes; and (g) deliberate culture and release of monarchs and invasive 
milkweeds. He notes that both the abundance and migratory behavior of monarch butterflies both 
east and west of the Rocky Mountains are a product of the diversity and abundance of larval 
milkweed host plant. Their population declines are associated with dramatic losses of milkweed 
resources in and near agricultural fields, associated with the increased use of herbicides and 
cultivation of herbicide-tolerant GM crops. 
 
Pleasants (2017) estimates that since 1999, 850 million milkweeds have been lost from GM maize 
(corn) and soybean fields in the Midwest USA. In addition, since 2008, over 11 million milkweeds 
have been lost from grasslands due to their conversion into cropland, an annual loss rate of about 
2 million milkweeds. Of the estimated 2.2 billion milkweeds present on the landscape in the Midwest 
in 1999, only 1.34 billion remained in 2014, a decline of almost 40%. Pleasants (2017) concludes 
that, because each milkweed stem in an agricultural field averages 3.9 times more monarch eggs 
than a milkweed stem in non-agricultural habitats, the potential monarch support capacity loss has 
been 71%. 
 
In their mini-review, Belsky & Joshi, 2018 explore the role of major drivers in the recent decline of 
monarch butterflies in North America, concluding that: “Many scientists attribute the increased 
planting of genetically modified crops and herbicide spray applications in the mdiwestern United 
States to reductions of milkweed in agricultural crop fields. As a result, the food supply in monarch 
breeding habitats has subsequently been diminished”. They further conclude that habitat 
destruction due to logging in the overwinterning sites in Mexico and inconsistent climatic conditions 
have also contributed to the decline of Monarchs, but to a lesser extent. They recommend further 
studies to investigate the direct impact of pesticide mixtures applied to herbicide tolerant GM crops 
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on monarchs (including possible synergistic toxicity) and to determine whether pesticide exposure 
can change monarch behaviour. They also name protozoan parasite infestation as possible 
contributor to the decline of monarch butterflies, suggesting that protozoan parasites primarily 
affect monarchs at their summer breeding locations. They recommend investigating whether sub-
lethal pesticide exposure and increased stress resulting from diminishing milkweed abundance 
may render monarchs more vulnerable to protozoan parasites. 
 
In 2019, the leading hypothesis that HT GM crops are the driving force in the decline of monarchs 
was challenged again by Boyle et al. These authors claimed that monarchs and milkweed already 
began to decline around 1950, predating the the introduction of HT GM crops, concluding that 
herbicide resistant crops, therefore, are clearly not the only culprit and, likely, not even the primary 
culprit. Systematic monitoring of monarchs began in 1993, not long before the introduction of GM 
HT crops. To test their hypothesis that monarch decline began before the introduction of GM HT 
crops, Boyle et al. (2019a) used natural history collections to look at the 117-year period from 1900 
to 2016, assuming that number of museum specimens collected in a given year is proportional to 
population size: “we divided the number of milkweed and monarch speciems collected each year 
by the total number of vascular plant and lepidoptera [butterflies and moths] specimens, 
respectively, collected within the same geographic range and year”. Their results showed an 
increase in monarch and milkweed abundance early in the century, peaking around 1950 and a 
respective decline thereafter. The authors hypothise that the decline of milkweed during that period 
correlates to the mid-century agricultural revolution in the U.S. which saw greatly increased 
mechanisation, chemical inputs to farmland and a consolidation of farms. The authors themselves 
pointed to several possible biases in their method (such as the increase in the number of monarch 
specimen records being due to an increase in scientific interest in monarchs or even certain rare 
species, rather than a true increase in population size) and concluded: “it is almost certain that our 
dataset contains error attributable to these biases.” In a letter, Wepprich (2019) argues that using 
museum records for tracking abundance is of limited use due to spatial and temporal biases. He 
shows that the trend observed by Boyle et al. (2019a) changes with the choice of taxa to 
standardise monarch records. When reassessing the data for monarch abundance as a proportion 
of butterflies only, there is no mid-century peak and subsequent decline in monarch abundance. 
This is because Lepidoptera collection methods changed over the last century, with increasingly 
more light traps being used around the mid-20th century, favouring the collection of moths. This led 
to a respective rise in moths in museum collections beginning in the 1950s. Thus, moth records 
should not be used to correct for butterfly species analyses, as their collection method differs 
substantially (light trapping at night for most moths versus net captures during the day for 
butterflies). Moreover, the corrected trend by Wepprich (2019) does not correspond with the real-
world observed population decline, further affirming that museum records are unreliable for 
abundance estimates. Additionally, Ries et al. (2019) address the problem of spatiotemporal bias, 
stating: “One way to reduce this bias is to restrict analysis to the core range and time of year when 
the speices is most evenly distributed and consistently abundant”, which is the summer breeding 
season in the case of the eastern population of migratory monarchs. As in Wepprich (2019), they 
find no-mid-20th-century peak in monarch abundance when using the corrected data. Ries et al. 
conclude: “…using digitized museum records to track monarch butterfly populations over the last 
century is currently not possible.” In their reply to Wepprich (2019) and Ries et al. (2019), Boyle et 
al. (2019b) accept some merit in these arguments, stating that “the monarch trend presented in our 
original study may or may not represent the true trend in monarch abundance over the 20th century”. 
Nevertheless, they stick to their original conclusion that GM HT crops are not the main driver in the 
monarch decline observed today, arguing that the decades-long declines in across milkweed 
species have not been questioned by either Wepprich (2019) or Ries et al. (2019) and are likely 
more robust than monarch trends. However, even if the decline of milkweed started much earlier 
due to farm consolidation and the increase in chemical inputs etc., it is evident that the introduction 
of HT GM crops added an unprecedented threat to weeds in arable land. 
 
As the population declines, other threats, such as extreme weather events, have become a bigger 
danger to Monarchs, as the population is much smaller and more vulnerable. The winter storm of 
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2002, for example, that killed about half a billion monarchs could today eradicate the whole 
population (Brower et al., 2004).  
 
The significant decline in Monarch butterflies has caused great concern among environmental 
organisations, scientists and politicians, amongst others, and even led Monsanto to take action to 
restore the monarchs’ breeding habitat. In September 2014, Monsanto claimed that it would do its 
part to protect the butterfly. This includes restoring monarch-breeding habitat outside of cropland 
(Monsanto, 2014). In March 2015, Monsanto promised investments of $4 million over the next three 
years for monarch research, education and habitat restoration, mainly to the National Fish and 
Wildlife Foundation's (NFWF) Monarch Butterfly Conservation Fund, which was newly established 
in 2015 (NFWF & Monsanto, 2015; Sachs, 2015). However, as discussed above, milkweed in 
cropland is much more valuable in producing monarchs and non-agricultural land alone is unlikely 
to be enough to save the monarch.  
 
The Center for Food Safety reviewed the work of milkweed and monarch biologists, weed scientists 
and other researchers to provide a detailed analysis of how herbicide use triggered by genetically 
modified, herbicide-tolerant crops has been a major driver in the dramatic decline of milkweeds 
and monarchs and list policy recommendations to protect monarch butterflies, that have been 
proposed by organisations and scientists to the FWS, USDA, EPA and U.S. Congress (CFS, 
2015a). According to them “phasing out the use of herbicide-resistant crops would be the best 
means to restore milkweed and therefore monarchs”. They demand that “weed management 
according to agroecological principles and methods must replace herbicidal weed eradication”. 
Alternatives are crop rotation, cover crops, intercropping, fertilisation methods that favour the crop 
over weeds and closer plant spacing among other methods. These solutions are of course not in 
the interest of companies like Monsanto (now Bayer) that sell herbicide-resistant crops.  
 
Nevertheless, demands to restrict glyphosate use became widespread. In March 2015, 52 
members of the U.S. Congress expressed their concern about the monarch butterfly in a letter to 
President Barack Obama, naming the widespread spraying of herbicides in agricultural areas as 
the main reason for the decline in milkweed in the U.S. Midwest. They state: “without a sea-change 
in how the federal government addresses the use of herbicides, especially as applied to herbicide-
resistant crops, vital monarch habitats will simply continue to disappear.” They further encourage 
the U.S. administration as well as the president to spare no expense in order to restore the monarch 
butterfly (Pingree, 2015). In light of the rapid decline of the monarchs, the Natural Resources 
Defense Council (NRDC) filed a petition with the United States Environmental Protection Agency 
(EPA) in February 2014, asking them to take immediate steps to undertake an interim 
administrative review for glyphosate and to restrict glyphosate use. The rules for glyphosate were 
last updated in 1993, before the rapid spread of RR crops and the associated increase of 
glyphosate use. Thus, the EPA greatly underestimated glyphosate use in its 1993 re-approval of 
glyphosate. The petition argues that the EPA should take responsibility in ensuring that the 
pesticides it approves do not harm the environment and impose restrictions to glyphosate use, now 
that harmful effects on monarchs have been identified. Farmers should be required to set up 
herbicide-free buffer zones around or other milkweed-friendly zones within their agricultural area. 
Glyphosate should further be banned along roads, power-lines or other rights-of-way where 
milkweed could grow freely. The EPA should also ensure that these restrictions on glyphosate use 
do not lead to an increased use of other herbicides (NRDC, 2014). As the EPA did not respond to 
this petition within a year, the NRDC filed a lawsuit in February 2015 in order to force EPA to 
evaluate glyphosate’s effects on monarchs and enact appropriate mitigation measures (Fallon, 
2015). In June, 2015 the EPA finally reached an agreement with the Centre for Biological Diversity 
(CBD) to assess effects of glyphosate on 1,500 endangered species in the United States, a task 
long overdue (CBD, 2015). In the report, the US EPA (2021a) eventually identified that glyphosate 
was ‘likely to adversely affect’ (LLA) 93% of the species assessed (including mammals, birds, 
amphibians, reptiles, fish, plants, aquatic invertebrates and terrestrial invertebrates) and 96% of 
their habitats. In June 2022, the 9th Circuit Court of Appeals in California determined that the EPA 
did not adequately consider whether glyphosate causes cancer and threatens endangered species, 



 
 

Genewatch UK 
August 2022 

83	

and ordered it to look again at the risks it poses (Stempel, 2022). Legal cases are discussed further 
in Section 8. Lawsuits. Unfortunately, there is still no special legal status at the federal level for 
monarch butterflies in the USA. However, the International Union for the Conservation of Nature 
(IUCN) added the monarch butterfly to its "red list" of threatened species and categorized it as 
"endangered" for the first time in 2022 (Larson, 2022). 
 
In Canada, the monarch butterfly has been listed as a species of special concern since 2003 by 
Canada’s Species at Risk Act. In Mexico, monarchs are also protected by the Species at Risk Norm 
(Vidal & Rendón-Salinas, 2014). In August 2014, the Center for Biological Diversity (CBD) and the 
Center for Food Safety (CFS), joined by the Xerces Society and the well-known monarch scientist 
Dr. Lincoln Brower, filed a legal petition to the U.S. Fish and Wildlife Service (FWS) to protect the 
monarch butterfly as a threatened species (Monarch ESA petition, 2014). This petition was 
supported by more than 40 leading monarch scientists and over 200 organisations and businesses 
that urged Secretary of the Interior Sally Jewell to protect these butterflies under the Endangered 
Species Act in November 2014 (CFS, 2014b). According to the Centre of Food Safety (CFS, 2015a) 
listing the monarch as threatened species under the ESA would be followed by development of a 
recovery plan and also provide resources to restore the monarch’s breeding habitat. Furthermore 
also 52 members of the Congress who expressed their concern about the monarch butterfly in a 
letter to president Barack Obama, expressed the opinion that the ESA “is one of the most 
successful and powerful tools that can restore the monarch butterfly” (Pingree, 2015). Monsanto 
however dismissed listing the monarch under the ESA as of no help to solve the problem 
(Monsanto, 2014). If the monarchs are listed under the ESA, it is possible that restrictions on the 
use of glyphosate or RR crops are the consequence, and thus reduce Monsanto’s (now Bayer’s) 
profits. Nevertheless, in December 2014, the FWS stated that they will conduct a one-year status 
review on monarch and that the Endangered Species Act may be warranted (CBD, 2014). In 
January 2016, the Center for Biological Diversity and the Center for Food Safety filed a notice of 
intent to sue the FWS for failing to make 12-month finding required under the Endangered Species 
Act (CFS, 2016; CFS & CBD, 2016). As of 2022, the FWS still is due to put the monarch butterfly 
under the federal Endangered Species Act, arguing that its resources are limited and that other 
species are in greater need of help. The decision will only be revisited in 2024 (Pennisi, 2021; CBD, 
2022). 
 
There is also a demand to list the Monarch Butterfly Biosphere Reserve as site considered in 
danger. According to the International Union for Conservation of Nature and Natural Resources’ 
(IUCN) 2014 World Heritage Outlook, that assesses the conservation status of all natural World 
Heritage sites, the Monarch Butterfly Biosphere Reserve’s conservation outlook is “Critical”. This 
is the lowest of four possible conservation outlook categories (Osipova et al., 2014). Subsequently, 
non-governmental organisations from Mexico, Canada and the United States asked the UN World 
Heritage Committee to include the Monarch Butterfly Biosphere Reserve on a list of sites 
considered in danger, in the hope that governments take greater effort to protect the butterflies’ 
habitat (AP, 2015; Report on the Status of the Monarch Butterfly Migration, 2015). In response, the 
UN World Heritage Committee asked the United States and Canada to join Mexico in producing a 
report to inform on their actions to protect the monarch migration (Riley, 2015).  
 
To effectively reverse the trend of population decline, protective measurements and policies have 
to be taken in all countries concerned, Canada, the United States and Mexico. In February 2014, 
a tri-national letter from Grupo de los Cien, Make Way for Monarchs and the well-known monarch 
scientist Dr. Lincoln Brower, signed by over 100 international monarch butterfly scientists, writers, 
artists, scientists and environmentalists was sent to President Peña Nieto, President Obama and 
Prime Minister Harper, asking them to discuss the future of the monarch butterfly during the North 
American leaders’ Summit in February 2014. As well as Mexico addressing issue of illegal logging, 
the United States and Canada must also address the effects of their current agricultural policies. 
The letter also makes suggestions on how to restore habitat for the monarch butterfly, such as the 
establishment of a milkweed corridor through the three countries along the monarchs’ migratory 
route (Grupo de los Cien & Make Way for Monarchs, 2014). In response, President Peña Nieto, 
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President Obama and Prime Minister Harper agreed to launch a tri-national High Level Working 
Group to work on monarch conservation and each government agreed to convene a high-level task 
force in their country. Nevertheless, insufficient action has been taken so far to restore the monarch 
population back to a secure level. The Canadian government has not yet publicly announced any 
plan for how they intend to assist in monarch butterfly conservation. In the U.S., the Fish and 
Wildlife Service (FWS) launched a U.S. $3.2 million effort towards habitat enhancement but they 
have not addressed the need to strengthen the regulation of glyphosate herbicides or phase-out 
herbicide-resistant crops (Report on the Status of the Monarch Butterfly Migration, 2015). 
 
Bøhn & Lövei (2017) cite the situation with monarch butterfly populations in the USA as one 
example of how GM plants associated with simple pesticide-solutions are unable to solve complex 
agricultural problems and overlook important ecological and evolutionary factors. 
 
Furthermore, additional threats are already on the horizon: next-generation HT crops, with 
additional resistance to 2,4-D and dicamba, that were developed due to the evolution of glyphosate 
resistant weeds (see 6. Industry response) will probably exacerbate the decrease of common 
milkweed because: a) 2,4-D and dicamba both partially supress regrowth of common milkweed; b) 
most growers would supplement the selective herbicides 2,4-D and dicamba with glyphosate to 
effectively kill non-glyphosate resistant weeds; and c) 2,4-D and dicamba are expected to harm 
nectar-producing flowers that adult butterflies feed on (CFS, 2015a). 
 
The specific case of the monarch butterfly is also relevant for Europe, were RR crops ever to be 
grown there, as they inhabit Portugal and southern Spain along the Iberian Peninsula, and the 
Mediterranean habitat offers a suitable environment for monarch butterflies to proliferate 
(MonarchLab, 2014). Milkweed is naturalized in cultivated ground and dry grassland in various 
parts of central and southern Europe (CABI, 2011). Moreover, impacts on other species could occur 
in Europe through similar impacts on their habitat. For Germany, Hilbeck et al. (2008) identified 21 
lepidoptera species that only feed on one or a few specific weed species whose populations would 
be strongly influenced by the application of non-selective herbicides such as glyphosate and 
glufosinate associated with HT crops. One example is the Queen of Spain fritillary (Issoria lathonia) 
that is reported to exclusively feed on Viola arvensis. 
 

4.2.5. Pollinators 
 
About 75% of agricultural staple crops rely on pollination by insects, especially honeybees (Klein 
et al., 2007), making their preservation a critical issue for our food security. Agricultural 
intensification reduces the diversity and abundance of native bees (Kremen et al., 2002). 

 
A phenomenon called bee Colony Collapse Disorder (CCD) occurs when the majority of worker 
bees in a honey bee colony disappear. It has been documented all over the world (Potts et al., 
2010; Van der Zee et al., 2012; Van Engelsdorp et al., 2008). Exposure to insecticides has been 
named as one probable cause of this phenomenon, alongside other stresses on bee colonies, such 
as pathogens and climate change. It has been shown that insecticides such as neonicotinoids can 
contribute to colony weakening (see for example Sandrock et al., 2014). Consequently, in 2013, 
the EU commission tightly restricted the use of three neonicotinoids for a three-year period as a 
consequence of a risk assessment on the effects of neonicotinoids on honeybees conducted by 
the European Food Safety Agency (Regulation (EU) No 485/2013). In this section, we document 
evidence regarding the effects of glyphosate on pollinators, including bees. 
 
In addition to potential direct harmful effects of glyphosate-based herbicides on bees, damage to 
habitat should also be considered. For example, Strandberg et al. (2021) find that glyphosate spray-
drift has a significantly negative effect on the cumulative number of flowers on Trifolium pratense 
(red clover) and Lotus corniculatus (bird's-foot trefoil). The authors warn that lack of floral resources 
is known to be of major importance for pollinator declines. Fuchs et al. (2021) describe how 
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glyphosate residues can substantially interfere with plant resistance and the attraction of beneficial 
insects, both of which are essential elements in integrated pest management and healthy 
ecosystems. These authors review evidence showing how sublethal doses of glyphosate, in the 
form of persistent glyphosate residues in soils, can alter many physiological plant processes, 
including the regulation of plant defence responses by plant hormones. This substantially changes 
how plants interact with their biotic environment. See also Section 4.2.1 Farmland biodiversity and 
the UK Farm Scale Evaluations (FSEs) and Section 4.2.2 Land use and biodiversity. 

 
Tan et al. (2022) summarize research on the direct effects of glyphosate on honeybees, including 
effects on their behaviours, growth and development, metabolic processes, and immune defence. 
 
Research on other (non-pollinator) insect species is considered in Section 4.4. Impact on terrestrial 
organisms.  
 
The main observed effects on pollinators are discussed further below. 
 
i) Effect of glyphosate on survival and development of honey bees 
 
In a laboratory experiment, Dai et al. (2018) find chronic exposure to glyphosate at environmentally 
relevant concentrations to significantly decrease larval weight (0.8 or 4 mg/L) and larval survival (4 
mg/L) of honey bees. However, glyphosate had no effect on the developmental rate. Vázquez et 
al. (2018) confirmed the findings that chronic exposure to glyphosate at environmentally relevant 
levels decreases larval weight of in vitro reared honey bee larvae. A decreased larval weight is 
evidence of malnutrition. Contrary to Dai et al. (2018), they however find glyphosate, at 1.25-5.0 
mg/L of food, to affect development, with a higher proportion of larvae experiencing delayed 
moulting. They also found a varying susceptibility to glyphosate among colonies. The authors 
conclude: “Even if the in vitro procedure cannot be considered to completely reflect toxicity to larvae 
inside a hive, it can be considered as a reliable tool in a first step to determine subtle adverse 
effects. The impact of GLY-based herbicide formulations on the honey bee and the interaction with 
multiple factors such as pathogens, other pesticides or adverse environmental conditions, are 
unknown. However, our results suggest that the exposure to the active ingredient of these 
herbicides could affect brood development with unpredictable long-term consequences at the 
colony level.” In their subsequent study, Vázquez et al. (2020) again found a significant delay in 
development of larvae after being fed a sublethal dose of glyphosate in a chronic in an in vitro 
exposure experiment. They also found the 29% of bee larvae that displayed no observable signs 
of toxicity still showed transcriptional changes in multiple genes. They suggest an “enhanced 
catabolism and oxidative metabolism in honey bee larvae as a consequence of the sub-lethal 
exposure to GLY, even in absence of observable symptoms” and conclude: “A maladaptive 
physiological response in early stages in life cycle could lead to long-term negative effects on bee 
populations.” A recent meta-analysis, evaluating sixteen papers with 34 data-sets on bee mortaility, 
comes to the conclusion that glyphosate in ecologically relevant doses, or in doses recommended 
by the manufacturer for agricultural settings, is toxic to bees and might cause lethal effects. Chronic 
exposure seems to be more harmful (Battisti et al., 2021). 
 
 
ii) Effect of glyphosate formulations on mortality of various insect pollinators 
 
Several studies also looked at the effect of glyphosate-based formulations that are used in the field 
on insect pollinators. Abraham et al. (2018) find mortality of two social bee species (Apis mellifera 
and Hypotrigona ruspoli) to increase upon contact with the glyphosate formulation Sunphosate 360 
SL, freshly sprayed at the recommended concentration. Increasing the dose to twice the 
recommended concentration further increased mortality. Bees exposed to air-dried filter paper 
soaked with the glyphosate formulation, had a significant elevated mortality at twice the 
recommended concentration. The authors point out the importance of the timing of glyphosate 
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application to avoid insects getting in direct contact with the herbicide and keeping to label 
instructions. 
 
Seide et al. (2018) find that Roundup, at the highest dose commonly applied for weed control in 
Brazil, kills larvae of the stingless bee Melipone quadrifasciata, which are important pollinators for 
various crops in Brazil. Mortality was 100%, which is why no statement on potential effects of 
Roundup on developmental time could be made. Survival time in Roundup treatments was 
significantly lower than in the positive control with the neonicotinoid insectide Imidacloprid. A study 
from Iran suggests that both glyphosate and Roundup exhibit mortality in honey bees when fed 
sublethal concentrations over 10 days. The mortality rate of the Roundup treatment was on average 
twice as large as in the glyphosate treatment. The authors suggest, that the herbicide “may 
contribute to the phenomenon” of colony collapse disorder (Faghani and Rahimian, 2018). 
 
Straw et al. (2021) test direct spraying of bumble bees with Roundup products at recommended 
concentrations and below. They report high levels of mortality with different Roundup products. 
These findings are relevant because as the authors point out, “the guidance in the product's UK 
Environmental Information Sheet stating, “Roundup ProActive is of low toxicity to honeybees; there 
is no requirement to avoid application of the product when bees are foraging on flowering weeds 
in treated crops”. This means that on-label guidance explicitly allows application directly onto bees, 
along with spraying onto flowering weeds, which are frequently visited by bees (…). This means 
that the exposure bees will face is incredibly high, with no attempt being made to mitigate their 
exposure”. They further point out that exposure through herbicide tolerant GM soybean is probably 
significantly higher than through flowering weeds, as soybean flowers are an attractive resource 
for bees and spraying throughout the flowering period is allowed. As the high levels of mortality 
were not observed when applying glyphosate alone, the authors point out the importance of 
surfactance in the toxicity of herbicides to non-target organisms. Therefore, it is important to always 
test the actual herbicides used in the fields and not only the active ingredient, in this case 
glyphosate: “We suggest that the necessity to properly test pesticide effects on wildlife outweighs 
company rights to with- hold proprietary information.” See also Section 4.3.6. Impact of adjuvants 
on aquatic non-target organisms. 

 
iii) Sublethal effects of glyphosate and Roundup on honey bees and solitary wild bees 
 
A study conducted by Herbert et al. (2014) has investigated whether the herbicide glyphosate could 
also have sub-lethal effects on honey bees in chronic and acute exposure experiments. The 
glyphosate concentrations used were based on recommended levels for spraying and those 
measured in the environment. In the chronic exposure experiments laboratory reared bees were 
exposed to glyphosate during the first 15 days of the adult stage. The results showed that a 
prolonged exposure to sub-lethal concentrations of glyphosate led to a lower sensitivity to a nectar 
reward and impaired the ability to establish an association between an odour and a reward. The 
researchers concluded that glyphosate promotes an increase in sugar response threshold. Acute 
exposure to sub-lethal concentrations of glyphosate not only led to an impaired associative learning 
but also impaired retention of olfactory memory. The authors concluded that field-realistic doses of 
glyphosate could reduce sensitivity to nectar reward and lead to cognitive deficits on honeybees. 
As Herbert et al. (2014) found no effect on forage activity they speculated that glyphosate present 
in nectar would be constantly brought to the hives, accumulate and be fed to the larvae and young 
bees, having long-term negative consequences on colony performance. Goñalons & Farina (2018) 
study the effect of chronic joint exposure to field-realistic concentrations of the neonicotinoid 
insecticide imidacloprid and glyphosate on young adult honey bees. Young worker bees receive 
cues from outside the hive, especially through taste and smell. For example, honey bees extend 
their proboscis as a reflex in response to an appetitive stimulus such as nectar. In olfactory 
conditioning, bees are trained to associate an initially neutral odour with a sucrose reward and 
finally exhibit a conditioned response towards the odour alone. This study reports that both 
pesticides reduced sucrose responsiveness and had a negative effect on olfactory learning, 
confirming the findings of Herbert et al. (2014). Glyphosate also reduced food uptake during 
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rearing. The glyphosate concentration used in the study – which is equivalent to 2.08 mg kg−1 – is 
similar to the highest found in agricultural environments. Luo et al. (2021) used Roundup rather 
than pure glyphosate, creating a more realistic exposure scenario. Honey bees were chronically 
exposed to Roundup at 1/2x, 1x and 2x the recommended concentration. Luo et al. (2021) were 
able to confirm the findings of Herbert et al (2014) and Goñalons & Farina (2018) regarding reduced 
sucrose responsiveness, olfactory learning and memory ability. They also found a significant 
decline in water responsiveness and climbing ability of honey bees upon chronical exposure to 
Roundup. These obervations were all made at or below the recommended concentration. 
 
According to Helmer et al. (2014), field-realistic sublethal doses of glyphosate may also alter 
carotenoid or retinoid metabolism in honey bees. They found some diet-derived antioxidants such 
as β-carotene, a precursor of vitamin A, to decrease with increasing doses of glyphosate. These 
metabolic products are essential for biological functions such as vision, reproduction, larval 
development or immune system response. An imbalance could therefore affect honey bee health.  
 
Solitary wild bees of the genus Megachile, which are relevant for crop pollination, have been shown 
to not consider the presence of a glyphosate commercial formulation (RoundupÒ ControlMax) 
when selecting their nesting sites in an agroecosystem located in the Pampean region in Buenos 
Aires, Argentina (Graffigna et al., 2021). However, the number of brood cells per nests was 
significantly lower in traps treated with field relevant field relevant doses of the glyphosate 
formulation compared to the control. Furthermore, larvae completed their development four times 
less in nests treated with glyphosate formulation. The authors suggest that cognitive failure of 
nesting females, due to glyphosate exposure, could lead females to abandon established nests 
because they don’t find their way back after forage trips and/or that they die before finishing their 
nests  
 
Faita et al. (2018) found sublethal concentrations of Roundup to negatively affect the royal jelly-
producing glands of honey bees. Royal jelly is essential for feeding the offspring in their first larval 
days, as well as the queen throughout her entire life. The hypopharyngeal glands of bees fed with 
a sugar syrup mixed with pollen and Roundup, sustained physiological as well as mitochondrial 
damage. The authors discuss how the observed alterations could trigger damage to the 
development, maintenance and survival of bee colonies. Although the average weight of royal jelly 
was lower in the hives exposed to Roundup than in the control hives, the difference was not 
statistically significant. The reduction of royal jelly production in hives treated with Roundup, has 
however since been confirmed by Chaves et al. (2021). The authors suggest that the reduction in 
royal jelly “would certainly compromise the hive’s nutrition and social immunity”.  Faita et al. (2018) 
suggest that long-term studies on the nutritional quality of the royal jelly produced should be 
conducted. They also alert that in the field honey bees are exposed to multiple pesticides 
simultaneously which could potentially increase damage to the hypopharyngeal glands and royal 
jelly. They conclude: “Considering the importance of pollinators for the maintenance of the balance 
of different ecosystems (…), as well as for the production of food in agroecosystems and bee 
products, it is urgent that regulatory agencies and public policies take into account the evidence-
based adverse effects on bees that have been obtained by the independent scientific community.”  
Faita et al. (2022) conduct proteomic profiling of royal jelly produced by bees (Apis mellifera L.) 
exposed to food containing herbicide-based glyphosate (RoundUp). They report that glyphosate-
based herbicides down-regulate MRJP3 synthesis, which performs functions related to immunity, 
in royal jelly. 
 
Weidenmüller et al. (2022) find that whereas environmentally realistic exposure levels of 
glyphosate are not directly lethal to bumblebees, they decrease the ability of colony members to 
maintain required hive temperatures, which could lead indirectly to decline. 
 
 
iv) Effects of glyphosate on gut microbiota and pathogen defence 
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Bees rely on a specific gut microbiota for growth, detoxifying harmful molecules, immune system 
regulation and defence against pathogens and parasites. Since most bee gut bacteria contain the 
EPSPS enzyme, it is relevant to analyse the effects of glyphosate exposure on the bee gut 
symbionts and overall bee health. Dai et al. (2018) find glyphosate at 20 mg/L to siginifcantly 
decrease the intestinal bacterial diversity of honey bees. Similarly, Motta et al. (2018) find that 
glyphosate exposure at environmental relevant concentrations alters the honey bee gut microbiota, 
decreasing relative and absolute abundance of dominant gut microbiota species, and increasing 
mortality of bees exposed to the opportunistic pathogen Serratia marcenses. Bacterial species 
varied in susceptibility to glyphosate, with some species being able to tolerate high concentrations 
of glyphosate due to the presence of a class II EPSPS enzyme. Blot et al. (2019) confirmed the 
finding that glyphosate alters honeybee gut microbiota. In both studies, growth of Snodgrassella 
alvi was the most strongly affected. Blot et al. (2019) also confirmed that strains producting a 
glyphosate-resistant EPSPS are not negatively affected by glyphosate. Glyphosate had no effect 
on infection by the intestinal parasite Nosema ceranea. Almasri et al. (2021) however show that 
overlapping exposure to glyphosate and the fungicide difenoconazole at environmental 
concentrations, synergistically increase the adverse effect of N. ceranea infection on honey bee 
longevity and induced higher mortality. The authors suggest that the fungicide “may enhance the 
toxicity of glyphosate by inhibiting its metabolism”. These studies show that gut microbiota are 
important for protection against pathogens and glyphosate may enhance susceptibility of honey 
bees to some pathogens. Motta et al. (2020) further show that different routes of exposure to 
glyphosate-based herbicide can affect honey bees and their gut microbiota. They investigate the 
oral and topical effects of variable concentrations of glyphosate in herbicide formulation on the 
honey bee gut microbiota and health under laboratory and field conditions and find that the 
formulation, dissolved in sucrose syrup or water, affects the abundance of beneficial bacteria in the 
bee gut in a dose-dependent way. In their field experiments, glyphosate was detected in honey 
collected from exposed hives, and bees exposed to the formulation were more likely to disappear 
from the colony, once reintroduced after exposure. The authors report that, under field conditions, 
a single oral exposure to the herbicide formulation was enough to reduce the abundance of the 
beneficial bacteria Snodgrassella in the bee gut. This effect persisted in subsequent weeks during 
the experiments, regardless of whether further exposures occurred. They note that, in some trials, 
the effects of the formulation extended to other beneficial bacteria, such as Bifidobacterium, and 
persisted even one month after treatments ended. The authors conclude that glyphosate may affect 
the bees’ gut microbiota, with negative consequences for bee health, and that adjuvants in 
glyphosate-based herbicides may also enhance undesired effects. Motta et al. (2022) also report 
that exposure of honey bees to glyphosate can reduce the abundance of beneficial gut bacteria 
and lead to immune dysregulation. 

 
v) Combinatorial effects 
 
Almasri et al. studied how interactions of glyphosate with other pesticides and pathogens impact 
honey bee health. Almasri et al. (2020) show in a chronic 20-day exposure experiment that 
glyphosate at concentrations found in beehive matrices or lower, significantly reduces survial of 
winter honey bees. As in the study of Seide et al. (2018), exposure to the neonicotinoid insecticide 
imidacloprid was associated with a higher survial rate than exposure to glyphosate. Binary 
exposures to glyphosate and imidacloprid as well as the ternary mixture of glyphosate, imidacloprid 
and the fungicide difenocanzole further increased bee mortality in a synergistic, or subadditive 
manner (depending on the mixture and concentration). The authors also found impacts on the 
physiological state of honey bees, namely perturbations in the detoxification process, nervous 
system, metabolism, defence against oxidative stress, and immunity. They conclude: “These 
results demonstrate the importance of studying the effects of chemical cocktails based on low 
realistic exposure levels…”. Disruptions of the nervous system, detoxification system and immunity 
were also found when exposing honey bees infected with Nosema ceranae (a small, single-cell 
parasite) to environmental concentrations of glyphosate, the fungicide difenoconazole or both 
(Almasri et al., 2021). The authors conclude: “…the interactions of Nosema with pesticides could 
contribute over time to colony collapse due to alterantions in the behavior, foraging performance 
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and homing flights of honey bees” Almasri et al. (2022) chronically expose newly emerged honey 
bees to imidacloprid, glyphosate and difenoconazole, individually and in a ternary mixture, at an 
environmental concentration of 0.1 µg/L. In these experiments, the pesticides induced physiological 
disruption by directly altering the detoxification system, the antioxidant defences, and the 
metabolism of the host. In their review of the non-insecticide pesticide impacts on bees, Iwasaki & 
Hogendoorn (2021) point out that pollinators are rarely exposed to a single pesticide and that 
chemical interactions may enhance toxicity. However, most chemical combinations have only been 
studied once. They suggest: “To limit toxic effects on bees in agricultural landscapes, the potential 
for interactive effects through co-application should be available on pesticide labels wherever 
reasonable and possible, and taken into account in both research and industrial usage.”  
 
Pal et al. (2022) study the toxicity to winter honey bees of the pesticides imidacloprid, 
difenoconazole and glyphosate alone and in binary and ternary mixtures. They find that the toxicity 
of the pesticides greatly increased when they occurred as mixtures, and the highest mortalities 
were recorded at intermediate exposure concentrations of 0.1 and 1 µg/L. 

4.3. Impact on aquatic biodiversity 
 
Whilst agricultural soil is the main recipient for pesticides such as glyphosate-based formulations, 
water bodies adjacent to agricultural areas are usually the ultimate recipient for pesticide residues 
(Pereira et al., 2009). Pesticides can enter aquatic ecosystems via run-off, leaching processes, 
spray drift or by precipitation. Several studies indicate that glyphosate-based herbicides and their 
primary metabolite AMPA are abundant in water bodies in countries where RR crops are grown 
(see Section 4.1. Increased environmental occurrence of glyphosate and AMPA). Thus, 
environmental risk assessment of pesticides requires examination of effects on aquatic non-target 
species as well as terrestrial ones.  
 
In the scientific literature, adverse impacts of glyphosate, commercial glyphosate-based 
formulations and AMPA on a wide number of aquatic non-target organisms are known. Studies 
show direct toxic effects, as well as implications for the aquatic biodiversity and the functioning of 
the aquatic ecosystem at environmentally relevant concentrations. Although evidence is continually 
growing, it has been clear for many years that glyphosate-based herbicides harm aquatic 
ecosystems. For example, an outdoor mesocosm experiment, including algae and 25 species of 
animals, simulated the impact of direct overspray of insecticides and herbicides on a wetland. 
Roundup decreased overall species richness by 22%, as well as predator and large herbivore 
biomass when added at the recommended maximum application rate (3.8 mg a.i./L) (Relyea, 
2005a).  
 
Focusing on European Union regulation of pesticide and water policy affecting aquatic 
environments, Hendlin et al. (2020) argue that the effects of glyphosate on fresh and ground water, 
and on aquatic biodiversity, have not received sufficient attention as legitimate rationales for 
regulating the chemical. Glyphosate may also impact aquatic environments in other ways. A study 
led by Ohio Northern University chemistry professor Christopher Spiese, presented at a 2016 
conference, links farmers’ use of glyphosate to dissolved phosphorus in soils (No-Till Farmer, 
2016). Mobilization and runoff of phosphorus to streams and lakes is associated with toxic algae 
blooms in Lake Erie and elsewhere. More research is needed to confirm these findings. 
 
Pérez et al. (2012) review a vast number of studies on direct toxicity of different glyphosate-based 
formulations on different groups of aquatic organisms (algae, aquatic plants, protozoa, 
crustaceans, molluscs, amphibians and fish), each playing a pivotal role for the functioning of an 
aquatic ecosystem. They conclude that glyphosate-based formulations are hazardous to the 
aquatic environment, with several of the reviewed studies reporting significant effects at 
concentrations lower than the estimated expected environmental concentration of 2.6 mg a.i./L 
(milligrams of active ingredient per litre). Snails and worms for example showed significant effects 
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in growth, reproduction and metabolism at concentrations below 1 mg/L of glyphosate and 
crustaceans showed lethal effects at concentrations lower than 3 mg a.i./L of Roundup. 
 
Gonçalves et al. (2019) also review the ecotoxicological effects of glyphosate-based herbicides 
(GBHs) on aquatic environments. They discuss how glyphosate in the aquatic environment can 
cause the death of aquatic plants (the macrophyte community), which provide a habitat for plankton 
and algae and act as a refuge and feeding habitat for fish. The damage caused by glyphosate on 
the aquatic plant community ranges from the death of the plant itself to the reduction of biodiversity 
and imbalance in ecosystems. Aquatic invertebrates vary in their sensitivity to GBH. 
Microinvertebrates (less than 35 μm in size) play a key role in aquatic ecosystems and GBHs can 
cause negative impacts on the process of recolonization from resting egg banks as well as shifts 
in community composition. Fish species are particularly vulnerable to GBH and in general, the 
surfactant and the commercial formulation in GBHs show higher toxicity than glyphosate alone. 
Amphibians, reptiles and aquatic birds and mammals may also be impacted. These authors note 
that under Brazilian law, populations of yellowtail tetra fish (A. lacustris) are not safe since sperm 
cells of this species are dead in lower concentrations than 65 μg L−1 (the legal limit for relevant 
water bodies), whereas the USA allows a much higher lmit of 700 μg L−1 in water bodies, and 
Canada allows 280 μg L−1 in drinking water. 
 
In a systematic literature review of glyphosate concentrations in freshwater ecosystems worldwide, 
Brovini et al. (2021b) identify 73 articles on freshwater ecosystems from 21 countries. These 
authors find that glyphosate may pose a moderate to high risk in 95% of the countries investigated, 
reaching a maximum concentration of 105 mg L-1. In their risk analysis, glyphosate concentrations 
below 0.1 μg L-1 represent a low risk, whereas glyphosate concentrations above 1 μg L-1, which is 
below the limit established by some countries’ legislation, represent a high risk to aquatic 
organisms. 
 
Yu et al. (2021) study the effects of microplastics and glyphosate on the aquatic plant species 
Salvinia cucullate (a warm-water floating fern), finding evidence of ecotoxic effects, physical 
damage and oxidative stress. They conclude that pervasive microplastics and herbicide 
contamination in freshwater may potentially affect the growth of aquatic plants. 
 
Tresnakova et al. (2021) conduct a further review of the effects of glyphosate and AMPA on aquatic 
organisms. They find that the toxic effect of glyphosate and its major metabolite AMPA has been 
found to influence growth, early development, oxidative stress biomarkers, antioxidant enzymes, 
haematological, and biochemical plasma indices and also caused histopathological changes in 
aquatic organisms. The results of the studies summarized in this review indicate that glyphosate 
(GLY) mainly caused oxidative stress, and affected antioxidant enzymes, blood parameters, and 
caused several histopathologic changes in the gills, liver, and kidneys, genotoxicity, 
immunotoxicity, and cardiotoxicity in fish and oxidative stress, antioxidant enzymes, and 
haemocyte parameters in mussels. These authors note that there are many gaps in the scientific 
literature. AMPA may cause genotoxicity and immunotoxicity in fish, adverse changes in 
haemolymph parameters, effects on mussels’ antioxidant enzymes, and developmental delay and 
survival of tadpoles. 
 
In a broader review of reproductive toxicity due to herbicide exposure in freshwater organisms 
(which includes, but is not limited to glyphosate), Yang et al. (2021) highlight the reproductive 
toxicity of herbicides found in a variety of freshwater environments. They note that, in freshwater, 
mussels, snails, frogs, and fish, are exposed to various types and concentrations of herbicides. 
Invertebrates are sensitive to herbicide exposure because their defence systems are incomplete, 
whereas fish show high bioaccumulation of herbicides because they are at the top of the food chain. 
They conclude that herbicide exposure causes reproductive toxicity and population declines in 
freshwater organisms and further contamination of fish used for consumption poses a risk to human 
health. 
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Demirci (2022) evaluates the toxic effect of the herbicide glyphosate together with an insecticide 
and fungicide, alone and as a mixture, on the aquatic organism Gammarus lacustris (which lives 
as a scavenger in ponds), using biochemical markers. The results of this study show the potential 
for increased toxicity in organisms exposed to pesticide mixtures. However, little research has been 
done on the effects of mixtures of pesticides on aquatic organisms. 
 
In the following sections, we highlight evidence regarding the adverse effects of glyphosate-based 
herbicides on various aquatic species. 

4.3.1. Amphibians 
 
41% of amphibians face the threat of extinction, making them the most endangered vertebrates in 
the world (Monastersky, 2014). Due to their particular life-cycle (aquatic external fertilisation, eggs 
without shell, metamorphosis) and high skin permeability, amphibians are more vulnerable to 
aquatic contaminants and depend on water ecosystem quality. Therefore, amphibians are key 
bioindicator organisms for diagnosing the state of an ecosystem (Slaby et al. 2020; Riaño et al. 
2020) and it has been suggested that pesticide pollution is one of the major causes for declines in 
anurans (frogs and toads) (Davidson, 2004; Mann et al. 2009; Sparling and Fellers, 2009). 
Amphibians may be particularly susceptible because they often breed in shallow fresh waters, 
which can contain higher pesticide concentrations, and surveys of natural populations have shown 
correlations between population declines and proximity to agricultural lands (Mann et al., 2009). 
Brodeur et al (2011) for example found reduced body size and significant enzymatic alternations in 
four adult anuran species inhabiting GM soy production areas in the humid pampas of Argentina, 
compared to uncultivated natural reserves not receiving agricultural pesticides. Although it remains 
difficult to causatively link pesticide use to the observed effects in survey studies, the observed 
correlation has pointed to the urgent need for more research on the subject.  
 
Amphibians exploit both aquatic and terrestrial habitats, therefore exposure to glyphosate in either 
of these habitats may be relevant. 
 

4.3.1.1. Impact of glyphosate on amphibians 
 
A number of studies have considered the effects of glyphosate and glyphosate-based herbicides 
on amphibians, finding direct toxic as well as sublethal effects, including developmental, 
physiological, morphological and behavioral effects.  
 
In their review on the potential impacts of glyphosate-based herbicides on amphibians, Wagner et 
al. (2013), conclude that the impact of glyphosate on amphibians generally depends on the 
herbicide formulation, the taxa and life stage. Therefore, amphibian risk assessment has to be 
conducted in a case-specific way (Wagner et al. 2013). 
 
In an outdoor mesocosm experiment, Roundup had a direct toxic effect on tadpoles, reducing 
overall tadpole richness by 70%, completely exterminating two tadpole species (Leopard frogs, 
Rana pipiens and Gray tree frogs, Hyla versicolor) and reducing one species (Wood frogs, Rana 
sylvatica) to two percent. As no negative impact of Roundup on the tadpoles food resources 
(periphyton) was found and much of the tadpole mortality occurred within the first 24 hours, it was 
concluded that Roundup had a direct toxic effect on tadpoles and an indirect negative impact on 
predators through the trophic cascade (Relyea, 2005a). Direct toxic effects on tadpoles were 
confirmed in further outdoor mesocosm experiments. Relyea (2005b) recorded only 2% frog and 
toad tadpole survival after Roundup application at 3.8 mg a.i./L for 3 weeks. When Roundup 
application rate was reduced to approximately one third of the preceding study (1.3 mg a.i./L), the 
authors still found a 40% decrease of total tadpole survival and biomass in the absence of 
predators. In the presence of newts, Roundup caused an additional 21% reduction in leopard frog 
survival (Relyea et al., 2005). The authors conclude that substantially lower than the maximum 
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expected concentrations of Roundup can still have a major impact on tadpole survival. Estimating 
the median lethal dose of Roundup for 6 tadpole species, (Relyea, 2005c) find in a laboratory 
experiment that Roundup is moderately to highly toxic to these amphibians. They also suggest a 
synergistic interaction of predatory stress and Roundup. Roundup is twice as lethal in the presence 
of predators compared to without predators against wood frog tadpoles. This is relevant because 
predators are usually present in the wild. However, dynamics are more complex in the wild. Relyea 
(2012, 2018), shows that the presence of predators could lead some tadpoles to avoid surface 
waters, where herbicide concentration is higher when temperature stratification occurs. Gabor et 
al. (2019), on the other hand, found evidence that environmentally relevant concentrations of 
glyphosate in combination with the glucocorticoid stess hormone, corticosterone (CORT) may act 
as an infodisruptor and prevent adaptive antipredator repsonses in tadpoles of the Gulf coast toad 
Inicilius nebulifer. Environmental pollutants such as glyphosate often act as endocrine disruptors 
that affect hormones and internal communication in organisms (see also Section 5.5.4. Endocrine 
disruption and reproductive health). CORT may become elevated in amphibians when exposed to 
pollutants and in the presence of predators. This may lead to altered immunosuppression and 
ultimately population declines. In some cases, impacts of lethal predators may also exceed those 
of herbicides. In the presence of uncaged lethal predators, the mortaility of three tadpole species 
was similar to or higher than that caused by the herbicide alone (Relyea, 2018). The author 
however stresses that it is important to note that a) the predators used in this experiment belong to 
the most lethal invertebrate predators in wetlands and b) that there are some wetlands that contain 
few or no predators. Under such circumstances, the mortality caused by higher herbicide 
concentrations are likely to exceed the mortality caused by other species of lethal predators.  
 
It is known that predators induce morphological changes in a wide range of amphibian tadpoles, 
such as deeper tails, that help them to better escape from predators (Van Buskirk et al. 1997, Van 
Buskirk 2002). Relyea (2012) discovered that glyphosate can induce similar morphological defence 
changes in two tadpole species (wood frogs and leopard frogs). The effects were additive when 
combining predator cues and the herbicide, such that even larger morphological defences were 
produced. Another defence mechanism is behavioral adaptation. Jones et al. (2011) report that 
competitive stress can make Roundup more deadly to larval amphibians. They use outdoor 
mesocosms containing three tadpole species that were exposed to a factorial combination of three 
glyphosate concentrations and three tadpole densities (low, medium, or high). They find that 
increased tadpole density caused declines in tadpole growth, but also makes the herbicide 
significantly more lethal to one species, bullfrogs (R. catesbeiana).  
 
Leeb et al. (2020) find evidence that juvenile common toads (bufo bufo) avoid the glyphosate 
formulation Taifun® forte at maximum recommended field rates for vine. The authors suggest that 
such avoidance behaviour might lead to chemical landscape fragmentation and associated 
reduced gene flow between amphibian populations. 
 
Wagner et al. (2017) find that larvae of European Common Frogs (Rana Temporaria) from forest 
populations are more sensitive to a commonly used glyphosate-based herbicide compared with 
individuals from agrarian land. Effects of the glyphosate-based herbicide were stronger for earlier 
larval stages compared with later larval stages, suggesting higher risk of mortality in the spring 
(when early larvae are present in breeding ponds). Nearly all test concentrations caused retarded 
growth. Burraco and Gomez-Mestre (2016) study the physiological stress response in spadefoot 
toad tadpoles (Pelobates cultripes) to three levels of a series of stressors: salinity (0, 6, and 9 ppt), 
herbicide (0, 1, and 2 mg/L acid equivalent of glyphosate), water acidity (pH 4.5, 7.0, and 9.5), 
predators (absent, native, and invasive), and temperature (217, 257, and 297C). They find that 
salinity and herbicides cause dramatic physiological changes in tadpoles and pose serious threats 
to larval amphibians even at nonlethal concentrations. Krynak et al. (2017) study the effects of the 
glyphosate-based herbicide Rodeo (produced by Dow AgroSciences) on the Blanchard's Cricket 
Frog (Acris blanchardi), a declining North American amphibian species. They find a 37% decrease 
in survival of larvae exposed to an environmentally relevant concerntration of 2.5 mg L−1 (acid 
equivalent) compared to controls. This effect is not predicted by the results of acute analyses of 
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glyphosate toxicity. They also find that glyphosate-based herbicide use may indirectly contribute to 
disease-related amphibian declines by altering the skin bacterial community that can provide 
pathogen resistance.  
 
In Colombia, where glyphosate is the most used agrochemical, environmentally plausible 
concentrations of the commercial formulation Roundup Active®, led to concentration dependent-
histopathological alterations in the liver of the Colombian endemic frog Dendropsophus molitor after 
one month of exposure (Riaño et al. 2020). The authors conclude that chronic exposure to sublethal 
concentrations of glyphosate-based herbicides can affect liver function, which is the most important 
organ in detoxification processes. Slaby et al. (2020). investigated the effects of glyphosate and its 
commercial formulation Roundup® GT Max on an essential and early step of amphibian 
reproduction, oocyte (egg) maturation. Their results show that this hormone-dependent process 
was seriously disturbed by both pure glyphosate and the formulation in Xenopus laevis. The 
authors also observed a number of severe and particular abnormalities, such as double spindle 
formation, which may prevent fertilisation. Herek et al. (2021) report cytotoxic and genotoxic 
damage of Roundup at environmentally relevant concentrations on tadpoles of two native South 
American amphibian species, Physalaemus cuvieri and Physalaemus gracilis. Moutinho et al. 
(2020) report 15% mortaility of Boana pardalis tadpoles after exposure to glyphosate at a 
concentration relevant for Brazilian sugar cane production sites. 
 
Babalola et al. (2021) expose embryos of the African clawed frog (Xenopus laevis) to three 
glyphosate-based herbicides. The exposure concentrations ranged between 0.2–0.6 mg/L, 0.9–28 
mg/L and 90–280 mg/L for Roundup, Enviro Glyphosate, and Kilo Max, respectively. This study 
reports reproductive malformations including mixed sex, translucence, aplasia, segmented 
hypertrophy and segmented aplasia and translucence. These authors conclude that their results 
indicate that some of the glyphosate formulations have the capacity to cause widespread 
reproductive malformations in a way that could reduce the reproductive fitness of this species. They 
suggest that the observed impaired gonadal development in this study is possibly associated with 
endocrine disruption by the glyphosate formulations (see also Section 5.5.4. Endocrine disruption 
and reproductive health). 

4.3.1.2. Impact of multiple environmental pollutants on amphibians 
 
To address the problem of glyphosate resistant weeds, the industry has developed new GM 
herbicide tolerant crops with resistances to 2,4-D, dicamba, and isoxaflutole in addition to 
glyphosate (see Section 6. Industry response and Section 7. Environmental and health effects of 
other herbicides). It is thus important to also assess the combinatorial effects of herbicide mixtures 
as well as other aquatic pollutants to amphibians.  
 
Soloneski et al. (2016) study the effects of a mixture of glyphosate- and dicamba-based herbicides 
on the larvae of a species of toad found in Argentina (Rhinella arenarum). This study is relevant to 
the cultivation of newer herbicide-tolerant crops, which have been genetically engineered to be 
tolerant to both glyphosate and dicamba. It provides the first experimental evidence of acute lethal 
and sublethal effects exerted by dicamba on this species. In the mixture, both herbicides induced 
DNA damage in the cells assayed at higher frequencies than those observed for each pesticide 
alone, thereby indicating that these herbicides act synergistically when applied together. The 
authors conclude that because mixtures of dicamba and glyphosate herbicides produce synergistic 
DNA damage, they could magnify these effects inside freshwater amphibian populations and harm 
the tadpoles’ survival.  
 
The first study to look at chronic effects caused by glyphosate plus 2,4-D mixtures on amphibians, 
finds that concentrations found in natural environments and allowed in Brazilian waters affected 
swimming activity, and caused nuclear alternations and damage to body structures (mouth and 
intestine) in Boana faber and Leptodactylus latrans tadpoles, two species widely distributed in 
South America and found close to agricultural areas. The effects were species-specific with L. 
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latrans being more sensitive to the mixture than B. faber. In L. latrans body length and mass was 
also decreased (Pavan et al. 2021).  
 
Peluso et al. (2021) find environmentally realistic non-equitoxic mixtures of the glyphosate-based 
herbicide ANTANORÒ and and the 2,4-D-based herbicide Así Max 50Ò to have additive or 
synergistic effects on larvae of Rhinella arenarum (a species of toad), depending on the 
concentration and exposure time. The authors also point out that the herbicide interactions further 
depend on the compound form. They conclude: “This fact highlights the need to assess mixture 
toxicity not only at different proportions of each compound and at different effect level but also at 
chronic exposure times since they are more environmentally accurate.” An observational study in 
the central Brazilian Amazon finds malformations in three species of Leptodactylus frogs and local 
extinctions of Scinax ruber (red-snouted treefrog) and Rhinella marina (cane toad) from 
reproductive sites close to a 3.6-ha area of pasture after 2L of Roundup (200 mL per 20 L of water) 
and 120 mL of Disparo, a herbicide containing 2,4-D and Picloram (60 ML per 20 L of water), were 
applied (Ferrante and Fearnside, 2020). A smaller area of the pasture was also treated with an 
additional herbicide. The authors exclude alternative hypotheses to explain the morphological 
anomalities and warn of long-term effects on amphibian populations. Although the contribution of 
each individual active ingredient to the observed effects is not known, this study adds to the warning 
signs that the cultivation of newer herbicide-tolerant crops, which have been genetically engineered 
to be tolerant to both glyphosate and 2,4-D, may have additional negative impacts on amphibian 
species. Further studies also find combinatorial and synergistic effects, including genotoxic effects, 
disruption of gut microbiota, morphological abnormalities and several further sublethal 
developmental effects of glyphosate and different environmental pollutants (including herbicides, 
insecticies and antibiotics) on tadpoles of Rhinella arenarum (Carvalho et al., 2019a; Boccioni et 
al. 2021).  
 
Microplastics have been reported to exacerbate the problems of pesticide exposure. They can carry 
pesticides through long distances in wetlands, acting as pesticide vectors. Lajmanovich et al. 
(2022) study the combined exposure of microplastics and glyphosate or glufosinate (GA), 
respectively on tadpoles of the Striped-snouted tree frog, Scianx squalirostris. They find 
polyethylene microplastic particles to increase ecotoxicity of both formulations, especially in the 
case of glufosinate. They conclude: “There is an urgent need to transform the current agro-
industrial model based on the use of herbicides such as GLY and GA for transgenic crops, which 
generates thousands of tons of grains that are accumulated due to financial speculation in plastic 
silo-bags, into an agroecological model that could safeguard the health of ecosystems.” 

 
Some studies indicate that commercial pesticide formulations are more toxic to amphibians than 
the active ingredient alone: these studies are discussed in Section 4.3.6. Impact of adjuvants on 
aquatic non-target organisms). 

4.3.2. Fish 
 
Fish are considered particularly sensitive to environmental pollutants and are a crucial indicator of 
the ecological integritiy of aquatic systems (Chovanec et al., 2003; Atamaniuk et al., 2013). 
Zebrafish, Danio rerio is a model organism classically used in ecotoxicology to study acute lethal 
and chronic sub-lethal effects of xenobiotics in fish (Davico et al., 2021; Faria et al., 2021; Fiorino 
et al., 2018). Another good biological model for toxicological investigations related to pesticide 
toxicity is the goldfish, Carassius auratus L. (Atamaniuk et a., 2013). 

4.3.2.1. Impact of glyphosate on fish 
 
A number of studies have investigated the effects of glyphosate and/or glyphosate-based 
herbicides, such as Roundup, on fish. A variety of negative effects including developmental toxicity, 
reproductive toxicity and neurotoxicity have been demonstrated in the model organism Danio rerio, 
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as well as in many other fish species, including some important food species and endangered 
species. 
 
Zhang et al. (2021a) find glyphosate and AMPA, one of its primary degradation products, at typical 
environmental residual concentrations, to exert developmental toxicity in zebrafish embryos and 
larvae. Exposure to 10, 100 and 700 µg/L glyphosate or AMPA significantly reduced survival and 
hatching rates of zebrafish embryos and induced a series of developmental malformations. With 
increasing exposure dose, defects in cardiac development and function, as well as percentage of 
apoptotic cells (cells programmed to die) appeared. These were related to changes changes found 
in expression of several genes that are involved in cardiac development and apoptosis 
(programmed cell death), “Our results suggest that more attention be given to the toxicity of AMPA 
along with that of GLY, and their corresponding synergy requires further study.” Similarly, Sulukan 
et al. (2017) find that glyphosate (GLY) exposure causes several types of developmental 
malformations in zebrafish in a dose-dependent manner. They associate the observed body 
malformations with cellular apoptosis (cell death) caused by reactive oxygen species (ROS) and 
inhibition of the carbonic anhydrase enzyme (CA), as a result of glyphosate treatment. Fiorino et 
al. (2018) show increased mortality and some occurences of malformations in early stages of 
zebrafish and common carp (Cyprinus carpio) at glyphosate concentrations as low as 0.005 mg/l. 
The authors find common carp to be more sensitive to acute exposure to glyphosate than zebrafish, 
with higher malformation rates and a delay in development. Another study on early development 
on common carp, finds low concentrations of Roundup to reduce egg swelling, survival of embryos 
and quality of fish larvae (Lugowska, 2018).  
 
Liu et al. (2022b) study the developmental toxicity of glyphosate on embryo-larval zebrafish (Danio 
rerio). The study indicates that glyphosate treatment can cause significant developmental toxicity, 
including premature hatching, decreased heartbeats, pericardial and yolk sac oedema (swelling), 
swim bladder deficiency, body malformation, and shorter body lengths. The authors conclude that 
their findings show that glyphosate affects the early life stages of zebrafish and provide insight into 
the mechanisms of glyphosate toxicity in fish. 
 
Kelly et al. (2010) investigate the independent and combined effects of exposure to glyphosate and 
the trematode parasite Telogaster opisthorchis on the survival and development of spinal 
malformations in juvenile Galaxias anomalus, a New Zealand freshwater fish. Survival of juvenile 
fish was unaffected by exposure to glyphosate alone (at an environmentally relevant concentration; 
0.36 mg a.i. L-1) or by T. opisthorchis infection alone. However, simultaneous exposure to infection 
and glyphosate significantly reduced fish survival. Zebral et al. (2017) study the South American 
fish known as pejerrey (Odontesthes Humensis). They report that exposure to high concentrations 
of Roundup (5.43 mg a.e./L) for 96 h causes high mortality rates of fish embryos, but lower 
ecologically relevant concentrations have the potential to produce morphological alterations. 
Roundup exposure for up to 72 h did not induce developmental disturbances or retardation in this 
study but exposure to the herbicide for a longer period of time (96 h) induced morphological effects. 
Zebral et al. (2018) find that Roundup exposure leads to negative outcomes in reproduction, 
embryonic development and embryonic upper thermal tolerance in the fish Austrolebias 
nigrofasciatus, an endangered annual fish species endemic to Southern Brazil. Annual fish live in 
Central and South America in ephemeral wetlands that completely dry out annually. During the 
periods of drought, all the adult individuals die and the fish populations are maintained by embryos 
that can survive drying out whilst buried in the mud. This study demonstrates that 96 h exposure 
to the low and environmentally relevant Roundup concentration of 0.36 mg a. e./L can reduce fish 
fertility and embryonic thermal tolerance. This is important because the embryos of annual fish 
need to survive high temperatures and the adult fish need to continually reproduce until they die in 
the next dry season.  
 
Pompermaier et al. (2022) report impaired initial development and behavior in zebrafish exposed 
to environmentally relevant concentrations of widely used pesticides. In these experiments, 
exposure to GBH decreases survival of embryos, causes hypermobility and anxiolytic behaviour in 
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embryos and larvae, negatively affects the anti-predatory behavior of the larvae, and increases 
acetylcholinesterase activity. 

 
As a major site of gas exchange, fish gills are in contiuous close contact with the aquatic 
environment and its pollutants. Santos-Silva et al. (2021) find Roundup alone or in combination 
with the organosphophate Temephos and/or Sodium Dedecil Sulfate to cause adaptive changes in 
zebrafish gills. Pesticide concentrations were based on environmental findings. Severe alterations 
in gill ultrastructure were also demonstrated in pejerrey fish (Odontesthes bonariensis) upon 
subchronic exposure to a glyphosate-based herbicide at 1 and 10 mg/L, respectively (Menéndez-
Helman et al., 2020). De Moura (2017) study the effects of RoundUp on the hybrid fish jundiara 
(Leiarius marmoratus × Pseudoplatystoma reticulatum), finding significant alterations in metabolic 
and hematological processes. Dos Santos et al. (2017) find that a glyphosate-based herbicide 
induces histomorphological and protein expression changes in the liver of the female guppy 
Poecilia reticulate. The results indicate that the GBH at 1.8 mg of glyphosate L-1 induce the 
development of hepatic damage in P. reticulata, which is exposure-time dependent. They conclude 
that glyphosate-based herbicides cause inflammatory, regressive, vascular and progressive 
disorders in the liver of guppies. Bonifacio et al. (2016) study the river fish Cnesterodon 
decemmaculatus, from the Pampean region of South America. They study the toxicity of Clorfox 
and Roundup Max, the commercial formulations of chlorpyrifos and glyphosate, respectively, alone 
and in combination. They also report impacts of RoundUp on the liver, plus complex interactions 
and combined effects of the two pesticides on the liver and the brain. These authors conclude that 
the presence of these pesticides in freshwater systems could impose a risk for populations of this 
river fish. Similarly, Li et al. (2016a) report adverse effects of glyphosate on the brain, liver and 
kidney of goldfish (Carassius auratus). Significant perturbations in neurotransmitter equilibrium, 
energy metabolism as well as amino acid metabolism were observed in glyphosate dosed fish, 
which were associated with the toxicity of glyphosate. Uren Webster & Santos (2015) characterise 
and compare the global mechanisms of toxicity of glyphosate and Roundup in the liver of brown 
trout (Salmo trutta). They expose juvenile female brown trout to 0, 0.01, 0.5 and 10 mg/L of 
glyphosate and Roundup (glyphosate acid equivalent) for 14 days, and sequence 6 replicate liver 
samples from each treatment. They report transcriptional changes consistent with generation of 
oxidative stress and the widespread induction of compensatory cellular stress response pathways. 
The mechanisms of toxicity identified were similar across both glyphosate and Roundup 
treatments, including for environmentally relevant concentrations. 
 
Pesticide exposure, in general, can generate oxidative stress (a build up of potentially damaging 
oxygen reactive species) in animals. To determine whether glyphosate causes oxidative stress in 
the model organism Danio rerio (zebrafish), the effects of its exposure were evaluated by Lopes et 
al. (2016). They conclude that exposure to glyphosate promotes a physiological response in male 
D. rerio tissues (brain, muscle, and gills). In this study, glyphosate exposure caused an imbalance 
in the oxidative status and altered the cholinergic system in a tissue-dependent manner. The 
authors state that these results are consistent with the toxicity mechanisms previously described 
for the commercial formulation. Velasques et al. (2016) find that zebrafish exposure to Roundup 
alters oxidative status and causes a response in terms of antioxidant defence system gene 
expression. Specifically, Roundup exposure causes an alteration of the antioxidant status in 
zebrafish gills and liver. The glyphosate formulation ScoutÒ (0.065 and 1.0 mg/L) was found to 
induce neutrotoxic effects in zebrafish, including mitrochondrial dysfunction in brain cells, reduced 
brain cell viability and reactive species production. Mitochondrial dysfunction and oxidative stress 
play and important role in neurodegenerative diseases. The formulation also induced behavioral 
impairments at the lowest concentration. Exploratory activities were altered (position of the fish in 
the aquaria) (Pereira et al., 2018b). Similar behavioural changes upon exposure to a glyphosate-
based formulation were also found by da Costa Chaulet et al. (2019) however at higher 
concentrations (3 and 5 mg/L). The authors argue that such altered activity patterns influence the 
fishes’ ability to avoid or evade predators and may result in significant repercussions for the 
species. The effects seemed to be augmented when fish were additionally exposed to a fipronil-
based insecticide. Faria et al (2021) tested much lower, environmentally relevant concentrations of 
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glyphosate (0.3 and 3 µg/L) in a chronic exposure trial and also find glyphosate to have neurotoxic 
effects on zebrafish, including impairment of exploratory and social behaviors, that indicate 
increased anxiety. They further report evidence of changes in the antioxidant defence system and 
oxidative stress in adult zebrafish. Roundup-exposed adult zebrafish further demonstrated 
impairment in memory. These authors raise concerns about the potential for glyphosate and 
Roundup to affect wild fish populations, even at concentrations that are found in the environment 
and conclude: “Aggressive behavior and memory are very important regarding resources dispute, 
nesting sites dispute and mate dispute and this impairment could be very harmful to fish living in 
the wild” (Faria et al., 2021). Bridi et al. (2017) find that both glyphosate and Roundup below 1 mg/L 
alter behaviour in zebrafish such as swimming performance and aggressiveness. Similarly, Forner-
Piquer et al. (2021) also find glyphosate to significantly decrease swimming performance and to 
cause neurophysiological defects in zebrafish larvae at 1 mg/L or higher. In addition, exposure to 
a low dose of 1 µg/L changed expression of several genes involved in biological processes and 
molecular functions, indicating glyphosate-induced molecular vulnerability. For example, gene 
pathways directly involved in neuronal physiology and synaptic transmission were deregulated, 
which is in accordance with the observed negative neurophysiological outcome. The results also 
indicated morphological microglia modifications, as sign of neuro-inflammation. Furthermore, 
several genes related to mitochondria were altered, in accordance with previous findings of 
glyphosate-induced oxidative stress in zebrafish. Since zebrafish are used as a vertebrate model 
in human neurobehavioral studies, these results are also relevant for understanding risks of 
glyphsoate and glyphosate-based formulations on human health (see Section 5.5. Health effects 
of Glyphosate and Roundup). 
 
Sobjak et al. (2017) detect an acute effect of glyphosate throughout the early development of silver 
catfish (Rhamdia quelen), with a decrease in the antioxidant system control and neurotoxic effects. 
However, they observe a higher survival rate in the larvae of the treated group, possibly due to the 
effects of glyphosate on pathogens. Roundup was also found to greatly affect behavioral patterns 
in the livebearer Jenynsia multidentate, indicating a neurotoxic action of Roundup on Jenynsia 
multidentate (Sánchez et al., 2021). This fish naturally inhabits agricultural areas in southern Brazil 
and Argentina where the concentration used in this experiment (0.5 mg/L) is environmentally 
relevant in waterbodies. In this study, different Roundup formulations negatively affected swimming 
performance, long-term memory consolidation and the sexual activity of males in Jenynsia 
multidentate. One formulation negatively affected social interaction and two formulations increased 
time spent by the fish in the center of the open field test apparatus, which the authors consider as 
an indication of depression. The results show that different Roundup formulations varied in the 
severity of the effects indicating that the adjuvants present in the formulations have different targets 
of toxicity (see also Section 4.3.6. Impact of adjuvants on aquatic non-target organisms). Giaquinto 
et al. (2017) analyze the effects of commercial formulation of glyphosate on feeding behaviour in 
Pacu (Piaractus mesopotamicus), a South American freshwater fish. Fish were exposed to three 
glyphosate concentrations (0.2, 0.6, and 1.8 ppm) for 15 days. At concentrations of 0.2 and 0.6 
ppm, food intake decreased on day 13 and then returned to normal on day 15. At the highest 
glyphosate-based herbicide concentration, 1.8 ppm, food consumption decreased dramatically and 
did not recover on day 15. The authors conclude that this study shows that glyphosate-based 
herbicide at sub-lethal concentrations can affect feed intake in pacu and consequently inhibits its 
growth. Tapkir et al. (2019) argue that anthropogenic alterations in water chemistry, due to 
environmental contaminants such as glyphosate, has the potential to impair recognition of 
predators, which is based on odour signatures. They show that exposure to a sublethal 
concentration (0.5 mg/L) of Roundup for 3h or 15 days, respectively, impaires the recognition of 
conspecific alarm cues and subsequent alarm response in the prey fish spiny loach 
(Lepidocephalichthys thermalis). The authors further showed that Roundup deactivates conspecific 
alarm cues and dimishes associative learning for detection of predators. The behavioral 
suppression to detect conspecific alarm cues was time-dependant (fish exposed for 15 days 
showed higher levels of behavioral suppression than fish exposed for 3h) and transient, with fish 
recovering after two days. The authors discuss the possibility that the effect may be permanent 
with higher exposure levels and warn that “...due to the worldwide occurrence of glyphosate in 
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water bodies, glyphosate mediated behavioral suppression exposes the prey animals to a 
considerable risk of predation, both by native and non-native predators.” 
 
Lopes et al. (2014) find exposure to pure glyphosate for 24 and 96h at concentrations of 5 and 10 
mg/L to decrease sperm motility in model organisms Danio rerio (zebrafish). They conclude: “The 
results showed that glyphosate can induce harmful effects on reproductive parameters in D. rerio 
and that this change would reduce the fertility rate of these animals.” Davico et al. (2021) further 
find Roundup WGÒ (0.065 and 6.5 mg/L) to adversely affect ovarian maturation in zebrafish, which 
can lead to reproductive toxicity and ultimately comprise population dynamics. Decreased sperm 
quality upon glyphosate exposure has also been shown in other fish species. Akça et al. (2021) 
find glyphosate to disrupt sperm quality in rainbow trout (Oncorhynchus mykiss) and increase DNA 
fragmentation in sperm cells, at similar concentrations (2.5, 5 and 10 mg/L) to the study of Lopes 
et al. (2014). More concerning, are the findings of Gonçalves et al. (2018) who exposed yellowtail 
tetra fish (Astyanax lacustris) to environmental relevant concentrations (50, 300 and 1800 µg/l) of 
a glyphosate-based herbicide. They also find the herbicide to affect sperm quality. In particular, the 
herbicide reduced sperm viability and motility. They conclude: “...environmental protection 
agencies must review regulations of glyphosate-based herbicdes on water bodies”. In the study of 
Mohapatra et al. (2020), exposure to sublethal doses of glyphosate for 45 days resulted in 
deleterious alterations in testis, ovaries and liver structure, as well as haematological parameters 
of the climbing perch Anabas testudineus, an edible and commercial fish. Furthermore, a reduction 
in spawning performances (fertilization and hatching rate) was observed. The authors conclude 
that the herbicide could deleteriously impair reproductive fitness and could ultimately result in a 
reduction in growth and population size. They state: “Its [glyphosate’s] indiscriminate use might 
lead to an alarmingly reduced population or even extinction of many aquatic organisms. The 
consumption of contaminated fish could also result in health hazards in humans. Therefore, new 
regulatory mechanisms, judicious applications and public awareness are necessary for better 
survival of aquatic organisms.” (Mohapatra et al. 2020). 

 
A study conducted with rainbow trout (Oncorhynchus mykiss), finds transgenerational and 
intergenerational toxicity of an environmentally relevant concentration (1 µg/L) of glyphosate and 
two glyphosate-based formulations on rainbow trout. Exposure to previous generations negatively 
affected the early development of the F2 generation (the second filial generation, generated 
through inbreeding of the first filial, F1, individuals). Intergenerational exposure to pure glyphosate 
increased viral susceptibility of juveniles (Le Du-Carrée et al., 2021).  
 
Jia et al. (2022) study the livers of tilapia (Oreochromis niloticus) under chronic exposure to 
glyphosate. They find potential toxicity, mainly manifested as redox imbalance (imbalance between 
oxidants and antioxidants) and dysregulation of metabolism function, in the liver of tilapia after long-
term glyphosate exposure at 2 mg/L. 
 
De Maria et al. (2022) report endocrine, immune and renal toxicity in male largemouth bass after 
chronic exposure to glyphosate and the glyphosate-based herbicide Rodeo®. Using four fish in 
each tank, they expose adult male largemouth bass for 21 days to two doses of glyphosate and 
Rodeo® (chemically equivalent concentration of glyphosate) at 0.5 mg L−1 and 10 mg L−1 and to a 
clean water control. In these experiments, endocrine disruption was corroborated at the hormone 
and gene expression levels (see also Section 5.5.4. Endocrine disruption and reproductive health). 

4.3.2.2. Impact of glyphosate on reptiles 
 

Some studies have considered the impact of glyphosate may have on caimans (reptiles which live 
in marshes, swamps, rivers and lakes), often as part of a mixture of pesticides. 

 
López González et al. (2019) demonstrate genotoxicity of pesticide mixtures, including 
glyphosate, under conditions that simulate the real situation of exposure suffered by caiman 
and other wild species in Argentina. A subsequent two-month exposure experiment with 
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broad-snouted caiman (Caiman latirostris), simulating natural pesticide degradation in water, 
revealed that glyphosate-based formulations alone or in mixtures with different insecticides 
induce genotoxicity, immunotoxicity and oxidative stress in hatchlings. The authors highlight 
that: “Under field conditions, organisms can be exposed, in many cases, to different 
xenobiotics and other stress factors simultaneously, probably increasing the effects 
observed in controlled studies.” (López González et al., 2021). 
 
Odetti et al. (2020) conduct two similar experiments in consecutive years, in which broad-
snouted caiman (C. latirostris) eggs were exposed to pesticide formulations, including 
glyphosate, separately and in different mixtures through application on the incubation 
material. In blood samples taken after hatching, results indicated the presence of DNA 
damage, oxidation of purines and pyrimidines, and increased frequency of micronucleus, in 
the case of glyphosate and the other formulations, as well as in all the mixtures tested, with 
respect to the control groups. These authors conclude that they have demonstrated that the 
pesticides generated genotoxicity at concentrations and combinations recommended for 
application in agricultural activities, associated mainly with soybean crops. 

4.3.3. Aquatic invertebrates 
 
Matozzo et al. (2020) review the effects of glyphosate and its commercial formulations, such as 
Roundup, on marine invertebrates. Most studies in this review relate to marine molluscs, such as 
oysters (Crassostrea gigas and Crassostrea virginica), mussels (Mytilus galloprovincialis and 
Perna perna), clams (Ruditapes philippinarum and Ruditapes decussatus) and sea snails (Haliotis 
tuberculate). There are also some reported studies in crustacea (Artemia salina, Acartia tonsa, and 
the crabs Callinectes sapidus and Neohelice granulata), echinoderms, corals and polychaetes 
(bristle worms). The reviewers find that, generally, data obtained in acute toxicity tests indicate that 
glyphosate and its commercial formulations are lethal at high concentrations, which are not 
environmentally realistic, whereas results of long-lasting experiments indicate that glyphosate at 
lower levels can markedly affect biological responses of marine invertebrates. They argue that 
more efforts should be addressed at evaluating chronic or sub-chronic effects of such substances 
to marine invertebrate species. For example, Matozzo et al. (2018) demonstrate that glyphosate 
can affect both cellular and biochemical parameters in mussels, highlighting a potential risk for 
aquatic invertebrates. Similarly, Milan et al. (2018) find significant effects on gene expression in 
Mediterranean mussels (Mytilus galloprovincialis) even at low glyphosate concentrations of 10μg/L.  

 
Iori et al. (2020) assess the effects of glyphosate (GLY), its degradation product AMPA, and a 
mixture of both, on the mussel Mytilus galloprovincialis in a controlled experiment, using next-
generation sequencing to evaluate such effects at the molecular level in both the mussel and its 
microbiota. They report variable capacity of bacteria to proliferate in the presence of glyphosate 
and find a compromised physiological status of the mussel following exposure to AMPA and GLY, 
which may lead to significant microbiota modifications, as well as changes in response to 
pathogens. They conclude that, in addition to the direct toxicity on host-physiology, changes 
occurring in the host-microbial community must also be taken into consideration when considering 
adverse effects. Further illustrating the complexity of freshwater ecosystems, Lu et al. (2020) find 
that the addition of glyphosate in artificial freshwater microcosms did not strongly affect the aquatic 
microbial community composition but did alter the community’s transcription levels. 
Metatranscriptomic analyses indicated that the transcriptions of some cyanobacteria were 
significantly influenced by glyphosate. The authors suggest this might be potentially explained by 
the possibility that some microbes could alleviate glyphosate’s toxicity by utilizing glyphosate as a 
source of phosphorus (P). This is consistent with the findings of Wang et al. (2017a), who study 
marine, rather than freshwater, algae. These authors observe that, after more than 60 days, 
Prorocentrum donghaiense, a dinoflagellate known to cause major harmful algal blooms in the East 
China Sea, can grow in a medium with glyphosate as the sole P source. This study demonstrates 
that glyphosate could selectively promote the growth of particular groups of bacteria within an algal 
culture and that in glyphosate enriched coastal waters, this interaction may potentially further 
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facilitate the growth of algae. Xu et al. (2021) report that combined exposure to glyphosate and 
antibiotic contaminants promotes cyanobacterial growth at no-effect concentrations of single 
exposure. They conclude that this suggests an increased threat from combined contamination to 
aquatic ecosystems through promoting the formation of cyanobacterial bloom. 
 
It is important to evaluate not only lethality but also sub-lethal effects of glyphosate-based 
formulations, such as effects on growth, reproduction or metabolism, as they seem to be more 
sensitive indicators of effects and give more insights into pattern of toxicity (Battaglin, et al., 2014). 
Avigliano et al. (2014a) studied the effects of sub-lethal concentrations of glyphosate on chronically 
exposed early juvenile crayfish, Cherax quadricarinatus. In Argentina most farms of freshwater 
crayfish are close to agricultural crops and subject to contamination by glyphosate-based 
herbicides. The crayfish show reduced weight gain and protein and lipid reserves and the authors 
assign this to the chronic stress attributed with the herbicide exposure.  
 
Estuarine crabs (Neohelice granulata), that inhabitat the coast of Samborombón Bay in Argentina, 
are exposed to glyphosate and other herbicides via several rivers and channels that cross 
extensive agricultural areas and reach the Bay. Avigliano et al. (2014b), exposed egg-carrying 
females of the estuarine crab to both glyphosate and Roundup Ultramax at sub-lethal 
concentrations they assume could be found in runoff water from crop fields sprayed with 
glyphosate. This is relevant, because the crabs are known to be most severely exposed to these 
chemicals in summer during their reproductive period. Roundup exposure led to a significant 
reduction in the number of hatched larvae, indicating a clear embryonic mortality of the Roundup 
formulation. As these effects were not found for pure glyphosate, the authors assumed that 
Roundup compounds other than glyphosate may be responsible for the embryonic mortality (see 
Section 4.3.6. Impact of adjuvants on aquatic non-target organisms). Additionally, several 
abnormalities were reported in larvae hatched in both glyphosate and Roundup. The observed 
stimulation of egg maturation by glyphosate led the authors to assume that exposure to glyphosate 
disrupts the hormonal system that controls reproduction (see also Section 5.5.4. Endocrine 
disruption and reproductive health). Canosa et al. (2018) subsequently studied the effects of 
chronic Roundup exposure on ovarian growth over the 3-month pre-reproductive period in N. 
granulata crabs. They report significant impairments. Both concentrations used in the study were 
within the environmental range of glyphosate reported for several water bodies of Argentina. In 
vitro experimental results also showed an effect of glyphosate on ovarian growth. Additionally, 
Avigliano et al. (2018) find that exposure to pure glyphosate at concentrations relevant for 
Argentinian water bodies, harms ovarian growth during the pre-reproductive period in N. granulata 
in vivo (at 1 mg/l) and in vitro (at 0.2 mg/L). In accordance with Avigliano et al. (2014a), glyphosate 
also reduced weight gain of adult females at a low concentration (0.02 mg/L). Canosa et al. (2021) 
further investigate the possible interference of Roundup (0.2 mg/L) on the endocrine control of 
ovarian growth in N. granulata. They provide evidence that Roundup could stimulate the 
progesterone secretion exerted by the ovary and conclude that it is a possible endocrine disruptor 
affecting the functionality of progesterone-like hormones produced by the ovary of crustaceans. 
Rodríguez et al. (2021) review the evidence about the effect of glyphosate, both technical and 
formulated, on the ovarian maturation of Neohelice granulata female crabs, and the effects of 
glyphosate on sperm production in males. The concentrations used in the in vivo assays reported 
were within the environmental range of glyphosate reported for several water bodies of Argentina. 
In females, both formulated and technical glyphosate were able to produce a significant incidence 
of oocyte reabsorption in the ovary: despite this, glyphosate stimulated oocyte growth, suggesting 
that glyphosate could be acting as an endocrine disruptor. In male crabs, several reproductive 
imbalances were noted, such as a significant decrease of the sperm count, abnormal 
spermatophores, and possible disrupting effects of glyphosate on the androgenic gland. 
 
In a study of the effects of low concentrations of Roundup WG® on the shrimp species 
Macrobrachium potiuna, de Melo et al. (2019) found impacts on the endocrine systems of males, 
in the form of altered gene expressions.  
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Zhou et al. (2022) report that glyphosate disturbs coral calcification, meiosis and symbiont nutrient 
export in the coral Pocillopora damicornis. 
 
Ferreira-Junior et al. (2017) study the effects of Roundup on the freshwater insect Chironomus 
xanthus. They show that concentrations of glyphosate caused delayed emergence of females (at 
1.53 mg/L) and induced fast emergence of males (at 0.49 mg/L), compared to control treatment. 
They conclude that negative effects of environmentally relevant concentrations of glyphosate (0.7 
mg/L) occur on this insect’s growth and development. Females of C. xanthus were more sensitive 
to low concentrations of glyphosate. 
 
Gutierrez et al. (2017) find that the application of a glyphosate-based pesticide selectively affects 
the hatching dynamic of zooplankton egg banks, which suggests that these resting structures are 
highly sensitive to the toxicity of the pesticide. Andrade et al. (2021) suggest that adverse effects 
of glyphosate on zooplankton may be synergistic: in a mesocosm experiment, they found that the 
acute toxicity of a mixture of glyphosate and cypermethrin was 3 and 4 times higher than the 
isolated toxicities, respectively. 
 
Various studies also show negative impacts on the model organism Daphnia magna. In chronic 
exposure testing over the whole life-cycle of the fresh water flea species Daphnia magna, Cuhra 
et al. (2013) find a significant reduction of juvenile size at a concentration (from 0.05 mg/l) which is 
far below the current accepted maximum contaminant level for glyphosate in surface waters in the 
U.S (which is 0.7-1.0 mg/l), for both glyphosate and Roundup. They further show that chronic 
exposure to glyphosate at concentrations of 1.35 mg/l and Roundup at 0.45 mg/l could result in 
serious reproductive damage. These are levels close to or below the current US maximum 
contaminant level for glyphosate and RoundUp respectively. Cuhra el al. (2013) also observed 
negative impacts on growth, which became more evident with progressing time, emphasising the 
need to study the whole life cycle of non-target organisms. In a subsequent life-long feeding study 
with RR, conventional and organic soybeans, Cuhra et al. (2014) find D. magna fed with RR 
soybeans to consistently perform less well in terms of survival, growth and fecundity, than the 
animals fed either conventional or organic soybeans. They conclude that this was due to a 
difference in feed quality either because of the compositional differences between the soy types 
and/or because of the glyphosate and AMPA residues found in RR soy that were lacking in the 
conventional or organic soy samples (see also Bøhn et al., 2014 in Section 5.3. Impacts of GM 
crops and foods on the health of humans and farmed animals). To further investigate the effects of 
glyphosate and AMPA residues found in RR crops on the life-history traits of D. magna, Cuhra et 
al. (2015) conducted another life-long feeding study with soymeal diets containing a range of 
glyphosate residues. They find that high levels of glyphosate residues in the soybean feed tested 
correlated with 1) higher mortality, 2) reduced growth and fecundity in some parts of the life-cycle, 
3) delayed reproduction, and a reduced total number of offspring (Cuhra et al., 2015). Those 
residue levels are still below the current maximum residue level (MRLs) in the U.S. and found in 
“ready to market” soybeans. Still, evidence of the toxicity of glyphosate to non-target organisms 
often remains inconclusive. For the model organism Daphnia magna for example, different studies 
reported median lethal concentrations of glyphosate ranging from 13 mg/l up to 2000 mg/l (Cuhra 
et al., 2013). Cuhra et al. (2013) tested whether these differences can be attributed to varying 
sensitivities between D. magna with different backgrounds and levels of exposure to pesticides. 
However, they find a relatively uniform susceptibility to glyphosate and Roundup between all D. 
magna, with older individuals being more resistant. They attributed the varying results in scientific 
literature to different testing protocols, especially the glyphosate formulations. Some studies used 
the technical grade glyphosate, which is non-soluble in water. In fact, many studies on aquatic 
organisms suggest that variations in toxicity levels result from differences in the glyphosate 
formulations used (see Section 4.3.6. Impact of adjuvants on aquatic non-target organisms).  
 
Negative impacts may also be influenced by other pollutants in the environment. In a study of 
behavioural responses of juvenile Daphnia magna after exposure to glyphosate and glyphosate-
copper (Cu(II)) complexes, Hansen and Roslev (2016) report that glyphosate-Cu(II) complexes 
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were more toxic to D. magna than glyphosate alone. Sublethal concentrations resulted in 
decreases in swimming velocity, acceleration speed, and distance moved and the inactive time of 
D. magna increased. They note that glyphosate is a chelating agent that can form stable complexes 
with copper ions (see Section 3.1.3 Impact of fertilisers on glyphosate efficacy) and conclude that 
environmental metals can play a role in apparent glyphosate toxicity. Rodríguez-Miguel et al. 
(2021) further warn about multigenerational adverse effects on freshwater zooplankton. Since 
impacts on the parental generation can further impact the behaviour and health of the next 
generation, multigenerational exposure aims to investigate the long-term impact of pollutant on 
non-target organisms. In their study, Rodríguez-Miguel et al. (2021) find that the observed negative 
effects on Daphnia exilis upon exposure to sublethal concentrations of the glyphosate-based 
formulation FaenaÒ, are significantly higher in the first progeny than in the parental generation. 
Exposure to the glyphosate formulation for example almost completely inhibited reproduction in the 
progeny. The authors suggest that such an increased toxic response could contribute to the 
extinction of populations and recommend: “The frequently claimed low toxicity of glyphosate must 
be revised to control the indiscriminate use of this herbicide.” 
 
In a further study in Daphnia, Suppa et al. (2020) report that chronic exposure to ecologically 
relevant concentrations of glyphosate and Roundup, at the approved regulatory threshold for 
drinking water in the US, induce embryonic developmental failure, induce significant DNA damage 
(genotoxicity), and interfere with signaling. In addition, they find that chronic exposure to the 
weedkiller alters the gut microbiota functionality and composition. They conclude, “The impact of 
the weedkiller on this keystone species has cascading effects on aquatic food webs, affecting their 
ability to deliver critical ecosystem services”. 
 
Ramsdorf et al. (2021) highlight adverse transgenerational effects (on survival, reproductive 
capacity and oxidative stress) of a mixture of glyphosate and atrazine on Daphnia magna. They 
highlight the difficulties of assessing mixtures of herbicides, and the importance of considering 
effects across generations. 

4.3.4. Algae and periphyton 
 
Periphyton is the material growing under freshwaters, consisting of a community of algae, bacteria, 
fungi, and various invertebrates. Phytoplankton are microscopic algae which usually float in the 
upper part of oceans, or freshwater, where they are exposed to sunlight. 
 
Wang et al. (2016b) study the physiological effects of glyphosate on fourteen species of marine 
phytoplankton, representing five major coastal phytoplankton phyla (haptophyta, bacillariophyta, 
dinoflagellata, raphidophyta, and chlorophyta). They conclude that glyphosate could be used as 
nutrient (phosphorus) source by some species, is toxic to some other species and has no effects 
on others. Glyphosate could significantly inhibit the growth of the twelve out of the fourteen species. 
The authors suggest that the increasing concentration of glyphosate in coastal waters will likely 
exert significant impact on coastal marine phytoplankton community structure. 
 
Pizarro et al. (2016) explore the joint impact of glyphosate and the invasive golden mussel 
Limnoperna fortunei on freshwater phytoplankton, bacterioplankton and periphyton, and on the 
physical and chemical properties of the water. They find that the ability of mussels to reduce 
glyphosate in water may be valued as positive, but their results allow them to predict that the 
invasion of Limnoperna fortunei in natural freshwater systems contaminated by glyphosate will 
accelerate the negative impact of the herbicide associated with eutrophication (i.e. when the water 
becomes enriched with nutrients, which can cause harmful algal blooms). 
 
Carles et al. (2019) investigate the relationship between biofilms, phosphorus and glyphosate in 
French rivers. Seasonal fluctuations in glyphosate, AMPA and phosphorus concentrations were 
correlated, peaking in spring/summer shortly after pesticide spreading. They find that phosphorus 
not only is a key driver of river eutrophication but also can reduce complete glyphosate degradation 
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by biofilms and favour the accumulation of AMPA in river water. These authors conclude that the 
predominant role of biofilms and the trophic status of rivers must therefore be considered in order 
to better assess the fate and persistence of glyphosate. 
 
Vera et al. (2010) investigate the impact of Roundup on the periphyton (freshwater organisms 
attached or clinging to plants and other objects projecting above the bottom sediments). The 
experiment was carried out over 42 days in ten outdoor mesocosms of different typology in 
Argentina: ‘‘clear’’ waters with aquatic macrophytes and/or metaphyton and ‘‘turbid’’ waters with 
great occurrence of phytoplankton or suspended inorganic matter. The herbicide was added at 8 
mg L-1 of the active ingredient (glyphosate) in five mesocosms while five were left as controls 
(without Roundup addition). Total phosphorus significantly increased in treated mesocosms due to 
Roundup degradation what favored eutrophication process. It was observed that glyphosate 
produced a long-term shift in the typology of mesocosms, ‘‘clear’’ turning to ‘‘turbid’’, which is 
consistent with the regional trend in shallow lakes in the Pampa plain of Argentina. Gattás et al. 
(2018) study the joint impact of the glyphosate-based commercial formulation Roundup Max® and 
the invasive mussel Limnoperna fortunei on phytoplankton and water quality the Salto Grande 
reservoir in Argentina, in a 7-day experiment using 400 litre enclosures. A decrease in species 
diversity was observed in the enclosures treated with RoundUp Max and with mussels, with respect 
to controls. In the enclosure where invasive mussels and glyphosate were both applied, species 
diversity showed a significant decrease due to the explosive growth of a small and opportunistic 
Chlorophyta (green algae), Spermatozopsis exsultans. The concentration of RoundUp Max applied 
(5 mg L−1 of active ingredient (a.i.)) was relatively high, but the authors argue this represents a 
worst-case scenario and that their results may reflect short-term effects of an input of glyphosate 
into a water body after a fumigation event, and the joint presence of L. fortunei, an invasive species 
widely spread along the reservoir and the Río de la Plata basin.  
 
Tolerance to glyphosate is common among cyanobacteria (blue-green algae found in water), 
including harmful algal bloom-forming species. Dabney (2018) reports that at low concentrations, 
glyphosate stimulates growth of the harmful algae Prymnesium parvum through mechanisms 
caused by its degradation and consequent release of phosphorus. In this study, glyphosate and 
glyphosate-based herbicides show hormetic effects (low-dose stimulation and high-dose inhibition) 
on P. parvum growth at environmentally relevant concentrations, although the effect is reduced for 
forumlations containing a high proportion of inactive ingredients. This research suggests that 
glyphosate-contaminated runoff potentially contributes to incidences of algal bloom (Dabney & 
Patiño, 2018). Berman et al. (2020) survey 52 Pampean lakes and 24 Patagonian lakes. Lakes in 
the Pampas region of Argentina have been exposed to glyphosate for more than 30 years. The 
authors conclude that long-term agricultural practices relying on glyphosate-based technologies 
have had important effects on freshwater microbial communities, particularly by promoting 
increases in picocyanobacteria abundance. Picocyanobacteria are the smallest cyanobacteria, and 
may be a source of toxins. 

4.3.5 Aquatic mammals 
 
Manatees are large marine mammals, sometimes known as sea cows. The Florida manatee 
(Trichechus manatus latirostris) is a subspecies of the West Indian manatee (Trichechus manatus). 
Chronic exposure to glyphosate in Florida manatee has been studied by de Maria et al. (2021), 
who find that glyphosate and AMPA are ubiquitous in Florida water bodies. They note that Florida 
manatees were chronically exposed to glyphosate and AMPA, during and beyond the glyphosate 
applications to sugarcane in the area, possibly associated with multiple uses of glyphosate-based 
herbicides for other crops or to control aquatic weeds. This is the first study to quantify glyphosate 
and AMPA in marine mammals. 

4.3.6. Impact of adjuvants on aquatic non-target organisms 
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With the expiration of Monsanto’s patent on glyphosate in 2000 (Duke & Powles, 2008), many new 
glyphosate-based herbicides that all differ slightly in composition entered the market (Howe et al., 
2004). Pesticide ingredients are a mixture of active and inert ingredients (Cox & Surgan, 2006). In 
glyphosate-based herbicide formulations, glyphosate is the active ingredient that is supposed to 
kill the target weeds. Those formulations also contain various adjuvants, the so-called inert 
ingredients, whose function within the formulation is to enhance the chemical and physical efficacy 
of the active ingredient in diverse manners. This includes increasing the solubility, stability and half-
life of the active ingredient and protecting it from degradation as well as supporting mixing, dilution 
and application and facilitating cell penetration (Cox & Surgan, 2006; Mesnage et al., 2014; Pereira 
et al., 2009). The most common adjuvants in herbicide formulations are surfactants such as 
polyethoxylated tallow amine (POEA) which is found in Roundup (Brausch & Smith, 2007). POEAs 
promote penetration of the active ingredient into plant cuticles (Relyea, 2005b). Because adjuvants 
are not per se toxic to the target weeds they are called inert ingredients. Despite their name, they 
may however be biologically or chemically active (Cox & Surgan, 2006). The first generation of 
POEA surfactants (POE-tallowamine) in Roundup are markedly more toxic than glyphosate 
(Mesnage et al. 2019). Glyphosate-based herbicide (GBH) formulations containing POAE 
surfactants are progressively being phased out in Europe and replaced by a new generation of 
surfactants, but this is not happening in the USA. Although newer formulations can have reduced 
toxicity there is no regulatory requirement to disclose surfactants and only the active ingredients 
are assessed by regulators. Currently, the risk assessment of pesticides in the European Union 
and in the United States focuses almost exclusively on the stated active ingredient (Mesnage & 
Antoniou, 2018). 
 
The exact composition of herbicide formulations is generally not declared on product labels (Cox 
& Surgan, 2006) and is often protected as proprietary information of the manufacturer (Howe et al., 
2004). This is one of the reasons why ecotoxicological assessment of pesticides usually focuses 
on the effects of the active ingredient rather than on commercial formulations like Roundup that are 
actually used in the field, and explains why studies comparing the effects of the active ingredient, 
the inert ingredients and the formulation are uncommon. However, toxicity testing of both is likely 
to provide a more realistic picture of the overall impact of pesticides on non-target organisms (Cox 
& Surgan, 2006; Pereira et al., 2009). 
 
Existing toxicity studies with aquatic organisms (including fish, amphibians, aquatic invertebrates, 
bacteria, protozoa and aquatic non-target plants and algae) exposed to glyphosate and different 
commercial formulations suggest that the formulations are more toxic than glyphosate alone, 
indicating that the presence of adjuvants may have an additive or synergistic effect on the total 
toxicity of glyphosate. The surfactant POEA is often named to be the most toxic compound.  
 
In one example, Marc et al., (2002) showed that adjuvants make sea urchin embryo cell 
membranes more permeable to glyphosate. 
 
In an acute toxicity test with different frog tadpole species, Roundup was the most toxic of the 
formulations tested. Glyphosate on the other hand was found to be practically non-toxic (Mann & 
Bidwell, 1999). Perkins et al. (2000) even find Roundup to be 700 times more toxic to frog embryos 
than a glyphosate-based formulation without surfactants. This was attributed to the toxicity of the 
surfactant POEA itself, which was even more toxic than Roundup. They argued that the greater 
toxicity might be due to enhanced uptake of glyphosate by the embryos. Howe et al. (2004) suggest 
that the POEA surfactant contributes most, if not all, to the acute toxicity of Roundup to frog 
tadpoles and that the toxicity of glyphosate-based herbicide formulations is correlated with the 
percentage of POEA in the formulation. Moore et al. (2012) confirm these findings, suggesting that 
POEA contributes 100% to the toxicity of Roundup. In the acute toxicity study with frog tadpoles, 
Howe et al. (2004) find POEA by itself to be the most toxic compound, followed by glyphosate-
based formulations known to contain POEA. No acute toxicity could be observed with glyphosate 
alone and the formulations with unknown surfactants. Similarly, in a chronic exposure experiment 
with frog tadpoles, exposure to POEA or glyphosate-based formulations containing POEA 
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decreased the number of tadpoles that reached metamorphosis, decreased tadpole length at 
metamorphosis, increased time to metamorphosis and resulted in tail damage, gonadal 
abnormalities and intersex animals. The authors suggest that disruption of hormone signalling may 
be a reason for these symptoms (see also Section 5.5.4. Endocrine disruption and reproductive 
health). They conclude that concentrations of glyphosate-based formulations that include the 
surfactant POEA found in ponds after field application can be toxic to the tadpole stages of common 
North American amphibians. This is also relevant because POEA has a longer half-life than 
glyphosate.  
 
The surfactant POEA is not the only surfactant enhancing the toxicity of glyphosate towards 
amphibian tadpoles. The surfactants Agri-dex and Competitor were found to increase acute toxicity 
of glyphosate to tadpoles of the western toad (Vincent & Davidson, 2015).  
 
Acute aquatic toxicity testing with three different fish species also suggests that surfactants 
increase toxicity (Mitchell et al., 1987). In the same year Servizi et al. (1987) find that glyphosate 
is less toxic to fish and water fleas than the surfactant POEA. Similarly, Folmar et al. (1979) find 
POEA to be the primary toxic agent in Roundup in acute toxicity tests with different aquatic 
invertebrates including water fleas and midge larvae and fish such as the Rainbow trout, the 
channel catfish and bluegills. Glyphosate contributed only around 30% to the toxicity of Roundup. 
Brausch et al. (2007) show that POEAs are both acutely toxic to the water flea D. magna and cause 
sub-lethal effects such as reduced growth. Higher toxicity to D. magna, of a commercial glyphosate-
based formulation compared to its active ingredient alone has also been found by Pereira et al. 
(2009). POEA formulations were also shown to be extremely toxic to the fairy shrimp, an aquatic 
macroinvertebrate. The authors suggest that this was due to disruption of oxygen transport in 
respiratory surfaces (Brausch & Smith, 2007). 
 
Tsui & Chu (2003) examine if the findings from fish, amphibians and aquatic invertebrates also 
apply to microorganisms such as bacteria, microalgae, protozoa and microscopic crustacea. They 
generally find POEA to be most toxic, followed by Roundup, with glyphosate the least toxic. POEA 
accounted for more than 86% of Roundup toxicity in all tested organisms except photosynthetic 
microalgae where it accounted for almost 50% of Roundup toxicity. In another study on microalgae, 
the commercial formulation Spasor exhibited higher toxicity to microalga than its active ingredient 
glyphosate (Pereira et al., 2009). Tsui & Chu (2004) further tested three glyphosate-based 
formulations on two crustacean species with similar findings. Roundup containing the surfactant 
POEA was the most toxic, followed by a formulation with unknown surfactants. The formulation 
without surfactants was the least toxic. Everett & Dickerson (2003) find Roundup to be at least 100-
times more lethal than technical grade glyphosate to ciliated protozoa that are common in 
freshwater ponds. In an experiment with sea urchin embryos, Marc et al. (2002) suggest that 
glyphosate requires the presence of the formulated products to provoked cell division dysfunction 
in the embryos and suggest that the formulation products favour penetration of glyphosate in the 
embryos. Cedergreen & Streibig (2005) find the Roundup formulation to be approximately four 
times more toxic to non-target freshwater plants and algae than the active ingredient. Aquatic plants 
and algae are crucial for the function of aquatic ecosystems. The authors suggest that this was 
because the blank formulation is in itself phytotoxic.  
 
Wagner et al. (2013) review the available data related to potential impacts of glyphosate-based 
herbicides on amphibians and conduct a qualitative meta-analysis. They state that, because little 
is known about environmental concentrations of glyphosate in amphibian habitats and virtually 
nothing is known about environmental concentrations of the substances added to the herbicide 
formulations that mainly contribute to adverse effects, glyphosate levels can only be seen as 
approximations for contamination with glyphosate-based herbicides. The impact on amphibians 
depends on the herbicide formulation, with different sensitivity of taxa and life stages. Effects on 
development of larvae apparently are the most sensitive endpoints to study. As with other 
contaminants, costressors mainly increase adverse effects. The authors state that if and how 
glyphosate-based herbicides and other pesticides contribute to amphibian decline is not 
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answerable yet due to missing data on how natural populations are affected. Amphibian risk 
assessment can only be conducted case specifically, with consideration of the particular herbicide 
formulation. The authors recommend better monitoring of both amphibian populations and 
contamination of habitats with glyphosate-based herbicides, not just glyphosate, and suggest 
including amphibians in standardized test batteries to study at least dermal administration. 
 
Rissoli et al. (2016) study the effects of glyphosate and Roundup (in two formulations) on bullfrog 
tadpoles. They find that glyphosate, RoundUp and Roundup Transorb R exert different effects in 
bullfrog tadpoles. Bullfrog tadpoles' skin is very sensitive to glyphosate and Roundup formulations, 
causing distinct skin alterations and impairing oxygen uptake across the skin. However, glyphosate 
and Roundup formulations altered the respiratory function differently, revealing an influence of the 
other components of each formulation (surfactants and inert compounds) on the metabolism of 
tadpoles. Exposure to environmentally relevant concentrations of the herbicides over a 96 h period, 
although not lethal, resulted in sublethal effects that the authors conclude could threaten the 
development and survival of frog populations in natural environments.  
 
Bach et al. (2016) study the South-American Creole frog, Leptodactylus latrans. They find that the 
commercial formulation Roundup Ultramax is much more toxic than the active ingredient 
glyphosate on all the endpoints assessed (mortality, swimming activity, growth, development, and 
the presence of morphologic abnormalities). Both forms of the herbicide induce similar sublethal 
effects, though at different concentrations, with RoundUp being five orders of magnitude more toxic 
than glyphosate alone. Growth and development were the most sensitive endpoints, but all could 
affect the fitness and survival of frogs in agroecosystems. The authors note that the occurrence of 
oral abnormalities and alterations in swimming activity must necessarily decrease feeding with 
deleterious consequences on growth and development. Subsequently, Bach et al. (2018) 
demonstrate adverse effects of glyphosate and RoundUp Ultramax on the liver of Leptodactylus 
latrans tadpoles (another South American frog species) at concentrations frequently found in the 
environment. These data showed a difference in the toxicity of two orders magnitude between 
RoundUp and glyphosate alone. The authors note that, although studies of lethal effects indicate 
an absence of toxicity of glyphosate with respect to commercial formulations, sub-lethal effects 
indicate more similarities in the responses produced, thus reducing the toxicity gap between the 
two compounds. 
 
Jassens & Stoks (2017) also find that RoundUp has stonger effects than glyphosate alone in 
damselfly larvae, confirming the toxicity of the surfactant POEA.  Negative effects on food intake 
and escape swimming speed were present at lower concentrations following RoundUp exposure 
compared to glyphosate alone and negative effects on survival, sugar and total energy content and 
muscle mass did not occur with glyphosate alone. However, glyphosate alone was not harmless: 
a realistic concentration of 2mg/l resulted in reduced growth rate, escape swimming speed and fat 
content. 
 
Some authors suggest that ingredients other than surfactants are partly to blame for adverse 
impacts on aquatic organisms. Reddy et al. (2018a) study the effects of the individual active 
ingredients of the herbicide Roundup (based on testing two active ingredients, glyphosate and 
diquat dibromide [DD]) on the aquatic snail Lymnaea palustris. DD is used to kill pond weed. These 
authors conclude that, although the toxicity of commercially-available Roundup to aquatic animals 
may have many contributing factors including its inactive surfactant, the constituent of Roundup 
associated with the greatest reproductive disturbances and observed developmental abnormalities 
of offspring in this study is DD. 
 
Oliveira et al. (2019) study the effects of glyphosate, Roundup and aminomethylphosphonic acid 
(AMPA; the main degradation product of glyphosate) on Nitella microcarpa var. wrightii, a green 
algae found worldwide. Their results indicate that glyphosate has a stronger inhibitory effect on 
photosynthetic rate when applied in association with a surfactant (i.e. as Roundup, rather than 
glyphosate alone). They report that these effects are related both to the concentration of the active 
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ingredient and to exposure time (a statistically significant difference was observed only after 7 days 
of exposure). A significant reduction in photosynthetic rate of this algae was observed (-42.1%) 
even at the lowest Roundup concentration tested (0.28 mg l-1), which is the maximum concentration 
of this herbicide allowed by Brazilian law in water used for irrigation and animal consumption. The 
authors conclude that even legal concentrations of Roundup in water bodies commonly used for 
these activities (e.g. streams and small lakes) may present significant environmental risks. They 
note that the reduction in productivity in green algae may have a negative impact on other 
organisms that live or feed on the algae. 
 
Sabio y García et al. (2022) compare the effect of five different glyphosate-based herbicides (GBH) 
as well as of monoisopropylamine salt of glyphosate (GIPA) on aquatic microbial communities from 
natural shallow lakes that were mixed and allowed to evolve in an outdoor pond, using an 8-day 
long assay. They conclude that the formulations have effects beyond those exerted by the active 
ingredients alone and there is lack of real knowledge regarding the consequences of the variety of 
GBH on natural aquatic ecosystems. Significantly different effects were evident on the structure of 
microbial communities dependent on the GBH, in spite of the herbicides sharing similar active 
ingredients. 
 
Le Du-Carrée et al. (2022) report that the nature of the co-formulants used with glyphosate in GBHs 
can modulate the susceptibility of fish to pathogens. 
 
Bednářová et al. (2020) conclude that Roundup® Concentrate Plus (RCP) and the surfactant 
POEA are more toxic than pure glyphosate to fruit flies (Drosophila melanogaster) and also find 
evidence that they inhibit fecundity in this species. 
 
In studies with zebrafish and rainbow trout, de Brito Rodrigues et al. (2019) assess the acute toxicity 
and genotoxicity of the glyphosate-based formulation Atanor 48 (ATN) and its major constituents 
glyphosate (GLY) and the surfactant polyethoxylated tallow amine (POEA), as well as the main 
metabolite of of glyphosate, AMPA. In zebrafish, GLY and AMPA caused no acute toxic effect, 
while ATN and POEA induced significant lethal effects (at relatively high doses).  GLY, POEA, ATN 
and AMPA were genotoxic for zebrafish larvae (the Lowest Observed Effect Concentration, LOEC, 
was 1.7 mg/L for GLY, ATN, AMPA and 0.4 mg/L for POEA) and POEA induced DNA damage in 
rainbow trout gonad cells. These varied effects highlight the importance of considering the full 
formulation of the pesticide, not just its active ingredient, as well as considering multiple endpoints. 

 
Conference abstracts have not been peer reviewed and may be revised subsequently. In a 
conference abstract, Arumuganathan et al. (2016) report an analysis of the effects of Roundup and 
its components on the pond snail, Lymnaea palustris. A significant decrease in fecundity was 
observed in snails in all treatment groups. Shifts were observed in both hormone and protein levels 
when comparing the results of the treatment groups to the control group. In another conference 
abstract, Kish (2017) state they have recorded data suggesting that at very low concentrations of 
what is recommended for use, RoundUp is toxic to Daphnia magna. They state that this contradicts 
the EPA’s recommendations for the safe use of glyphosate-based herbicides and also implies that 
surfactants may play a role in their toxicity. In another abstract at the same conference, Sweeney 
and Testorf (2017) describe experiments involving glyphosate dilutions between 10% and 0.01% 
from a Roundup solution that contains 50% glyphosate, and applying them to specimens for periods 
ranging from 0 to 300 minutes. Results for D. magna showed a statistically significant effect where 
specimens placed in higher concentrations of glyphosate died faster than those at lower 
concentrations. These times ranged from an average of 9 minutes for specimens placed in a 10% 
glyphosate solution to an average of 71 minutes for specimens placed in a 0.01% glyphosate 
solution. The authors report that the controls outlived the time during which the specimens were 
observed. 
 
Concerning the potential toxic effects of pesticides, the EU Directive governing the placing of plant 
protection products on the European market (Council Directive 91/414/EEC), requires an 



 
 

Genewatch UK 
August 2022 

108	

ecotoxicological assessment of the effects on aquatic organisms, including fish and water fleas. 
These studies however usually only focus on the active ingredient rather than on the commercial 
formulations (Pereira et al., 2009). Cox & Surgan (2006) argue that current testing requirements 
for pesticides are inadequate to fully assess the health and environmental effects of these mixtures. 
They recommend that all pesticide ingredients should be identified on product labels with per cent 
composition and that pesticide registration should be based on the commercial formulations that 
are sold and used. For example, in the EU, considering these omissions in the current 
ecotoxicological assessment of pesticides, we argue that the European Food Safety Authority 
(EFSA) cannot exclude potential adverse impacts of commercial glyphosate-based formulations 
that would be used in conjunction with RR crops on aquatic biodiversity. Indeed, the Renewal 
Assessment Report (RAR), that the German Federal Institute for Risk Assessment (BfR) conducted 
for the re-approval of glyphosate in the EU, acknowledges that there is convincing evidence that 
tallowamines used as surfactants contribute to glyphosate toxicity (Bauer-Panskus, 2014).  

4.4. Impact on terrestrial organisms 
 

Studies in rats and mice are considered separately (in Section 5.5. Health effects of Glyphosate 
and Roundup), since these studies have generally been conducted with a view to assessing human 
health effects. Studies of the effects of glyphosate on wild mammals are extremely limited (studies 
in livestock are discussed in Section 5.3.2. Effects on farmed mammals). Martinez-Haro et al. 
(2022) develop a method to determine glyphosate concentrations in samples of gastric content 
from the Iberian hare (Lepus granatensis) in Spain. They analyse glyphosate residues in hunted 
animals from pesticide-treated and pesticide-free areas (75 and 28 hares, respectively), as well as 
from 11 hares found dead in the field. The prevalence of glyphosate in hunted hares from pesticide-
treated areas ranged between 9 and 22%, increasing to 45% in animals found dead and the 
glyphosate concentrations detected in the gastric content of hares ranged from 0.11 to 16 μg/g. No 
residues were detected in animals from pesticide-free areas. These authors suggest that wild 
animals may be subjected to chronic environmental levels of glyphosate that, while not lethal, may 
be exerting some adverse effects. Since RoundUp Ready GM crops are not grown in Spain, 
concerns will be greater where RR crops are grown, where environmental levels of glyphosate are 
likely to be higher. 
 
More is known on the adverse effects of glyphosate on other terrestrial organisms including 
earthworms, nematodes, aphids, lizards, snails and armadillos. 
 
Hart et al. (2009) assessed the persistence of transgenic DNA in a field of RR maize and identified 
the cp4 epsps transgene in bulk in microarthropods, nematodes, macroarthropods and earthworms 
sampled within the cropping system. Transgenic DNA concentrations in these animals were 
significantly higher than in the background soil, suggesting the animals were feeding directly on 
transgenic plant material. The results suggest that the cp4 epsps transgene in RR maize does not 
significantly degrade within the food web. The guts of these animals may provide an opportunity 
for genetic transformation into native soil bacteria, although this remains to be established. Whether 
the presence of the transgene presents a risk for soil animals, including earthworms, is unknown. 

 
Earthworms are one of the most important components of the soil biota. By shredding organic 
material and mineralising it in their guts, earthworms produce cast that contains plant available 
nutrients. Earthworm burrowing further fosters macropores, enhances water infiltration and 
increases soil penetrability for roots, which helps to maintain soil structure. Earthworms thus have 
a relevant importance for soil conservation, soil fertility, soil nutrient cycling, plant growth and 
productivity and overall ecosystem functioning. Their abundance and distribution are strongly 
influenced by environmental conditions, as well as the ecological state of the system.  
 
Because of their importance, earthworms have been used as bioindicators for soil health, soil 
quality and contamination levels. Furthermore, earthworms are used extensively in terrestrial 
ecotoxicity studies. The earthworm species Eisenida fetida and Eisenida andrei are internationally 
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validated species for ecotoxicological tests due to their cosmopolitan distribution, convenience in 
handling and because they are considered to be representative of soil fauna and earthworms in 
particular. But other earthworm species such as Lumbricum rubellus and Lumbricum terrestris, 
have also been used as test organisms (ISO, 2012a; b; Santadino et al., 2014).  
 
Several ecotoxicological studies have found sublethal, chronic effects of glyphosate on Eisendia 
spp., mainly on fertility and juveniles. Santadino et al. (2014), tested sublethal, chronic effects of 
environmental relevant doses of glyphosate on different demographic parameters of E. fetida, 
emphasising the importance for ecological risk assessment to not only study acute ecotoxicological 
effects. Since the isolated analysis of glyphosate effects on different demographic parameters may 
not show the real effects on the dynamics of the population, they also determined the ecological 
importance of those effects on earthworms’ demographic dynamics using a population dynamic 
matrix model. Santadino et al. (2014), found glyphosate to significantly increase the number of 
cocoons produced. They suggest that this increase in fecundity of the earthworms is an initial 
response to stress. The phenomenon known as hormesis, takes place when small quantities of a 
stressful agent, such as glyphosate, is actually useful for an organism in suboptimal environments. 
However, glyphosate negatively affected cocoon fertility. The demographic matrix predicted that 
chronic exposure to glyphosate results in a negative growth rate, which could lead to local extinction 
after only six weeks. A sensitivity analysis on the parameters of the matrix further indicated that in 
the controls, a small change in adult survival and fecundity has the most influence on the growth 
rate of the population. In contrast, survival from juveniles to adults was shown to be the most 
important parameter in the population dynamics in treatments with glyphosate. The authors fear 
that glyphosate could drastically deplete local earthworm populations and because of their 
importance, cause medium- to long-term soil deterioration.  
 
Domínguez et al. (2016), studied acute and chronic effects of field relevant concentrations of 
AMPA, one of glyphosate’s main metabolites, on E. andrei. The longer soil persistence of AMPA  
might result in higher toxicity risks compared to glyphosate. The results differed between the acute 
and the chronic assays, emphasising again the importance of conducting long-term chronic 
ecotoxicological studies. Biomass loss in the short-term acute assay was higher in the control than 
in the AMPA treatments. The authors suggest that the initial lower biomass loss of earthworms 
treated with AMPA may occur because earthworms in the control invest more energy and mass in 
reproduction. Indeed, cocoon production was highest in the control in the acute assay. In contrast, 
in the long-term chronic assay, biomass losses were significantly higher in all AMPA treatments, 
except for the highest concentration, and the number of cocoons and juveniles increased with 
increasing AMPA concentration. The authors suggest that a hormesis effect of glyphosate, as 
observed by Santadino et al. (2014), could be involved in these results. While Santadino et al. 
(2014) observed lower fertility of those cocoons, Domínguez et al. (2016) found weights of both 
juveniles and cocoons to decrease with increasing AMPA concentration. They suggest that 
juveniles may be more sensitive to AMPA than adults. The production of more, but lighter 
individuals, might result in weaker offspring. Soil contaminated with high doses of AMPA could 
decrease earthworm growth and reproduction and ultimately impair their ability to perform key 
ecosystem functions.  
 
García-Pérez et al. (2016) apply a commercial glyphosate-based herbicide to three types of litter 
mixed with soil, to study the effects on earthworms. They conclude that repeated application of litter 
contaminated with glyphosate negatively affects earthworm vitality and increases soil acidity and 
acid phosphatase activity. The increased soil acidity at the end of the experiment suggests the 
persistence or accumulation of glyphosate or its subproducts in the soil.   
 
Gaupp-Berghausen et al. (2015) study the effect of Roundup on cast activity and reproduction of 
earthworms in a greenhouse mesocosm experiment, where Roundup was directly applied on the 
weeds, at a lower than recommended dose. Two earthworm species, the vertically burrowing 
earthworm Lumbricus terrestris and the horizontally burrowing Aporrectodea caliginosa were used. 
According to the authors, those species are more frequently found in agroecosystems than 
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Eisenida species. Treatment with Roundup increased soil moisture and increased plant available 
nitrate and phosphate, reflecting the lack of physiologically active, transpiring plants. The authors 
fear that those nutrients may leach into streams, lakes or groundwater aquifers. After an initial 
peak, surface cast production of. L. terrestris significantly decreased upon herbicide application 
and almost ceased after three weeks. Roundup reduced both the number and mean mass of 
produced casts. Four weeks after herbicide application, cumulative cast mass was reduced by 46% 
compared to untreated mesocosms. This result is surprising, because increased soil moisture 
commonly stimulates casting activity. The authors suggest that the initial stimulation in surface cast 
production observed may be caused by the increased availability of dead leaf material after 
herbicide application. The subsequent decrease however clearly demonstrates a direct impact of 
the herbicide. No significant decrease in surface casting activity could be demonstrated for the soil-
dwelling earthworm A. caliginosa. As demonstrated for Eisenida species, herbicide application 
furthermore decreased reproductive success of both L. terrestris and A. caliginosa by decreasing 
hatching rate. 
 
In a further short-term greenhouse experiment, Zaller et al. (2014), investigate whether Roundup 
affects the interactions between the two of the most important soil organisms, earthworms (L. 
terrestris) and arbuscular mycorrhizal fungi (Glomus mosseae). On the one hand, herbicide 
application led to slightly heavier but less active earthworms in the presence of the mycorrhizal 
fungi. On the other hand, Roundup and earthworms distinctly altered performance of G. mosseae. 
In mesocosms amended with the mycorrhizal fungi, herbicide application decreased root 
mycorrhization rates. The herbicide also generally declined spore biomass of the mycorrhizal fungi. 
Given the importance of arbuscular mycorrhizal fungi for plant nutrition, a decline in arbuscular 
mycorrhizal fungi would also require more fertilisation with not only ecological consequences but 
also economic consequences for farmland management. Third, concentrations of glyphosate in 
leachate were significantly interactively affected by earthworms and arbuscular mycorrhizal fungi. 
While earthworms may increase glyphosate leaching by increasing flow of contaminated water 
through burrows, arbuscular mycorrhizal fungi may lead to stronger absorption of glyphosate by 
enhancing soil aggregation. In outdoor experimental systems (mesocosms) not amended with 
arbuscular mycorrhizal fungi, earthworms indeed significantly increased glyphosate leaching, while 
mesocosms amended with the mycorrhizal fungi tended to decrease glyphosate leaching. 
 
A recent study presents the first evidence that exposure to glyphosate-based herbicides could shift 
the gut microbiome in earthworms which could lead to a disruption of fundamental physiological 
processes and thereby affect the ecological roles of earthworms (Owagboriaye et al., 2021). 
 
Pochron et al. (2019) find that environmental (e.g. soil temperature) as well as intrinsic worm 
characteristics (e.g. initial body mass) influence worm sensitivity to glyphosate and conclude that 
“…earthworms might be sensitive to herbicides under specific conditions”. Their findings might help 
to explain differing or contradictory results reported in scientific literature on the effects of 
glyphosate on earthworms. 

 
In conclusion, even though the effect of glyphosate on earthworm health is not fully understood yet, 
glyphosate and one of its primary metabolites AMPA have been shown to exert sublethal effects 
on different earthworm species at field relevant concentrations under certain circumstances. 
Moreover, glyphosate may affect interactions between earthworms and other soil organisms. 

 
Wang et al. (2017b) study the soil nematode Caenorhabditis elegans, which constitutes a useful 
bioindicator of environmental disturbances due to its contact with natural environmental toxins and 
multiple stressors, such as heavy metals, pesticides, and temperature. In laboratory studies, they 
find a synergistic type of interaction was observed for acute toxicity with mixtures of arsenic and 
glyphosate. In these experiments, head thrash frequency and reproduction exhibit concentration 
dependent decreases in both individual and combined exposures to the tested chemical stressors, 
and show synergistic interactions even at micromolar concentrations. McVey et al. (2016) publish 
evidence that chronic exposure of Caenorhabditis elegans (C. elegans) to a high-use glyphosate-
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containing herbicide, Touchdown, during the egg stage may adversely affect the developing 
nervous system. In their study, C. elegans hatched from eggs exposed to Touchdown have 
decreased fecundity compared to non-treated worms. General changes in neurodevelopment are 
not observed until the fourth larval (L4) stage. García-Espiñeira et al. (2018) study the toxicity of 
atrazine- and glyphosate-based formulations on C. elegans. They find that both herbicides inhibit 
locomotion and fertility, and glyphosate is more toxic than atrazine. They find the higher toxicity of 
glyphosate remarkable given that the permitted atrazine and glyphosate concentrations in drinking 
water are 3 ppb (0.014 μM) and 700 ppb (4.14 μM), respectively. RoundUp produced lethality of 
20%, 50%, and 100% at 0.01, 10, and 100 μM glyphosate, respectively and exposure to 10 μM 
inhibited locomotion by 87%. Brood size was decreased by 23% and 93% after exposure to 0.01 
and 10 μM Glyphosate, respectively. The effects of herbicide mixtures were additive. The authors 
note that both pesticides induced some biological changes at concentrations similar to drinking 
water standards. 
 
A series of conference abstracts also show harm to C. elegans caused by exposure to glyphosate 
or glyphosate-based herbicides (Adner, 2017; Herndon, 2017; Viazmenski, 2017; Adner & Pettee, 
2017). 
 
Studies in other terrestrial organisms have been rather limited. Effects on pollinators are discussed 
in Section 4.2.5. Pollinators. 
 
Muller et al. (2021) exposed fruit flies, Drosophila melanogaster, to either Roundup® Ready to Use, 
containing pelargonic acid and glyphosate, or Roundup® Super Concentrate, that includes 
glyphosate and the surfactant polyethoxylated tallow amine (POEA), at sublethal concentrations. 
Both Roundup® formulations affected ovary development at all concentrations tested, causing 
reduced ovary volume with fewer mature oocytes compared to the organic control. The results 
suggest a critical period of increased ovarian sensitivity to glyphosate. The authors conclude that 
their results support multi-species evidence that glyphosate-based herbicides interfere with normal 
development of the reproductive systems of non-target organisms. 
 
Saska et al. (2016) demonstrate that treatment with glyphosate-based herbicide alters the life 
history of the rose-grain aphid (Metopolophium dirhodum). In their experiments the average 
longevity significantly decreased with each increase in the herbicide concentration. Individual 
aphids that survive the treatment suffer a reduced ability to reproduce, which reduces the chance 
to build up new populations on reaching a refuge. This is the first study that comprehensively 
documents such a negative effect on the population of an herbivorous insect. 
 
Smith et al. (2021) report that glyphosate inhibits melanization and increases susceptibility to 
infection in insects. Melanin, a black-brown pigment found throughout all kingdoms of life, has 
diverse biological functions. In insects, melanin production is triggered upon wounding or infection, 
to either clot a wound or restrict a pathogen. In their experiments, the authors demonstrate that 
glyphosate and AMPA have deleterious effects on insect health in two very different species, 
Galleria mellonella (the greater wax moth) and Anopheles gambiae (mosquito species which 
transmit malaria), by increasing their susceptibility to infection with fungi and malaria parasites, 
respectively. They argue that glyphosate’s interference with melanization could have considerable 
environmental impact, in a wide variety of insect species, given its stability and wide concentration 
range. 
 
Gao et al. (2021) find that glyphosate exposure disturbs the bacterial endosymbiont community 
and reduces body weight of the predatory ladybird beetle (Harmonia axyridis). In their experiments, 
feeding on glyphosate significantly effects the relative abundance of dominant bacteria, so that 
copy numbers of Staphylococcus bacteria were significantly lower and Enterobacter were 
significantly higher. 
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Gómez-Gallego at al. (2020) study Colorado potato beetles (Leptinotarsa decemlineata) reared on 
potato plants grown in pots containing untreated soil or soil treated with glyphosate-based herbicide 
(GBH). The beetles’ microbial composition was affected by the GBH treatment and the differences 
in microbial composition between the control and insects exposed to GBH were more pronounced 
in the adults. The GBH treatment increased the relative abundance of Agrobacterium in the larvae 
and the adults but reduced the relative abundances of Enterobacteriaceae, Rhodobacter, 
Rhizobium and Acidovorax in the adult beetles and Ochrobactrum in the larvae. The authors 
conclude that glyphosate can impact microbial communities associated with herbivores feeding on 
non-target crop plants. The consequences of glyphosate-induced changes in the microbiota and 
the function of those bacteria in the Colorado potato beetle remain unknown. 

 
Schaumberg et al. (2016) report experiments using the tegu lizard (Salvator merianae), in which 
they exposed the eggs to RoundUp. A significant increase in DNA damage was observed in all 
concentrations higher than 100 μg/egg. They warn that DNA damage induced during the embryonic 
period may interfere with the development and survival of embryos as well as hatchlings. They 
conclude that their study clearly demonstrates that one of the most common glyphosate-based 
herbicide formulations, RoundUp, can be genotoxic to tegu lizards. 
 
Luaces et al. (2017) study the effects of glyphosate on the big hairy armadillo (Chaetophractus 
villosus), which has a wide distribution that overlaps with agricultural areas where soybean is grown 
in Argentina. They test the genotoxic effect of glyphosate on the peripheral blood lymphocytes of 
this species over a range of concentrations (280, 420, 560, 1120 μmol/L). Their results demonstrate 
genotoxic effects on these cells, which they conclude strongly suggests that exposure to RoundUp 
could induce DNA damage in this armadillo species in the wild.  
 
Niedobová et al. (2022) find that the toxicity of the glyphosate herbicide for Pardosa spiders’ 
predatory activity depends on the formulation of the glyphosate product (see also Section 4.3.6. 
Impact of adjuvants on aquatic non-target organisms). 
 
Maderthaner et al. (2020) study the effects of commercial glyphosate-based herbicides (Roundup 
LB Plus, Touchdown Quattro, Roundup PowerFlex) on the insect-like creatures known as 
springtails (Collembola), which are important indicators of soil quality and sustainable land use. 
They conduct a greenhouse experiment growing a weed population of Amaranthus retroflexus in 
arable field soil with either 3.0 or 4.1% soil organic matter (SOM) content and treated these weeds 
either with the glyphosate-based herbicides (GBHs) or their respective active ingredients 
(isopropylammonium, diammonium or potassium salts of glyphosate) at recommended dosages. 
Control pots were mechanically weeded. They assess effects on the surface activity of the springtail 
species Sminthurinus niger. Both GBHs and their active ingredients increased the surface activity 
of springtails compared to control pots, but springtail activity was higher under GBHs than under 
corresponding active ingredients. They interpret these findings as an avoidance behaviour by the 
springtails of plant material and soil surface contaminated with GBHs or their active ingredients. In 
addition, stimulation of springtail activity was much higher in soil with higher SOM content than with 
low SOM content (significant treatment x SOM interaction). The authors suggest that environmental 
risk assessments (ERAs) for pesticides should be performed with the herbicides that are actually 
applied in agriculture, rather than only with the active ingredients, and should also consider 
influences of different soil properties. 
 
Wee et al. (2021) study the multigeneration toxicity of a glyphosate-based herbicide (GBH) to 
Allonychiurus kimi (Lee) (a Collembola, or ‘springtail’). The GBH was observed to have no negative 
effects on adult survivals of all generations, but juvenile production was found to decrease in a 
concentration-dependent manner. The authors conclude that repeated and long-term use of GBH 
could have significantly higher negative impacts on non-target soil organisms than expected. 

 
Druart et al. (2017) conduct a full life-cycle (240 days) bioassay using the terrestrial snail, 
Cantareus aspersus, to assess the effects of Bypass, a glyphosate-based herbicide (GBH). They 
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compare with a mixture (R-A) made of diquat (Reglone) and nonylphenols (Agral), known for its 
endocrine disrupting effects in other organisms, as a control. This is the first full life-cycle bioassay 
on a terrestrial organism. They used a predicted environmental concentration in soil of 3 mg 
glyphosate kg-1 for Bypass. Ten egg clutches were used for the exposure to Bypass and the 
negative control. From each clutch, 20 eggs were incubated on Bypass-contaminated soil and 20 
other eggs were incubated on control soil. The application of this bioassay to Bypass showed that 
this common herbicide formulation had contrasted effects, with a significant enhancement of growth 
speed followed by a marked reduction of the fertility of C. aspersus snails. The results indicated 
that early exposure to Bypass led to delayed effects on eggs laid by exposed adults, either on the 
fertilization or/and the embryogenesis. The authors suggest that future studies will have to elucidate 
the mechanism of action to know if the effects of this glyphosate-based herbicide occur through an 
endocrine mechanism. 

4.5. Impact on soil microbial communities 
 
Many studies find that glyphosate changes soil microbial community dynamics by enhancement or 
suppression of the activity of pathogenic or plant growth-promoting bacteria and fungi. Organisms 
capable of metabolising glyphosate are increased and organisms to which glyphosate is toxic are 
reduced. Negative impact on some beneficial soil micro-organisms such as F. Pseudomonas and 
a positive impact on certain plant pathogens such as Fusarium spp. that cause disease in many 
crops, are frequently reported. A change in soil microbial community composition could potentially 
affect soil quality, soil nutrient dynamics, suppression of disease and plant stress tolerance, which 
may subsequently impact plant health and ultimately productivity of non-target plants. As noted in 
Section 3.1.3 Impact of fertilisers on glyphosate efficacy, Monsanto enhanced the second 
generation of RR soy with a proprietary fungicide coating in an attempt to address some of the 
agronomic issues. The focus of this section is on environmental issues. 
 
In 1995, Dick and Quinn (1995) found quantitative and qualitative differences between the soil 
microbial communities found in glyphosate treated and untreated soil samples. Comparing soil 
microbial communities of two taxonomically identical agricultural soils with different cropping 
histories, one from an organically managed farm without a history of glyphosate application and 
one from a farm with a history of RR cropping and glyphosate application of over 10 years, Nye et 
al. (2014) suggest that long-term repeated glyphosate application affects soil microbial 
communities. Adding RR soybean plant residues treated with glyphosate to the soils further 
suggested that the soil with a history of long-term glyphosate exposure already had a community 
primed for glyphosate residues, whereas the soil from the organic farm started to change in 
response to glyphosate treatments. Furthermore, RR material that had been exposed to glyphosate 
caused a differential shift in the communities over RR material that had not been exposed to 
glyphosate. The authors also showed that a soil history of glyphosate exposure significantly 
affected microbial stress. Stress was greater for the soil with a history of glyphosate treatment. 
 
Kremer (2017) notes that it is only within the last 5 to 10 years that assessment of glyphosate’s 
detrimental effects on soil and environmental health have become the focus of intensive research 
efforts. He argues that long-term studies on persistence are needed on sites receiving annual 
application and on those that are no longer under GM cropping systems to determine the extent of 
any carryover of residual glyphosate and AMPA. Because soils are diverse within landscapes and 
among geographic regions, glyphosate fates and effects need to be studied over a range of 
characteristics to validate assumptions that glyphosate and AMPA are highly retained in fine 
textured soils and are more biologically available in coarse or sandy soils and that it is imperative 
that long-term studies of glyphosate include agricultural management variations.  
 
Van Bruggen et al (2021) summarise the evidence of indirect effects of the herbicide glyphosate 
on plant, animal and human health through its effects on microbial communities. They emphasise 
that such shifts in microbial community composition have been implicated in enhanced 
susceptibility of plants to Fusarium and Rhizoctonia (see Section 4.5.2. Impact on pathogenic 



 
 

Genewatch UK 
August 2022 

114	

fungi), of birds and mammals to toxic Clostridium and Salmonella species, and of bees to Serratia 
and Deformed Wing Virus, with outbreaks of several animal and plant diseases related to 
glyphosate accumulation in the environment. 

4.5.1. Impact on bacterial communities and beneficial fungi 
 
Newman et al. (2016) find subtle shifts in the rhizosphere bacterial community (i.e. bacteria in the 
region of soil that is directly influenced by root secretions and associated soil microorganisms) 
following long-term glyphosate application on RR corn and soybean in the greenhouse. 
Independent of glyphosate treatment, the rhizosphere bacterial communities of soybean and corn 
were dominated by members of the phyla Protobacteria, Acidobacteria and Actinobacteria. After 
four growth periods, Protobacteria increased in relative abundance for both crops following 
glyphosate exposure, while Acidobacteria and Actinobacteria deceased. The authors suggest that 
a decrease in Acidobacteria could lead to significant changes in the nutrient status of the 
rhizosphere. 
 
Hertel et al. (2021) warn that intensive application of glyphosate in agriculture is a serious 
environmental issue because it may negatively affect the biodiversity in the soil and in the gut 
microbiota of insects. They highlight evidence that bacteria can evolve glyphosate resistance by (i) 
reducing glyphosate sensitivity or elevating production of the EPSP synthase, by (ii) degrading or 
(iii) detoxifying glyphosate and by (iv) decreasing the uptake or increasing the export of the 
herbicide. 
 
Glyphosate has further been found to reduce the ratio of manganese (Mn) reducers to Mn oxidisers 
upon release in the rhizosphere (Kremer and Means, 2009; Johal and Huber, 2009; Zobiole, 2011). 
Whilst the Mn-reducing bacteria pseudomonas fluorescens are reduced by glyphosate, 
agrobacteria which are known strong Mn oxidisers appear to be preferentially selected for 
colonisation of the rhizosphere as glyphosate is released through roots of RR crops (Kremer and 
Means 2009).  
 
One reason why response to glyphosate varies among soil bacteria may be different sensitivity of 
intracellular EPSPS to the herbicide. The nitrogen-fixing symbiotic bacterium Bradyrhizobium 
japonicum has a glyphosate sensitive EPSPS enzyme. The sensitivity of B. japonicum depends on 
the herbicide concentration and on the bacterial strain, with some strains being very sensitive to 
glyphosate (Jaworski, 1972; Moorman et al., 1992). Glyphosate applied to soybeans concentrates 
in metabolic sinks such as root nodules before being released to the rhizosphere (Coupland & 
Caseley, 1979), where it could potentially impair sensitive B. japonicum and thus nitrogen fixation 
(King et al., 2001). On the other hand, Agrobacterium tumefaciens for example has a naturally 
glyphosate-resistant EPSPS and has been used to produce RR crops for that reason. Furthermore, 
Schulz et al. (1985) have shown that different pseudomonad species are insensitive to inhibition 
by glyphosate due to a glyphosate resistant EPSPS. Indeed, some bacteria have been shown to 
be able to metabolise glyphosate and use it as a sole source of phosphorus. Liu et al. (1991) 
showed that several strains of Rhizobium and Agrobacterium species possess the ability to 
degrade glyphosate. Cleaving of the carbon-phosphorus bond and subsequent conversion of the 
breakdown product sarcosine to glycine was suggested as pathway for the breakdown of 
glyphosate. This pathway was already detected in the late 1980s by Shinabarger and Braymer 
(1986) and Kishore and Jacob (1997), who studied the degradation of glyphosate by Pseudomonas 
sp. In 1995, Dick and Quinn found that 16% of bacterial strains isolated from both glyphosate 
treated and untreated soils were able to metabolise glyphosate by an initial cleavage of its carbon-
phosphorus bond. Isolates able to use glyphosate as sole source of phosphorus were more 
common in soils treated with glyphosate. The isolates included Pseudomonas and Arthrobacter 
species.  
 
Not all Pseudomonas bacteria seem to be insensitive to glyphosate. Kremer et al. (2005) found 
that growth of pseudomonas bacterial strains generally decreased in root exudates of glyphosate 
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treated plants. Moreover, as mentioned above, growth of the ubiquitous environmental bacterium 
Pseudomonas fluorescens (fluorescent pseudomonas) is inhibited by glyphosate. Fluorescent 
pseudomonas have a glyphosate-sensitive EPSPS (Schulz et al. 1985). A negative impact of 
glyphosate on fluorescent pseudomonads was confirmed by Kremer and Means (2009). They 
further found the RR cultivar itself to significantly decrease populations of fluorescent 
pseudomonas with populations always higher in non-RR soybean rhizospheres compared to RR 
soybean rhizospheres. In a greenhouse study with RR soybeans, Zobiole (2011) also found that 
glyphosate application decreased the bacterium fluorescent pseudomonas. The suppressive effect 
on fluorescent pseudomonads was greater if glyphosate was applied at the early growth stage and 
became more significant with increased glyphosate rates. Aristilde et al. (2017) investigate the 
growth and metabolic responses of soil Pseudomonas species with glyphosate at different 
concentrations, reporting disrupted metabolism.  
 
Mendonca et al. (2019) study the effects of polyethoxylated tallow amine (POEA), a common 
surfactant used in glyphosate-based herbicide formulations, in three strains of plant-beneficial soil 
Pseudomonas species. They find that the addition of POEA resulted in up to 60% reduction in the 
biomass growth rate. In the presence of both POEA and glyphosate, the biomass growth rate either 
remained the same as during exposure to only POEA or decreased by only an additional 5–15%. 
Therefore, these authors conclude that that growth inhibition in these species was primarily caused 
by POEA (see also Section 4.3.6. Impact of adjuvants on aquatic non-target organisms). 

 
Yang et al. (2020) report that a glyphosate-tolerant (G2-EPSPS and GAT) GM soybean may induce 
different changes in functional bacterial species in soil, such as E. fredii and B. elkanii, compared 
to the non-GM variety. Chávez-Ortiz et al. (2022) provide evidence that glyphosate-based 
herbicides alter soil carbon and phosphorus dynamics and microbial activity, in experiments in two 
soil management conditions: a plot with an history of 5 years of glyphosate application, and an 
abandoned plot with a history of previous agricultural management without glyphosate applications. 
They find changes in some processes related to soil carbon and phosphorus dynamics when pure 
glyphosate and a commercial glyphosate formulation were applied, along with changes in microbial 
activity and community structure. These researchers find herbicide formulations are more harmful 
to bacteria than glyphosate itself. By sequencing rhizosphere bacteria in soil samples collected 
from a field study, Lu et al. (2018) find the glyphosate-tolerant soybean N698 negatively affects 
Rahnella, Janthinobacterium, Stenotrophomonas, Sphingomonas and Luteibacter while positively 
affecting Arthrobacter, Bradyrhizobium, Ramlibacter and Nitrospira. 

 
Fluorescent pseudomonads are important multifunctional bacteria, ubiquitous bacteria in 
agricultural rhizospheres. They produce a range of secondary metabolites, including siderophores 
and various antibiotics that suppress competing microbial groups. The majority of fluorescent 
pseudomonads are considered plant growth-promoting rhizobacteria as they are able to antagonise 
root colonisation of fungal pathogens as well as deleterious rhizobacteria by aggressively 
colonialising the root surface. Thereby, they contribute to plant health and increased plant yield 
(Schroth and Hancock, 1982). Their potential as biocontrol agents has been extensively studied 
(Bagnasco et al., 1998 and Weller, 2007). 
 
In studies on on the soil filamentous fungus Aspergillus nidulans, Nicholas et al. (2016) find that 
RoundUp is much more active than glyphosate alone. For the same species, Poirier et al. (2017) 
report evidence of possible metabolic disturbance in response to treatment with RoundUp at a dose 
that does not cause any visible effect. These results indicate that glyphosate-based herbicides 
have toxic effects on soil filamentous fungi, and thus potential impairment of soil ecosystems, at 
doses far below recommended agricultural application rate. Mesnage et al. (2020) find a total of 
1816 distinct genes have their expression altered when a very low a dose corresponding to the no-
observed-adverse-effect level (NOAEL) of Roundup GT Plus is applied to Aspergillus nidulans. Liu 
et al. (2018) also find that soil fungi are impaired by glyphosate. They collect loam soil at a depth 
of 0–20 cm from an agriculturally used site in China that has not received any agrichemicals and 
apply glyphosate at the recommended rate of 50 mg active ingredient kg−1 soil and 10-fold this 
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rate, to simulate multiple glyphosate applications during a growing season. They investigate the 
effects on the composition of soil microbial community after six months. They find that, under the 
higher glyphosate application rate, microbial biomass carbon was reduced by 45%, and the 
numbers of the cultivable bacteria and fungi were decreased by 84 and 63%, respectively. The 
fungal biomass was reduced by 29% under both application rates. The bacterial community in the 
soil that had received the high glyphosate application rate was dominated by gram-negative (G-) 
bacteria (decreasing bacterial diversity and inhibiting G+ bacteria), which increased their catabolic 
activity in response to environmental stress. The authors conclude that the soil fungal community 
was impaired by the recommended glyphosate application rate and the high glyphosate application 
rate also had significant effects on the structure and functional and genetic diversity of the soil 
microbial community. Vázquez et al. (2021) explore changes in the diversity and structure of soil 
fungal communities in semiarid grasslands, after different doses of glyphosate were applied under 
field conditions, and demonstrate an overall negative effect of glyphosate on soil fungal 
communities. 

4.5.2. Impact on pathogenic fungi 
 
The extensive use of glyphosate in agriculture is a significant factor in the re-emergence of 
diseases once considered efficiently managed. Many soil-born pathogens such as root rot, crown 
rot, sudden death syndrome in soybeans or take-all disease of cereals amongst others are 
increased upon glyphosate treatment of weeds and non-GM crops (see Johal and Huber, 2009 
and Kremer and Means, 2009 for an overview). Many studies report that pathogens of the genera 
Fusarium and Pythium increase due to glyphosate treatment and dominate the fungal community. 
Glyphosate applied to the winter annual weeds henbit and downy brome, significantly increased 
rhizosphere population of Fusarium solani f. sp. pisi and Pythium ultimum. Thus, control of those 
weeds before crop planting may expose subsequently planted crops to higher populations of these 
pathogens (Kawate et al., 1997). Meriles et al. (2006) find that glyphosate concentration and 
previous crop residue influence soil born fungi populations. A significant positive correlation 
between Fusarium and Pythium populations, respectively and glyphosate concentration was found. 
Phytium species showed a higher and more uniform response. A 180-day exposure to glyphosate 
led to quantitative and qualitative changes in the fungal community, with Fusarium ssp. being the 
dominating group isolated (Krzysko-Lupicka and Sudol, 2008). Martinez et al. (2018) review the 
evidence and conclude that glyphosate-based herbicides have the potential to enhance the 
population and/or virulence of some phytopathogenic microbial species in the crop rhizosphere. 
Using a a long-term glyphosate greenhouse experiment, Lee (2018) finds that long-term glyphosate 
application can upset the delicate balance between beneficial and non-beneficial microorganisms 
in the glyphosate resistant soybean rhizosphere. Carranza et al. (2019) also report that glyphosate 
has a significant effect on Fusarium graminearum, F. verticillioides and F. oxysporum growth 
parameters, and that the disease severity of Fusarium species to maize seedlings significantly 
increases with increasing glyphosate concentrations. However, in two-year field studies conducted 
by the US Department of Agriculture (USA), Kepler et al. (2020) report no effect of glyphosate 
treatment on the relative abundance of organisms such as Fusarium species. These authors 
conclude that tillage and other farming system differences appear to be the main drivers of soil 
microbiome structure. 
 
On the other hand, Fusarium and Pythium have also been found to increase the herbicidal activity 
of glyphosate. Johal & Rahe (1984) found that glyphosate is less effective against bean plants in 
sterilised soil and vermiculite compared to unsterilised soil. Dead plants were found to be colonised 
by various fungi, whereas healthy plants never yielded pathogenic fungi. The types of fungi isolated 
from dead plants varied with the medium in which plants were grown. Plants grown in unsterilized 
soil, mostly yielded soil-associated root pathogenic fungi such as Phytium and Fusarium, whereas 
those grown in sterilised soil or vermiculite yielded predominantly air-borne seed-disseminated 
saprophytes and facultative parasites. When sterilised soil or vermiculite were infested with 
Phytium and Fusarium, most plants died after glyphosate treatment. In contrast, none of the control 
plants, glyphosate-treated plants in sterilised soil without fungi added, or untreated plants in soil 



 
 

Genewatch UK 
August 2022 

117	

infested with fungi, died. When the fungicide Metalaxyl was added to the sterilised soil and 
vermiculite reinfested with Phytium, the plants were effectively protected from the herbicidal action 
of glyphosate. Metalaxyl could however not block the herbicidal action of glyphosate in the 
unsterilised soil.  
 
The increased disease severity caused by soil-borne pathogens after glyphosate treatment is not 
solely found in susceptible crops. Sanogo et al. showed, that RR soybeans respond to infection by 
Fusarium virguliforme (formerly Fusarium solani f. sp. Glycines) after glyphosate application in a 
similar way to conventional cultivars. In growth chamber and greenhouse experiments (Sanogo et 
al., 2000) as well as under field conditions (Sanogo et al. 2001), there was a significant increase in 
severity of sudden death syndrome caused by Fusarium virguliforme in soybeans treated with 
glyphosate compared with non-treated plants. Frequency of isolation of Fusarium virguliforme from 
roots of conventional as well as RR soybeans was increased after application of glyphosate 
compared with the control treatment where no herbicide was applied. Inoculation of soybean plants 
with Fusarium virguliforme decreased shoot dry-weight index compared to noninoculated plants. 
This decrease was further deepened when inoculated plants were sprayed with glyphosate. 
Similarly, in a greenhouse study with RR soybeans, Zobiole (2011) found that glyphosate 
application increased root colonisation by Fusarium species. Fusarium colonisation of roots 
increased steadily as soybean growth progressed and as glyphosate rate increased. In a research 
summary from a 10-year RR crop production and rhizosphere microbial ecology project conducting 
field trials with soybean and maize cultivars, Kremer and Means (2009) report that glyphosate 
significantly increases Fusarium colonisation of both RR soybean and maize roots. In maize, 
Fusarium root colonisation was higher after glyphosate treatment, compared to a non-glyphsoate 
herbicide. Fusarium colonisation of soybean roots was higher on RR soybeans treated with 
glyphosate compared to RR soybeans receiving a non-glyphosate herbicide or no herbicide. 
Conventional soybean cultivars always showed lowest root colonisation. This suggests that RR 
soybeans might even be more susceptible to root infection by pathogenic fungi than conventional 
crops. This however contrasts with the findings of Sanogo et al., where the response of RR and 
conventional soybean cultivars to infection by Fusarium virguliforme after glyphosate application 
was similar. 
 
Increased disease severity upon glyphosate application is also found in RR sugar beet. In a 
greenhouse study with RR sugar beet inoculated with certain isolates of Rhizoctonia solania and 
Fusarium oxysporum, Larson et al. (2006) observed increased disease following glyphosate 
treatment. They suggest, that the timing of glyphosate application may affect disease severity and 
that in the presence of certain soil-borne diseases, treatment with glyphosate-based herbicides 
should be conducted with precaution. They further suggest, that the increase in disease is not 
fungal mediated but may be a cultivar- or isolate- specific response to glyphosate treatment.  

4.5.3. Possible mechanisms of increased disease severity upon glyphosate 
treatment 

 
Many different mechanisms through which glyphosate might increase disease severity in 
plants have been suggested in the literature and are discussed in the following sections. 

4.5.3.1. Stimulation of fungal growth by altered root exudates 
 
Early research showed, that upon application and foliar absorption, glyphosate is transported 
(translocated) systemically towards metabolic sinks including plant roots, where appreciable 
amounts of unmetabolised glyphosate are eventually released into the rhizosphere (Coupland & 
Caseley, 1979). The leaking of glyphosate (exudation) through RR soybean roots was also 
demonstrated by Kremer et al. (2005). They further showed that glyphosate application results in 
increased soluble carbohydrate and amino acid root exudation, compared with plants that received 
no glyphosate. The RR cultivar receiving no glyphosate appeared to inherently release higher 
amounts of carbohydrate and amino acids compared with the conventional soybean cultivar that 
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received no glyphosate treatment. This led the authors to suggest that not only glyphosate 
application but also the genetic modification for glyphosate resistance affected carbohydrate and 
amino acid translocation and release through roots. 
 
Such described changes in the leaking of root fluids (exudates) can affect soil microorganisms. 
These effects can either be positive, for example if the microorganisms can use the exudates as 
nutrient source, or negative, if the exudates are toxic to the microorganisms.  
 
Different studies suggest that some soil-borne pathogens can metabolise glyphosate. Krzysko-
Lupicka & Orlik (1997) found that glyphosate decreased the total number of fungal species as well 
as the strain composition if used either as the sole source of phosphorus or as the sole source of 
carbon. Some soil-born fungi were however capable of growing on glyphosate as the sole source 
of phosphorus or carbon with Mucor, Trichoderma and Fusarium even being predominantly found 
in media containing glyphosate compared to the control medium, although not all the results of this 
study are consistent. Fusarium ssp. could also grow on glyphosate as the sole source of 
phosphorus in the study of Krzysko-Lupicka and Sudol (2008). 
 
Concerning carbohydrate and amino acid exudates, Griffiths et al (1998) found that microbial 
community structure changed consistently upon continuous release of a synthetic root exudate, 
comprising soluble carbohydrates and amino acids, into simulated rhizospheres. With increasing 
substrate loading, fungi dominated over bacteria, showing that not only composition of exudates 
but also quantity of available substrates influence microbial community. 
 
By means of in vitro bioassays, Kremer et al. (2005) monitored growth response of different fungal 
(Fusarium spp.) and bacterial (Pseudomonas spp) strains in soybean root exudates containing 
both glyphosate and high levels of soluble carbohydrates and/or amino acids. Consistent with 
Krzysko-Lupicka & Orlik (1997) and Griffiths et al (1998) they found that bacterial growth generally 
decreased in root exudates of glyphosate-treated plants, whereas different Fusarium strains 
developed significantly higher biomass in root exudates. The authors suggest that glyphosate 
application stimulated fungal growth by serving as a nutrient source and by the associated high 
levels of soluble carbohydrates and amino acids. 
 
Glyphosate-induced susceptibility to soil-borne pathogens due to increased nutrient leakage from 
treated plants was already suggested by Johal and Rahe in 1984. 

4.5.3.2. Increase in host susceptibility to soil-borne pathogens 
 
Some studies suggest that an increased susceptibility of host plants to soil-borne pathogens may 
cause higher disease severity upon glyphosate treatment. In 1984, Johal and Rahe already 
suggested that this glyphosate-induced susceptibility to soil-borne pathogens might be attributed 
to suppression of defence meachnisms. 

i) Decreased key plant defence compounds to fight fungi 
 
To prevent the growth and spread of a plant pathogen, plants use a mechanism called 
hypersensitive response that causes rapid cell death in the region surrounding the infection. Johal 
and Rahe (1988) suggest that whereas the hypersensitive response may be responsible for initial 
inhibition or at least delay of fungal development, it is however inadequate to contain the pathogen 
itself. They further indicate that phytoalexins, antifungal host metabolites that accumulate in and 
around hypersensitive host cells, are needed to contain the pathogen in the dead cell. In an 
experiment with beans inoculated with the fungus Colletotrichum lindemuthianum, Johal and Rahe 
found that glyphosate interferes with the expression of defence against C. lindemuthianum in beans 
by suppressing their ability to produce phytoalexins. 
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Inhibition of EPSP synthase and subsequent starvation of treated plants of aromatic amino acids 
was considered to be the sole mode of action of glyphosate. But the shikimate pathway also gives 
rise to different plant defence compounds such as phytoalexins, salicyclic acid, pathogenesis-
related proteins and lignin-based defence mechanisms (Johal and Rahe 1984, Larson, 2006, 
Kremer et al. 2005, Johal and Huber, 2009; Johal and Rahe, 1988; Liu et al. 1997). The infection 
by soil-borne pathogens caused by the inability of pants to synthesise those defence components 
might thus be a “secondary mode of action” of glyphosate (Kremer and Means, 2009; Johal and 
Rahe, 1984; Yamada 2009). 
 
But why does this affect RR crops that are genetically modified to have a glyphosate insensitive 
EPSP synthase? Johal and Huber (2009) argue that RR crops would only be unaffected if the 
transgene is completely insensitive to glyphosate and operates in exactly the same way upon 
glyphosate treatment that the native EPSPS does in the absence of glyphosate, both under normal 
and stressful conditions and independent of the level of glyphosate applied. They consider this 
unlikely and believe that RR crops are vulnerable to fungal diseases following glyphosate treatment 
under at least some conditions. Gressel (2002) suggest that the transgenic EPSPS in RR soybeans 
is considerably less efficient than the wild-type enzyme and might produce insufficient amounts of 
phytoalexins. According to Larson (2006), a slight inhibition of EPSPS would already be substantial 
enough to inhibit plant defences but in turn not affect plant growth. 

ii) Decreased nutritional status of the plant to defend itself 
 
Micronutrients can activate or inhibit many critical physiological functions and are essential for 
many metabolic pathways. A change or reduction in availability of micronutrients can greatly affect 
plant growth and resistance to diseases and pests (Johal & Huber, 2009). 
 
Many diseases such as take-all disease, rice blast, potato scab, or corn stalk rot are inversely 
related to manganese (Mn) availability and may be the result of reduced resistance from induced 
Mn deficiency. Since Mn is needed for the plant’s resistance mechanisms, some pathogens 
produce Mn oxidising enzymes at the infection site to compromise the plant’s resistance 
mechanism. But environmental conditions that reduce the availability of Mn for plant uptake also 
predispose plants to disease. Glyphosate released to the rhizosphere has been shown to reduce 
Mn-reducing organisms and increase Mn-oxidising organisms and thus limit Mn availability for plant 
uptake and active defence reactions (Johal and Huber, 2009). Moreover, glyphosate has also been 
shown to chelate essential micronutrients such as manganese or iron rendering them immobile and 
unavailable for plant uptake and translocation. Thus, increased crop diseases following glyphosate 
application may be the result of reduced resistance from induced micronutrient deficiency. 
However, this view is not universally accepted and other researchers argue that chelating metal 
cations do not significantly affect plant mineral nutrition (Duke, 2018). In field studies conducted in 
2013 and 2014 in two US states, Reddy et al. (2018b) find that neither glyphosate nor the 
glyphosate-resistant transgene affected yield or mineral content of leaves or seed, except for 
occasional (<5%) significant effects that were inconsistent across minerals, treatments, and 
environments. A review by Mertens et al. (2018) concludes that further research should be 
undertaken to elucidate the role of glyphosate as a chelating agent. 

4.5.3.3. Decrease of pathogen antagonists 
 
Kremer et al. (2005) argue that decreasing the growth of soil bacteria that compete for soybean 
root exudates may further favour fungal growth. Indeed, Kremer and Means (2009) found a 
negative relationship between population size of fluorescent pseudomonads and Fusarium root 
colonization, with about 85% of fluorescent pseudomonas cultures being antagonistic toward 
Fusarium. They suggest that glyphosate and RR soybean may enhance Fusarium root colonization 
through not only stimulating growth on the fungal pathogen but also by suppressing bacterial 
antagonists such as pseudonomads.  
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4.6. Can RR crops help to mitigate climate change? 
 
Approximately one-third of global greenhouse gas (GHG) emissions come from agriculture and the 
trend is rising. These emissions result from the production of fertilisers and pesticides, livestock, 
fuel use from agricultural machinery and equipment, soil degradation and land-use change 
amongst others (Liu et al., 2015). Thus, there is a huge potential to reduce GHG emissions and 
thereby mitigate climate change in agriculture.  
 
Tillage is the preparation of land for growing crops by disturbing the soil, using methods such as 
digging and ploughing. ‘Conventional tillage’ usually involves ploughing (using tractors) to kill 
weeds, and to aerate the soil, followed by secondary tillage to control weeds, produce finer soil, 
and/or incorporate fertiliser. There are many different types of tillage which can vary in intensity. 
‘Conservation tillage’ reduces the amount of tillage, with the aim of reducing soil erosion and water 
loss and keeping more beneficial arthropods in the soil. ‘No-till’ means that the ground is not 
ploughed at all. No-till can be used in organic farming using agro-ecological farming methods, such 
as crop rotation and mulching. However, a major expansion in no-till farming occurred in North and 
South America with the introduction of GM Round Up Ready (RR) crops. This is because weeds 
could be killed by blanket spraying the crop with glyphosate-based herbicides (such as RoundUp), 
instead of using ploughing.  
 
GM crops have been reported to reduce the level of greenhouse gas (GHG) emissions. According 
to PG Economics, GM crops saved about 28 billion kg of carbon dioxide from being emitted to the 
atmosphere in 2013 (Brookes & Barfoot, 2015). They attribute the carbon dioxide saving mainly to 
two factors: reduced pesticide use (involving fewer spray runs) and the switch to no-till (NT) or 
reduced-till (RT) cropping systems. With less pesticide applied by mechanical means, they say less 
fuel is used and thus less carbon dioxide is emitted. Additionally, they argue that less tractor fuel 
was used in NT or RT cropping systems. Such conservation tillage systems would also mitigate 
climate change by sequestration of carbon in soil, thereby preventing carbon dioxide emission to 
the atmosphere. Moreover, additional carbon dioxide could be assimilated from the atmosphere, 
because of higher crop production. These authors, funded by Bayer Crop Science, claim 2.456 
billion kg of carbon dioxide was saved through reduced fuel use on GM crops in 2018 (of which 
2.95 billion kg is from HT crops, whilst the remainder is from insect-resistant Bt crops) and 5.606 
billion of extra carbon was sequestered in the soil (all from GM HT crops), compared to 
conventional (non-GM) crops (Brookes & Barfoot, 2020). 
 
However, we already showed that for RR crops, the overall amount of glyphosate sprayed and the 
number of applications per year quickly began to rise after a first reduction (See Section 3.1.1 
Herbicide use) and that one of the main reasons is the emergence of glyphosate resistant (GR) 
weeds (see Section 3.1.2. Superweeds). Contrary to the arguments made by PG Economics, this 
led to higher inputs of herbicides (Benbrook, 2012a; 2016; Schultz et al., 2021), thereby using more 
fuel for applying it (see also Section 6. Industry response). The argument that RR crops reduce 
greenhouse gas emissions by reducing herbicide use is thus flawed. But what about the switch to 
no-till (NT) or reduced-tillage (RT)?  
 
There are two problems with the claim that GM herbicide-tolerant crops reduce carbon emissions 
by encouraging adoption of no-till farming. Firstly, there is evidence that, whilst the use of no-till 
increased in the United States from 1998 to 2016, it has subsequently shrunk again – this is likely 
at least partly due to the increasing presence of glyphosate-resistant weeds (as described in 
Section 3.1.2. Superweeds). Secondly, the benefits of no-till farming in terms of reducing carbon 
loss have been exaggerated, as discussed below. 
 
Yu et al. (2020) examine how tillage intensity has changed across the USA. They find an increase 
of no-till land in corn-soybean rotation by 71.6% from 1998 to its peak year in 2008, as the 
percentage of herbicide-tolerant GM corn and soybean rose to over 90%. However, they also find 
the trend toward lower tillage intensity has subsequently reversed, although herbicide-tolerant GM 
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corn and soybeans still dominate the market. Although there are many uncertainties in how soil 
carbon loss is calculated (discussed further below), these authors calculate that the total soil carbon 
change from 1998 to 2008 was 10.0 Tg of carbon accumulation, but from 2008 to 2016 was 19.2 
Tg of carbon loss. These authors speculate that one possible reason for rising tillage intensity after 
2008 is due to increasing resistance of weeds to herbicides, which may have compelled farmers to 
return to ploughing. In a further modelling study of US corn–soybean cropping systems, Lu et al. 
(2022) conclude that, “The GHG [Greenhouse Gas] mitigation benefit (−5.5 ± 4.8 TgCO2e yr−1) of 
decreasing tillage intensity before 2008 has been more than offset by increased GHG emissions 
(13.8 ± 5.6 TgCO2e yr−1) due to tillage reintensification under growing pressure of weed 
resistance”. Thus, any benefits of no-till agriculture on carbon loss have now been reversed. 
 
As noted above, there are also significant uncertainties regarding how much carbon loss is actually 
reduced by using no-till systems. Several publications have referred to the potential of no-till (NT) 
or reduced till (RT) farming systems to increase soil organic matter and sequester carbon (see for 
example Corsi et al., 2012; UNEP, 2013). But according to Powlson et al. (2014), the potential for 
climate change mitigation has been widely overestimated. They state that there is a strongly 
developed concentration gradient with depth under no-till. The apparent increase in soil organic 
carbon is not a net increase in soil organic carbon stock but results from redistribution of carbon 
nearer to the soil surface, with increased soil organic carbon in the 15-20 cm layer top-soil. When 
comparing soil samples from at least 40 cm depth, no overall increase in soil carbon levels under 
no-till have been found. In a 41 year experiment in France, no-till led to no increase in soil organic 
carbon (Powlson et al., 2014). In addition, the soil can only take up a limited amount of carbon and 
thus, annual rates of accumulation decline as the carbon content saturates. Baker et al. (2007) 
argue that sampling protocol may have biased the results of studies that found that soil disturbance 
by tillage was a primary cause of the historical loss of soil organic carbon. They find that, in the few 
studies where sampling extended deeper than 30 cm, conservation tillage has shown no consistent 
accrual of soil organic carbon, instead showing a difference in the distribution, with higher 
concentrations near the surface in conservation tillage and higher concentrations in deeper layers 
under conventional tillage. They conclude that evidence that conservation tillage promotes carbon 
sequestration is not compelling. Added to this, the emergence of GR weeds forces famers now to 
once again go back to mechanical weed management practices such as tillage, reversing any 
potential advantages from conservation tillage, as noted above. In a modelling study, which also 
reviews and takes account of some of the criticism of earlier claims about carbon sequestration, 
Graham et al. (2021) conclude that their “results indicate that the global potential for SOC [Soil 
Organic Carbon] sequestration from NT [No-Till] adoption may be more limited than reported in 
some studies and promoted by policymakers”.  

 
Moreover, RR crops do not decrease other GHG emissions associated with agriculture, such as 
the production of fertiliser or pesticides, but rather increase them. In just one example, replacing 
chemical fertiliser with organic manure significantly decreased greenhouse gas emissions in an 
experiment in eastern rural China and has according to Liu et al. (2015) the potential to reverse the 
agricultural ecosystem from a carbon source to a carbon sink.  
 
Furthermore, what RR crops are produced and used for is also an important consideration, which 
is mainly for animal feed and biofuels (see Section 5.1. Food production, land use and 
sustainability). In the U.S. 40% of corn harvest, of which the majority is RR corn, was processed to 
ethanol in 2014 (Ranum et al., 2014). In 2014, production and use of corn ethanol resulted in 27 
billion kg more carbon emissions than if conventional gasoline were used according to calculations 
by the Environmental Working Group (Cassidy, 2015a). This is because converting rainforests, 
peatlands, savannas, or grasslands to produce food crop–based biofuels in Brazil, Southeast Asia, 
and the United States releases 17 to 420 times more carbon dioxide than the annual greenhouse 
gas (GHG) reductions that these biofuels would provide by displacing fossil fuels (Fargione et al., 
2008). 
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To summarize, RR crops do not have the potential to mitigate climate change. In the short term, 
farmers newly planting RR crops may indeed be able to switch to conservation tillage. But on the 
one hand it is not even clear to what extent no-till or reduced tillage can increase net soil organic 
carbon, and on the other hand, glyphosate resistant weeds will evolve sooner or later, forcing 
farmers to go back to ploughing and weeding, to apply even more herbicides and correspondingly 
use more fuel. Other methods, like ending the use of corn for biofuels and reducing intensive meat 
production, seem more promising in saving greenhouse gas emissions in agriculture. 

4.7. Antibiotic resistance 
 
In 2014, the World Health Organisation (WHO) warned that resistance to antibiotics has reached 
alarming levels in many parts of the world, threatening modern medicine and becoming a growing 
public health risk. With antibiotics becoming less effective, treatments of patients become more 
difficult, costly or even impossible. Common infections and minor injuries could become deadly 
once again. In 2009, it was estimated that in Europe approximately 25,000 people die each year 
from antibiotic resistance (ECDC/EMEA, 2009). But while common antibiotics become less useful, 
the development of new antibiotics is lagging behind, with no major new classes of antibiotics 
having been discovered since 1984 (WEF, 2013). The World Health Organisation (WHO) names 
major gaps in surveillance on antibiotic resistance and has called for urgent action (WHO, 2014). 
Increasingly, governments around the world are starting to pay attention to this problem. The WHO 
continues to argue that antibiotic resistance is one of the biggest threats to global health, food 
security, and development today (WHO, 2020). 
 
Bacteria resistant to a particular antibiotic have an evolutionary advantage and can thus increase 
quickly. The more a particular antibiotic is used, the more this process is accelerated. A major role 
in antibiotic resistance development is the overuse of antibiotics in the meat industry. In the U.S. 
80% of the antibiotics sold, are used in meat and dairy production as growth promoters and to treat 
diseases. Increasing demand for meat around the world is expected to raise antimicrobial 
consumption in livestock by two thirds from 2010 to 2030 (Boeckel et al., 2015). 
 
Some GM plants used in agriculture include antibiotic resistance genes. Some (but not all) 
transgenic crops, including RR crops, contain antibiotic resistance marker genes (ISAAA, 2014a; 
2014b) that have been transferred to the plant cells together with the gene of interest by means of 
a plasmid vector. These marker genes help scientists determine if a plant cell has been successfully 
genetically modified and whether it contains the gene of interest. This is necessary because the 
GM technique is inefficient, with only 1-2% of cells being successfully transformed. To identify these 
cells and efficiently use them to grow into plants they can be cultured in a medium containing an 
antibiotic, for example ampicillin. Transformed cells containing the marker gene will survive in the 
medium, while other, non-transformed cells will die.  
 
The concern has been raised whether these antibiotic resistance genes could be transferred from 
GM plants to soil- and plant-related bacteria or to bacteria in the gastrointestinal tracts of humans 
and animals and lead to an increased level of antibiotic resistance in micro-organisms. In Europe, 
this concern is reflected in the EU directive on the deliberate release into the environment of 
genetically modified organisms (2001/18/EC), that demands that antibiotic resistance marker 
genes are monitored and used with caution: “Member States and the Commission shall ensure that 
GMOs which contain genes expressing resistance to antibiotics in use for medical or veterinary 
treatment are taken into particular consideration when carrying out an environmental risk 
assessment, with a view to identifying and phasing out antibiotic resistance markers in GMOs which 
may have adverse effects on human health and the environment.” The EFSA GMO panel further 
suggests that some antibiotic resistance marker genes ought not to be used at all and others used 
only on a limited basis. 
 
Chen et al. (2012) found the ampicillin resistance gene, β-lactam antibiotic (blá), originating from 
synthetic plasmid vectors, in microbes from six Chinese rivers with significant human interaction. 



 
 

Genewatch UK 
August 2022 

123	

Although the source is unclear, the blá gene is used in some herbicide resistant crops. Although 
the source of the contamination is not clear, the authors suggest that “Contamination of 
environmental microbes with synthetic plasmid vector-sourced antibiotic resistance genes may 
represent a yet unrecognized source of antibiotic resistance”.   
 
Another concern is that herbicides could be a possible driver of antibiotic resistance in different 
microorganisms. Glyphosate for example is not only an herbicide but also an antibiotic. For that 
reason, Monsanto patented the antibicrobial activity of glyphosate against a wide range of bacteria, 
parasites and fungi containing the EPSPS enzyme. Some bacteria and fungi are however highly 
resistant to glyphosate. As described above, the resistance gene in strain CP4 of Agrobacterium 
tumefaciens was used to create glyphosate tolerant crops in the first place. Van Bruggen et al. 
(2018) point out that the intensification of glyphosate use is correlated to the emergence of many 
genera of glyphosate resistant bacteria and fungi – and, more alarmingly, that some of the 
resistance mechanisms found in glyphosate resistant bacteria are the same that confer resistance 
to clinically important antibiotics. They note that antibiotic resistance is widespread in agricultural 
soils that were not exposed to high antibiotic concentrations. Their earlier studies found a high 
percentrage of bacteria isolated from citrus groves, roots and rhizospheres to be resistant to 
penicillin, although penicillin is not used in citrus orchards. These bacteria however showed 
significant cross-resistance to Roundup which is applied frequently in citrus groves.  
 
Van Bruggen et al. (2018) develop a hypothesis that “the selection pressure for glyphosate-
resistance and the associated resistance to antibiotics in the soil microbiome result in transfer of 
antibiotic resistant bacteria from soil to plants, animals and humans through the food web, even in 
urban and hospital environments”, and warn that this could lead to increases in antibiotic resistance 
to clinically important antimicrobial agents. Similarly, Raoult et al. (2021) suggest that glyphosate 
”…substantially modifies the microbial ecosystem, and that this modification may lead to changes 
in the susceptibility of the resident bacteria and selection of resistant bacteria in the environment 
that may further spread into clinical strains” They recommend evaluating the role of glyphosate in 
the observed increase in antibiotic resistant bacteria, particularly in countries that use few 
antibiotics in humans but use glyphosate massively in agriculture. More specific evidence for these 
concerns comes from Kurenbach et al. (2015), who report that exposures of the bacteria 
Escherichia coli and Salmonella enterica serovar Typhimurium (bacteria associated with food 
poisoning) to sublethal concentrations of commercial formulations of dicamba, 2,4-D, and 
glyphosate - all herbicides used in genetically engineered HT crops - were found to induce a 
changed response to clinically relevant antibiotics. Exposure to sub-lethal levels of Roundup, for 
example, significantly increased the concentration of two antibiotics (kanamycin and ciprofloxacin) 
necessary to kill the gut bacteria Escherichia coli and Salmonella enterica. Exposure to sublethal 
levels of 2,4-D and Kamba (dicamba) increased the tolerance of S. enterica and E. coli to 4 and 3 
antibiotics, respectively. Kurenbach et al. (2017) further demonstrate that the active ingredients 
alone can change the reponse of antibiotics to S. enterica. For the majority of combinations, 
herbicide exposure increased minimum inhibitory antibiotic concentration. The most pronounced 
effect was that glyphosate increased the kanamycin concentration needed fivefold and dicamba 
exposure increased the chloramphenicol concentration sevelfold. Kurenbach et al. (2017) also find 
common co-formulants of these commercial formulations to have an effect on antibiotic response, 
even at concentrations permitted in food, but these effects were generally weaker than the ones 
observed for the active ingredients. One possible explanation for this phenomenon is that if bacteria 
are exposed to concentrations of a toxin, such as Roundup, that doesn’t kill them, they activate so-
called efflux pumps that move the toxin out of the cell. This increased efflux, possibly combined 
with a decreased permeability into the cell, could be responsible for the decreased susceptibility to 
these antibiotics. In pesticides and active ingredients, these effects were observed at levels higher 
than the residues allowed in food but below what is often used in rural settings. Pesticide-induced 
antibiotic resistance could thus affect people in rural areas or honeybee hives treated with 
antibiotics, amongst other possibilities. Antibiotics and herbicides are also detected in waterways 
that could potentially maintain resistant bacteria. The effect could be increased if different 
chemicals are combined (Kurenbach et al., 2015; Grossman, 2015a). Van Bruggen et al. (2018) 



 
 

Genewatch UK 
August 2022 

124	

highlight that the intensification of the use of dicamba and 2,4-D will likely increase tolerance to 
these herbicides in microbial communities, which could further impact antibiotic resistance in 
bacteria. In a soil microcosm herbicide exposure experiment, Liao et al. (2021) further show that 
application of glyphosate, glufosinate, and dicamba, increases the prevalence of antibiotic 
resistance genes as well as mobile genetic elements, that facilitate horizontal gene transfer in 
bacteria, in soil microbiomes. They subsequently collected soil samples across China to compare 
soil microbiomes from fields that have continuously been exposed to glyphosate for at least 10 
years with those that had not been exposed to herbicides at all. They confirmed the association of 
herbicide application with higher abundance of antibiotic resistance genes and mobile genetic 
elements. Liao et al. conclude: “The role of herbicides in global antibiotic resistance problem should 
thus be re-evaluated, to better understand associated risks for the prevalence of ARGs [antibiotic 
resistance genes] in agricultural environments where soil microbiota is repeatedly exposed to 
herbicides during weed control.”  

 
Da Costa et al. (2022) report evidence that a glyphosate-based herbicide cross-selects for antibiotic 
resistance genes in bacterioplankton communities in water from a lake. Daisley et al. (2022) review 
evidence regarding the unintended effects of pesticides (including glyphosate) on microbial life. 
Amongst other conclusions, these authors state, “Antimicrobial resistance is a current global threat 
to health, and it is imperative that the role of agrochemical use in the development of antimicrobial 
resistance is fully studied and appreciated”. They also highlight that regulatory oversight of 
agrochemical usage is inadequate and fails to address potential effects on ecosystem microbiomes 
which are in turn critical to environmental health. 
 
These studies suggest that herbicide tolerant crops may either directly increase antibiotic 
resistance in microbes by horizontal gene transfer of antibiotic resistance marker genes, or 
indirectly via the corresponding herbicides that are increasingly applied to HT crop fields.  

4.8. Conclusions 
 
Ecosystems are comprised of countless complex interactions where minor interferences can have 
major unforeseen effects. The widespread adoption of HT crops and the associated increase of 
environmental exposure to Roundup and other herbicides can impact ecosystems directly with 
lethal and sub-lethal effects on non-target organisms and also through more complex indirect 
effects, as in the case of the Monarch butterfly.  
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5.  Does society benefit from RR crops? 

5.1. Food production, land use and sustainability 
 
The industry often states that GM crops are essential to feed an ever-increasing population. But 
this argument is highly flawed. As discussed above, RR crops have failed to bring about the 
promised increases in crop yields, and conventional breeding methods have proven more efficient 
to develop higher yielding crops. Moreover, there is no causal link between a rise in production and 
a global decline in hunger. Global population in 2019 had reached more than 7.7 billion, and is 
predicted to grow to approximately 10.9 billion by 2100, when population growth is expected to 
end, mainly due to falling global fertility rates (Cilluffo & Ruiz, 2019). In 2013, enough food was 
already produced for 12-14 billion people (UNCTAD, 2013) but according to the World Food 
Agriculture Organization (FAO) almost 795 million people still suffered from hunger in 2015 (FAO, 
IFAD & WFP (2015). According to the Food and Agriculture Organization of the United Nations 
(FAO), total production of primary crops increased by 53 percent between 2000 and 2019, hitting 
a record high of 9.4 billion tonnes in 2019, but undernourishment increased sharply between 2019 
and 2020 (during the COVID-19 pandemic) and nearly 10 percent of the world population suffered 
from hunger in 2020, compared to 8.4 percent in 2019 (ReliefWeb, 2021). The primary reasons for 
hunger are poverty and lack of access to affordable food (Tscharntke et al., 2012). Conflict, weather 
extremes and economic shocks were the main drivers behind food insecurity in 2021, with poverty 
and inequality as underlying causes (EU/FAO/WFP, 2022). 
 
Adding to this is the fact that crop production is not exclusively and efficiently used as food. 
Worldwide, only 55% of all crop calories were grown for direct human consumption in 2013 
(Cassidy et al., 2013). The rest is grown to produce animal feed, biofuels or for other industrial 
uses. Crops used for animal feed and biofuels are highly productive crops such as soybeans and 
maize. Global meat production grew by 44 percent between 2000 and 2019 to reach 337 million 
tonnes (ReliefWeb, 2021). Most soy (around 75% measured by weight in 2018) is fed to animals 
in livestock production systems, with around 3.8% going to biofuels and other industrial 
applications, and only 19.2% to direct human consumption as food (mainly as soybean oil) (Fraanje 
& Garnett, 2020). Similarly, around 74% of the global maize production is used for animal feed 
(Cassidy et al., 2013). And in the U.S., 40% of the maize harvest was processed to ethanol in 2014 
(Ranum et al., 2014). Soybean and maize are the top two GM crops, the majority of which are 
Roundup Ready (See Section 1. Introduction) and are largely not grown for direct human 
consumption. While calories used for biofuels are completely lost from the food system, calories 
used to feed animals, eventually serve to indirectly feed humans. However, 89% of the produced 
grain calories are lost in the process due to an inefficient feed-to-edible food conversion (Cassidy 
et al., 2013). Shifting crop calories used for animal feed and biofuels to direct human consumption 
could, according to Cassidy et al. (2013), potentially feed an additional 4 billion people and in the 
U.S. alone an additional 1 billion people.  
 
Further, many crop calories are lost during food production, transport and storage as well as in 
retail facilities, restaurants and at private households etc., so tackling food waste is an important 
way to improve food supply. According to FAO (2011) about one third of global food production 
gets lost or is wasted. However, even with enough calories produced and used for direct human 
consumption, a lot of people lack access to affordable food. It is highly questionable whether 
growing GM crops for animal feed, increasing corporate control of the food chain, and the resulting 
changes in land use, bring any benefits to such people (see Sections 3.1.5. Seed prices, patents 
and corporate control and 3.5. Impact of RR crops on farmers’ choice, land rights and 
indebtedness.). 
 
It is also questionable whether sparing land for nature needs higher intensity of farming to produce 
adequate food (Tscharntke et al., 2012). Strategies to increase yields without explicitly considering 
the actual and potential cost of biodiversity losses can compromise ecosystem functionality and 
resilience in agriculture. Rather, food security and food sovereignty need to increase in areas where 
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the hungry live, based on robust, eco-efficient approaches. Further, in the case of RR crops, yields 
have not increased compared to non-GM crops (see Section 3.2. Impact of RR crops on yield) and 
there has been significant expansion of intensive agricultural monocultures into previously diverse 
ecosystems (see Section 4.2.2 Land use and biodiversity). 
 
According to the Environmental Working Group (Cassidy, 2015b), crop yields have only increased 
about 20 percent in the past 20 years. Genetically modified (GM) organisms such as RR crops, 
have not substantially improved global food security during this time and relying on increased yields 
from GM crops will fall short of meeting future goals. Alternative approaches such as smarter 
resource use, improving livelihoods of small-scale farmers, reducing food waste and small changes 
in diets, such as reducing meat consumption or swapping from grain-fed beef to chicken or grass-
fed beef, have, according to the Environmental Working Group, the potential to double calorie 
availability and are more promising to improve food security. 
 
Oliveira and Hecht (2016) discuss key environmental debates surrounding soy agribusiness in 
South America, challenging especially the common arguments that agroindustrial intensification 
‘spares land’ for conservation while increasing production to ‘feed the world’. They demonstrate 
that these arguments hinge on limited data from a peculiar portion of the southern Amazon fringe 
and hide other multiple political and ecological problems associated with the sector. Less than 6% 
of all soy produced in the world is consumed directly as human food, and virtually all of it in South 
America is crushed to produce livestock feed and edible oil, as well as biodiesel and other industrial 
products, with much of the animal feed exported to support increased poultry and pig production in 
Europe and East Asia, particularly China. Partnerships between major seed and agrochemical 
input manufacturers with major soybean trading companies (e.g. Monsanto with Cargill, Syngenta 
with Bunge) enable these agribusinesses up- and down-stream from soy farms to effectively control 
the inputs and farming practices of most soy farmers across South America, and lock in prices and 
delivery of portions of their harvests through prearranged provision of fertilizer, pesticides, 
herbicides and seeds. Hundreds of thousands of farm units are operated by a handful of companies 
that manage millions of hectares across South America. The trend toward farmland and wealth 
concentration has accelerated with the introduction of GM technologies and aggravated the already 
unequal distribution of farmland, credit and capital. Expanding monocultures of RR soy have led to 
human pesticide exposures via aerial spraying (See Section 5.5.7. Acute and chronic health effects 
associated with drift of glyphosate and other pesticides and use by farmworkers), negative 
ecosystem impacts including deforestation, and the loss of more than 50% of the Cerrado. In the 
Mato Grosso region, there is some evidence that soy production has been able to expand whilst 
the Amazon has been protected. However, in general, the intensification of profitable land uses 
tends to enhance its spread rather than to confine it spatially and the conversion of other 
ecosystems (particularly the Cerrado) to soy is far higher than the Amazon.  
 
Soy is mainly exported from the four countries of South America’s Southern Cone: in Brazil around 
25 percent of the harvest is for domestic consumption, mainly as vegetable oil, in Paraguay and 
Uruguay it is only 5 percent, while in Argentina there is an intermediate percentage (15 percent) 
(Wesz Jr, 2016). China assumes a great importance in the total value of Uruguayan (67 percent), 
Brazilian (50 percent) and Argentinian (25 percent) exports; in the Paraguayan case, marketing 
focuses mainly on Europe (which is also the main recipient of Argentinean meal). The world cereal 
trade is controlled by four major transnational firms: ADM, Bunge, Cargill and Dreyfus (called ABCD 
due to their initial letters). 
 
A 2015 study compared the sustainability of the Brazilian GM and non-GM soybean meal chains 
with regard to all three dimensions of sustainability (environmental, economic and social). The 
soybean meal chain consisted of the agricultural level, processing, transport to port and 
transoceanic transportation. The profitability of both chains is measured by the difference of the 
total aggregated outputs and inputs, adjusted for the negative externalities of production. The latter 
include global warming potential, eutrophication potential, deforestation, toxicity to the 
environment, farmers and consumers, loss of employment. The study found production of non-GM 
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soybean meal to be more sustainable than the GM chain (Gaitán-Cremaschi et al., 2015). An earlier 
study by Ortega et al. (2005) compared agricultural systems classified in two main categories in 
Brazil: biological (organic and ecological) and industrial (agrochemical and no-tillage with 
herbicides). Biological models included the family managed ecological farms of the south and the 
organic enterprises in the central region. As industrial models, farms that adopted green-revolution 
standards (in the south) and agricultural enterprises that adopted no tillage (with or without the use 
of transgenic seeds) in the south and central region were considered: these were designated as 
“chemical” and “herbicide” farms in the analysis, respectively, The authors find that biological 
models show better environmental, economical, and social performance indicators. 
 
Even advocates of GM crops now accept that HT crops are not the future of agriculture. Former 
UK Life Sciences Minister, George Freeman MP (Minister for Science, Research and Innovation 
until July 2022) stated: “The first generation, if you like ‘GM1.0’, was very crude, particularly the 
original Monsanto monoculture model: “Spray everything that dies apart from the thing we have 
protected.” I do not think anyone thinks that is a particularly progressive way of doing 21st century 
agriculture, but what we are now seeing is really elegant ‘GM2.0’—the very subtle use of naturally 
occurring traits. That is incredibly exciting science, and somehow we have to find a way through 
Parliaments and commissions to explain that to electorates and win their trust in an appropriate 
regulatory framework” (House of Commons Science and Technology Committee, 2016). Former 
senior scientists at DuPont and Corteva Agriscience conclude a recent book chapter, “Today, 
glyphosate-based crop systems are still mainstays of weed management, but they cannot keep up 
with the capacity of weeds to evolve resistance. Growers desperately need new technologies, but 
no technology with the impact of glyphosate and GR crops is on the horizon. Although the 
expansion of GR crop traits is possible into new geographic areas and crops such as wheat and 
sugarcane and could have high value, the Roundup Ready® revolution is over” (Green & Siehl, 
2021). 
 
However, in reality, HT crops dominate the market for commercial GM crops, and are likely to 
continue to do so, because selling agrichemicals and herbicide-tolerant GM seeds together can be 
highly profitable. 

5.2. Consumers’ reluctance to eat GM crops  
 
RR crops are designed to make farming practices easier for farmers but have no advantages for 
consumers compared to conventional crops. Consumers worldwide are reluctant to eat GMOs. But 
often it is not a question of choice. In the US for example more than 90% of all corn and soya is 
genetically modified (USDA NASS, 2014) and retailers don’t have to label products containing 
GMOs. However, manufacturers will be required to label some products containing GMOs (using 
a 5% ingredient threshold) by 2022 under a new National Bioengineered Food Disclosure Standard 
(NBFDS) (Berry, 2021). According to a New York Times Poll in 2013, 93% of Americans were in 
favour of GMO labelling (Kopicki, 2013) and sales of food labelled as “non-GM” were rising steeply 
(see Section 3.3.2. Effects of the increasing demand for non-GM seeds and foods on RR crop 
marketing). In 2014, Vermont became the first US state to adopt a law requiring labels for foods 
containing GM ingredients. The law should have come into effect in July, 2016. The states of Maine 
and Connecticut also adopted labelling laws, but they would only come into force once other states 
also enforce similar legislations (ENS, 2014). In 2016, California narrowly rejected mandatory GMO 
labelling (47% to 53%). The “California Right to Know Genetically Engineered Food Act” was 
opposed by a coalition of GMO companies including Monsanto, Dupont, BASF, Bayer, Dow, and 
Syngenta along with U.S. multinational food companies such as Pepsi, Kraft, Nestle, Coca-Cola, 
Kellogg, Unilever and others. Monsanto alone invested U.S.$8.1 million in the “No” campaign 
(Paull, 2018). Much weaker federal legislation has since been passed which will pre-empt such 
state laws and provide less information for consumers. Although controversial, this federal law will 
require some form of GM labelling for some GM food products, although consumers will have to 
scan the bar code and check online to see whether genetically modified products were used 
(Washington Times, 2016). Surveys in Canada also show that, if given a choice, most consumers 
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would choose to buy a non-GM food item (Briere, 2017). There have also been calls for the 
mandatory labelling of genetically modified (GM) foods in Canada (NDP, 2016). 
 
In Europe, a 2010 poll found that 84% of European citizens have heard about GM food.  Of those 
polled, only 23% thought the development of GM foods should be encouraged. Europeans that had 
already heard about GM food before were generally more concerned about it than those that have 
not (Eurobarometer, 2010). In Switzerland, a 2015 poll found 66% of citizens are against GMO 
cultivation and only 21 percent are in favour (Univox; 2015). The majority of European consumers 
support continued compulsory labelling on all genetically modified food, and also want products 
from animals fed with GM crops to be labelled (which is not currently the case) (Foote, 2021). 
Although GM HT crops are not grown in Europe, GM maize and soya is imported for use in animal 
feed: however, import approvals are controversial and take place without approval from a ‘qualified 
majority’ of EU member states, and despite opposition from the European Parliament (European 
Parliament, 2015a,b,c, 2016a,b,c,d).  
 
Due to consumer reluctance to eat GMOs, many major retailers have excluded GMOs from their 
own brand food products and some manufacturers don’t want to purchase agricultural goods from 
regions with high GM crop production (Devos et al., 2009). In the EU, labelling is required for food 
or feed containing more than 0.9% of EU-authorised GMO-resources of each ingredient according 
to Regulation (EC) no. 1829/2003 on genetically modified food and feed and Regulation (EC) no. 
1830/2003 concerning the traceability and labelling of genetically modified organisms and the 
traceability of food and feed products produced from genetically modified organisms. Food and 
feed products that contain less than 0.9% GMO-resources do not have to be labelled if the 
presence of the GMO was adventitious or technically unavoidable. However, products such as 
eggs, milk and meat that were produced using GM-feed don’t have to be labelled and are sold in 
the EU. Research conducted by the Food Standards Agency in 2012 revealed that UK consumers 
were generally unaware that farmers are using GM feed and the fact that the resulting products 
don’t have to be labelled. Once made aware, two thirds wanted products from animals fed GM feed 
to be labelled. According to a survey from the Forsa Institute for Social Research and Statistical 
Analysis conducted in Germany in April 2014, 93% of 1000 interviewed persons thought that animal 
products containing GMOs should be labelled. Almost 80% wished animals were not fed with 
GMOs at all and the vast majority would even pay more for GM-free meat and dairy (Forsa, 2014).  
 
Examples of certified GM-free foods are given above (see Section 3.3.2. Effects of the increasing 
demand for non-GM seeds and foods on RR crop marketing). However, it should be noted that 
supplying the GM-free foods that consumers want is made more difficult by large-scale GM soy 
and maize production. In countries where GM crops are grown, the costs of segregation are often 
borne by non-GM producers (see Section 3.4. Economic and regulatory implications of RR crop 
cultivation on coexistence with conventional crops). 
 

5.3. Impacts of GM crops and foods on the health of humans and farmed 
animals 

5.3.1. Compositional & qualitative differences between RR and non-RR crops 
 
Despite public scepticism towards foods containing GMOs, the industry repeatedly states that RR 
crops are as safe and nutritious to eat as any other crop because there are no compositional or 
qualitative differences between RR and conventional or organic crops. Several studies support this 
statement (see for example Harrigan et al., 2007; Lundry et al., 2008; McCann et al., 2005; 
Padgette et al., 1996; Taylor et al., 1999), however other authors disagree (Hilbeck et al., 2011, 
Mesnage et al., 2016, Vilperte et al., 2016). The focus of this report is on herbicide tolerant GM 
crops, therefore we focus on the potential health issues associated with the blanket spraying of 
such crops with weedkillers, particularly the glyphosate-based herbicides associated with RoundUp 
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Ready GM crops (the effects of other herbicides which are sprayed on newer HT GM crops are 
considered in Section 7. Environmental and health effects of other herbicides). 
 
Typically, health safety studies focus on potential risks from the GM product and the genetic change 
itself and do not measure residues of herbicides and their metabolites. They use RR soy that was 
grown under strictly controlled conditions, either not treated with glyphosate or at doses lower than 
those applied by farmers. Pesticide residues should however always be integrated in compositional 
studies as RR crops do not only differ from their conventional counterpart in the inserted gene but 
also in the applied management practice. Not only glyphosate but commercial herbicides such as 
Roundup should be used, as they contain adjuvants that can increase overall toxicity (see Section 
5.5.1. Adjuvants and Section). Hilbeck et al (2011) point out that RR crops now contain higher 
residues of glyphosate and its primary metabolite AMPA, than when glyphosate was used on 
conventional crops. Pesticide residues can contaminate food crops either by direct pesticide 
application, by pesticide drift, by uptake from contaminated soil or water, or through food processing 
(Rubio et al., 2014). Adjuvants may increase glyphosate residue levels in crops by enhancing 
adhesion of glyphosate to plant surfaces and by facilitating translocation of glyphosate into plant 
tissues, where it can not be dissipated (Myers et al., 2016).  
 
Arregui et al. (2004) find higher concentrations in soybean leaves and grains, when glyphosate is 
sprayed several times during the crop cycle, which only became possible with glyphosate tolerant 
crops. Bøhn et al. (2014), measure pesticide residues in RR, conventional and organic soybeans 
from Iowa and find significantly higher levels of glyphosate and AMPA residues in RR soybeans 
compared to conventional and organic soy where they find none of those chemicals. This suggests 
that pesticide residues are an important compositional difference. Bohm et al. (2014) compare 
conventional and RR soybeans in Brazil and find that glyphosate residues in the seeds are above 
levels permitted by Brazilian law. Both glyphosate and AMPA were found in soil and RR soybean 
seed in the two glyphosate treatments used in the experiments. Glyphosate concentrations of 15 
and 21 mg kg-1 in seeds were detected in the treatments with one and two glyphosate applications, 
respectively, meaning that residue levels were above the 10 mg kg-1 limit permitted by the Brazilian 
Agency for Sanitary Vigilance (ANVISA). In commercial farms, the concentrations of glyphosate 
found in seeds were 12 mg kg-1 and 21 mg kg-1 for the Sananduva and Pelotas locations studied, 
respectively. AMPA concentration was similar to that of glyphosate, reaching 16.3 and 24.3 mg kg-

1 in seed for one and two applications of glyphosate, respectively. For the commercial areas, AMPA 
concentrations were 19 and 25 mg kg-1 in Sananduva and Pelotas, respectively. 
 
Xu et al. (2019) review the evidence of glyphosate contamination in grains and foods. They find 
that, overall, glyphosate residues in grains and foods were below the current maximum residue 
levels (MRLs) set by regulators, but that more studies are needed to further elucidate any health-
related concerns. 
 
Viljoen et al. (2021) investigate the presence of glyphosate and glyphosate-tolerant events in 81 
maize and soybean food products purchased from local supermarkets in South Africa. The majority 
of products contained glyphosate (66.7%) but at a level below the maximum residue limit (MRL). 
Glyphosate herbicide-tolerant (HT) event(s), from GM crops, were detected in 70.4% of products 
but were not associated with the presence of glyphosate in all products, suggesting that the 
production of GM herbicide-tolerant (HT) maize and soybean in South Africa is the main, but not 
the only, source of glyphosate in these foods. The authors conclude that South African consumers 
are exposed to low levels of glyphosate reported to cause genotoxic effects at the cellular level. 
 
Human exposure to glyphosate is considered further in Section 5.4. Human exposure to glyphosate 
and Roundup. 
 
Bøhn et al. (2014), further find that different agricultural practices affect the quality of the soybeans. 
Organic soybeans have a healthier nutritional profile, with more sugars, protein and zinc and less 
fiber and omega-6, than both conventional and GM-soy. In Section 3.2.1. Impact of glyphosate on 
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plant health and crop productivity, we considered how glyphosate may reduce nutrient uptake and 
translocation in RR crops treated with glyphosate. Zobiole et al. (2010b) suggest that a lower 
nutrient concentration in RR crops does not only impact plant health and productivity but might also 
affect animal and human health since these essential nutrients are taken up via crops and are often 
deficient among people. Zobiole et al. (2010c) found glyphosate to alter seed nutrient 
concentrations and polyunsaturated fatty acid percentages. Whilst glyphosate increased the 
percentage of monounsaturated fatty acids, which are not essential to the human diet, it decreased 
the percentages of two important polyunsaturated fatty acids, linoleic acid and α-linolenic acid. This 
is problematic because humans cannot synthesise those essential fatty acids. Omega-3 and 
omega-6 fatty acids in seeds were also affected by glyphosate. In a two-year field experiment, 
Bellaloui et al. (2008) studied the effect of glyphosate application on the seed composition in RR 
soybeans. They also found glyphosate to result in a decreased linolenic acid percentage compared 
with the non-treated soybean. However, they used application rates that were higher than 
recommended, representing a “worst case scenario”. Further effects observed in this study were a 
higher protein percentage and a higher oleic acid percentage.  

5.3.2. Effects on farmed mammals 
 
This section considers adverse effects on mammals consuming GM HT crops as animal feed, with 
a particular focus on residues of glyphosate in animal diets. Studies in animals (mainly rats) 
undertaken to assess human health effects are considered in (Section 5.5. Health effects of 
Glyphosate and Roundup). Studies in birds including poultry are considered in Section 4.2.3. 
Farmland Birds). 
 
Reviews of the effects of GM crops on farm animals have generally found little evidence of adverse 
health effects (de Vos & Swanenburg, 2018). However, most of the experimental studies lasted 
one commercial production round or even shorter. Remarkably, only a few experimental studies in 
this review mentioned clinical examination of the animals as a health parameter that was studied, 
and many published studies suffer from serious weaknesses with respect to experimental design, 
statistical analysis, and the use of non-GM feed for comparison purposes. In addition, studies 
submitted to regulators do not usually use material (e.g. GM soybeans) that has been sprayed with 
glyphosate-based herbicides, at least not at the levels used today in farmers fields (Miyazaki et al., 
2019). Thus, the potential adverse effects of high residues of glyphosate in animal feed have rarely 
been examined. 
 
The maximum residue levels (MRLs) of glyphosate plus AMPA allowed by regulators in farm 
products vary widely, depending on the commodity and regulatory agency, ranging from 0.05 mg/kg 
for most animal products (except for meat byproducts), 0.1 to 40 mg/kg in many plant products for 
human consumption, and up to 530 mg/kg in grass and fodder (Van Bruggen et al., 2021). 
 
Sørensen et al. (2021) review potential consequences of feed residues of glyphosate for livestock 
health and productivity. They focus on the documented antimicrobial and mineral-chelating 
properties of glyphosate, and discuss potential effects on livestock health and productivity, 
assuming legal levels of residual glyphosate in feed from Roundup Ready and desiccated crops. 
These authors find that the literature on the potential effects of glyphosate on livestock is very 
scarce and mainly consists of in vitro studies. They were unable to identify any reports on the levels 
of glyphosate in the guts of livestock given feed with residues of glyphosate, and state that the 
potential effects of feed-derived glyphosate on the gut microbiota of livestock are poorly 
investigated. They conclude that a solid basis of in vivo (live animal) studies with livestock in 
physiological and productive phases, particularly sensitive to disorders in mineral status and in the 
gut microbiota, is needed. In a laboratory experiment, Ackermann et al. (2015) find that glyphosate 
has an inhibitory effect on select groups of the ruminal microbiota taken from a 4-year-old non-
lactating Holstein–Friesian cow, whilst increasing the population of pathogenic species. 
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In a long-term pig feeding study, pigs from a commercial piggery were fed with diets containing 
commercially grown GM and non-GM soy and corn, respectively. The GM diet contained RR 
soybeans and stacked RR and insect resistant corn. Carman et al. (2013) found that GM-fed pigs 
showed a significant increase in severe stomach inflammation and had 25% heavier uteri 
compared non-GM-fed pigs. Although it is difficult to draw firm conclusions from a single study, the 
authors regret that long-term toxicological feeding studies with GM and non-GM fed to farm animals 
are scarce. Such long-term feeding studies are needed, given the wide-spread use of GM feed 
used for livestock.  
 
Only a few subsequent studies have examined the potential effects of glyphosate on the health of 
livestock. 
 
Larsen et al. (2022) conduct an animal study where pigs were exposed to glyphosate while feeding. 
Two groups of pigs had 20 ppm and 200 ppm of glyphosate added to the feed, respectively, whilst 
a control group had no glyphosate added (104 pigs were used in total, and slaughtered 9/10 or 35 
days after treatment for analysis). The aim of the study was to determine whether there are any 
epigenetic effects of glyphosate on pig genes, particularly in terms of DNA methylation and gene 
expression. No changes were found in the small intestine. However, a significant increase in 
expression of the enzyme TET3, responsible for demethylation, was observed in the kidneys of 
pigs exposed to 200 ppm glyphosate. The authors also report that glyphosate induces gene-
specific DNA hypomethylation in the IL18 gene promoter in the liver of pigs exposed to glyphosate. 
Thus, there is evidence that glyphosate can induce gene expression changes and gene-specific 
epigenetic effects in pigs. The authors note that the control pigs did not have zero glyphosate in 
their feed because it was hard to obtain such feed (although no additional glyphosate was added), 
and this could account for the lack of observed differences in other enzymes. 
 
Spinaci et al. (2020) also conduct experiments using pigs. In laboratory experiments, they examine 
the biological impact of both glyphosate and Roundup on female pig gametes (eggs). They 
conclude that glyphosate and its formulation Roundup impair pig oocyte (egg) maturation. In these 
experiments, Roundup at the same glyphosate-equivalent concentrations was found to be more 
toxic than pure glyphosate (see also Section 5.5.1. Adjuvants). 
 
Perego et al. (2017) study the effects of RoundUp on cells from cattle. They find that glyphosate in 
formulation may act as an endocrine disruptor chemical in cattle. In their study, RoundUp impairs 
bovine granulosa cell proliferation and steroid production and has more potent effects than 
glyphosate alone. They conclude that RoundUp may have the potential to impair reproductive 
function in cattle. Additional studies are needed, because so little research has been done. 
 
Alarcón et al. (2020) study neonatal (newborn) exposure to glyphosate in Friesian ewe lambs. 
Twelve lambs were exposed to glyphosate-based herbicides (GBH) (2 mg/kg of body weight/day) 
through injections, from postnatal day (PND) 1 to PND14; on PND45, the uteri were obtained to 
evaluate histomorphological and molecular parameters, and compared with ten controls. They find 
that neonatal exposure to GBH decreased cell proliferation and altered the expression of molecules 
that control proliferation and development in the uterus. They conclude that all these changes might 
affect the female reproductive health of sheep and that GBH may act as an endocrine-disrupting 
chemicals (EDCs) (see also 5.5.4. Endocrine disruption and reproductive health). In an earlier 
study, Alarcón et al. (2019), the same research group finds that GBH exposure alters the ovarian 
follicular dynamics and gene expression, and the proliferative activity of the ovaries and uterus of 
lambs. In a laboratory study, Wróbel et al. (2022) find that glyphosate has the potential to disturb 
cervical cells in cows. 
 
Jarrell et al. (2020) note that livestock worldwide are the largest consumers of glyphosate-tolerant 
crops (as animal feed) and argue that risk assessment should consider the reproductive health of 
breeding lines. They review the literature and identify numerous adverse effects of glyphosate-
based herbicides in animal reproduction. They note that very few studies have investigated the 
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effects of these exposures on agriculturally important animals, and the majority of those that have, 
have not investigated reproductive health and performance. Reproductive health is not a 
consideration for many livestock, which may only be grown to market weight for meat production, 
but is relevant to breeding populations. Jarrell et al. (2020) argue that exposure to glyphosate-
based herbicides could be one of the reasons for loss of fertility in livestock. 
 
5.3.3 Impacts of GM feed on animal products 
 
Animal products derived from GM fed animals have been approved for human consumption on the 
basis that no recombinant DNA fragments have been found in any organ or tissue samples of 
animals fed with genetically modified feed (EFSA, 2007). It is generally considered that meal 
derived proteins and DNA are degraded into amino acids and nucleic acids during digestion and 
cannot pass directly to the circulatory system. Spisák et al. (2013) have, however, shown that plant 
DNA can in fact avoid digestive degradation and end up in human blood. The published evidence 
that DNA fragments can survive and reach the blood and tissues of human and animal consumers 
is reviewed by Nawaz et al. (2019). For example, feeding studies with fish (Chainark et al., 2008), 
pigs (Mazza et al., 2005; Sharma et al. 2006) and sheep (Sharma et al. 2006) fed transgenic 
soybeans, maize or canola suggest that DNA fragments (endogenous and transgenic) can survive 
digestive processes and be taken up into the animal’s blood, organs and tissues. Nevertheless, 
potential health effects remain unclear. 
 
In this report, our focus is not on the potential effects of GM crops as such, but on herbicide tolerant 
(HT) GM crops, including Roundup Ready (RR) crops. As potential adverse health effects of RR 
crops could stem from agrochemicals, in the next sections we will consider human exposure to 
Roundup and glyphosate and the health implications of this. 

5.4. Human exposure to glyphosate and Roundup 
 
As shown above, environmental exposure to Roundup, glyphosate and AMPA increased with the 
introduction of RR crops (see Section 3.1.1 Herbicide use and Section 4.1. Increased 
environmental occurrence of glyphosate and AMPA). Thus, it can be assumed that human 
exposure to these agrochemicals via air, drinking water and the food chain has also gone up. 
However, data about human exposure to glyphosate are often scarce. Moreover, what is generally 
considered a safe level of exposure to glyphosate varies between regions and changes over time. 
Before the introduction of RR crops, in the early 1980s, the acceptable daily intake (ADI3) of 
glyphosate in the U.S. was 17.5 times lower than it is today (CFS, 2015b). In Europe, where to date 
no RR crops are cultivated, the ADI is still six times lower (0.3 mg/kg/day) than in the U.S. (1.75 
mg/kg/day) (CFS, 2015b; European Commission, 2002; Myers et al., 2016). Antoniou et al. (2012) 
argue that when German regulators set the ADI for glyphsosate at 0.3 mg/kg/day they did not use 
the most appropriate species and did not properly consider a relevant study that identified adverse 
effects at low levels Paganelli et al., 2010). They suggest an ADI of 0.1 mg/kg/day would be more 
accurate and further argue that the ADI might even be as low as 0.025 mg/day. However, in its 
2016 glyphosate renewal assessment report, the German Federal Institute for Risk Assessment 
(BfR), even called for an increase of the EU ADI from 0.3 mg/kg/day to 0.5 mg/kg/day (Myers et 
al., 2016). This would still be 3.5-times below the U.S. ADI. Taking into account current 
uncertainties regarding safety and exposure to glyphosate (as discussed below), Myers et al. 
(2016) argue that the U.S. EPA should impose a 10-fold safety factor on glyphosate, reducing the 
ADI to 0.175 mg/kg/day.  
 
Bøhn & Millstone (2019) estimate that glyphosate-tolerant soybeans produced on commercial 
farms in the USA, Brazil and Argentina accumulate in total an estimated 2,500–10,000 metric 

 
3	The	analogue	standard	units	used	in	the	U.S.	are	the	chronic	Reference	Dose	(cRfD)	and	the	
chronic	Population	Adjusted	Dose	(cPAD),	respectively.	To	avoid	confusion	we	will	always	refer	
to	the	ADI	during	this	report.	
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tonnes of glyphosate per year, which enter global food chains. Based on residues found in 
glyphosate tolerant soybeans in Iowa, the amount of glyphosate entering the food chain would be 
9 g/tonne of soy. This would add up to 2430 tonnes of glyphosate residues from the 270 million MT 
of GT soy produced globally in the 2016/2017 season. However, farm samples from Brazil have 
shown average residue levels of glyphosate at 38.5 mg/kg, i.e., nearly twice as high as the 
maximum accepted residue level (MRL) as specified by the international standards body, the 
Codex Alimentarius Commission, and the EU. In Argentina, average and maximum residue-levels 
were measured at 31.7 mg/kg and 72.8 mg/kg, respectively. In addition, other chemicals in 
glyphosate-based herbicides, such as adjuvants (e.g. POEA), are not measured, even though they 
may be more toxic (see Section 5.5.1. Adjuvants). In contrast, scientists from Bayer Crop Science 
(which now owns Monsanto) argue that “exposures to glyphosate from food are well below the 
amount that can be ingested daily over a lifetime with a reasonable certainty of no harm” (Vicini et 
al., 2021).  
 
Louie et al. (2021) conduct a comparative evaluation of dietary exposure to glyphosate resulting 
from for three eating patterns recommended in the U.S. In this study, the 95th percentile of 
glyphosate ingestion at 2,000 calories/day for adults for the U.S.-Style, Mediterranean-Style, and 
Vegetarian eating patterns ranged from 38 to 960, 39 to 1100, and 39 to 880 μg/day, respectively, 
below the current U.S. EPA chronic oral reference dose (RfD) of 0.1 mg/kg/day. These authors 
conclude that ingestion of certain high residue foods, particularly grains and legumes, is a driver of 
total dietary glyphosate body burden regardless of dietary style. 
 
The level of glyphosate allowed in drinking water is 7000 times higher in the U.S. (0.7 mg/L; US 
EPA, 2009) compared with the EU (0.1 μg/l.; Council Directive 98/83/EC; Monsanto 2005b). For 
food and feed, the maximum residue level (MRL) of glyphosate has also been increased in 
countries that produce or import RR crops. In Europe, for example, the MRL for glyphosate in 
soybeans has increased 200–fold from 0.1 to 20 mg/kg in 1999 (Bøhn et al., 2014). Bøhn et al., 
(2014) question that adjustment in these levels were due to new evidence indicating that glyphosate 
was less toxic than previously understood and explain it rather as a response to observed increased 
levels of glyphosate. Confirming this, the Australian Food Authority requested that the tolerance 
level for glyphosate in soybean be raised from 0.01 mg/kg to 20 mg/kg in order that RR soybeans 
could be imported from the U.S. (Buffin & Jewell, 2001). In the U.S., glyphosate maximum residue 
levels for soybeans are 40 mg/kg for grain and 100 mg/kg for hay and forage. As for soybeans, the 
MRL has been raised for several other crops as well. Most dramatically in alfalfa dry hay and silage, 
the MRL increased 2000-fold from 0.2 mg/kg in 1993 to 400 mg/kg in 2015 (Benbrook, 2016). 
 
There is a lack of transparency when it comes to the data that exposure thresholds are based upon. 
This data is supplied by the manufacturers during the registration process and considered 
proprietary. Thus the data is usually not available for independent review. Moreover, in the U.S., 
the risk assessment of glyphosate is mostly based on out-dated studies, since only few studies 
relevant for assessing risks to human health have been submitted to the EPA since the late 1980s. 
Similarly, in the EU, the BfR still relied on the same industry-supplied proprietary data for the 
renewal assessment report, that originally led to setting the EU ADI of glyphosate at 0.3 mg/kg/day. 
Yet, in 2016, BfR recommended a higher ADI (Myers et al., 2016). Myers et al. (2016) argue that 
the establishment of appropriate glyphosate threshold levels should be based on “up-to-date 
science”. 
 
Farmers and other operators can be directly exposed to glyphosate-based formulations when they 
are spraying it onto their fields. People living in the area surrounding glyphosate application can be 
exposed to glyphosate by herbicide drift from the area where it has been applied. Acquavella et al. 
(2004) examined the urine of 48 farmers on the day they applied glyphosate to their fields and 
detected measurable levels of glyphosate in the urine of 60% of them. Farmers who did not use 
rubber gloves showed five times higher glyphosate in their urine. Similarly, Mesnage et al. (2012)  
found glyphosate residues in the urine of a farmer 7 hours after spraying. They also detected 
glyphosate in the urine of one of his children living at a distance from the field. Lozano-Kasten et 
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al. (2021) study urine samples from 95 children between the ages of 6 and 16 in a rural community 
in western Mexico. In this study, all samples tested positive for glyphosate and glyphosate levels 
were related to the season and the age of the children, with peak levels of 3.2 ng/ml in May 2018. 
In a study of 90 urine samples from farmers in Mato Grosso, Brazil, between 2017 and 2018, de 
Melo et al. (2020) found glyphosate residues in some of the samples, with the highest level at 
7.13ng/mL (well below the permited limit). 
 
Gillezeau et al (2020) review the evidence on human exposure to glyphosate, including children. 
They find that the amount of work published on glyphosate levels in the population continues to be 
very limited. Only 4299 individuals have been tested worldwide for their urinary glyphosate level 
and only 520 of them are children. Nevertheless, they identify six data sets from four distinct studies 
reporting on children. All the studies confirm the presence of glyphosate in urine samples from 
children, both within and outside of agricultural communities, with values exceeding those 
measured in adults when the corresponding values were available. The average glyphosate levels 
reported in children ranged from 0.28 μg/L to 2.5 μg/L. In addition, they describe the average urinary 
glyphosate level in occupationally exposed adults as “disconcertingly high” (4.0 μg/L, ranging from 
1.3 to 12.0 μg/L), although lower than found in an earlier review (Gillezeau et al., 2019). These 
authors conclude that tracking exposure to products such as glyphosate in children is a pressing 
public health priority. 
 
Subsequently, Ferreira et al. (2021) measure glyphosate in the urine of 41 Portuguese children (2–
13 years old), finding detectable levels in 95.1% of the samples (1.77 ± 0.86 μg/L), up to a maximum 
value of 4.35 μg/L. These authors report that glyphosate concentrations were higher in the urine of 
children aged 7–9 years, living near agricultural areas (within 1 km), with a higher percentage of 
consumption of home-produced foods, and whose parents applied herbicides in the backyard. They 
calculate that the exposure of these children represents 1 to 5.58% of the established Acceptable 
Daily Intake (ADI) of glyphosate (0.5 mg/kg bw/day). Nevertheless, they conclude that the young 
age of the participants should be considered, as the ADI was adopted based on adults. 
 
Nomura et al. (2022) study urinary concentrations of glyphosate in Japanese children from 2006 to 
2015. Detectable glyphosate concentrations were found in 41% of the 234 children. The 75th 
percentile and maximum concentrations of urinary Gly were 0.20 and 1.33 μg/L, respectively, and 
the levels increased over time. 
 
In 2022, a report by the National Health and Nutrition Examination Survey (NHNES), a unit of the 
Centers for Disease Control and Prevention (CDC), found that out of 2,310 urine samples, taken 
from a group of Americans intended to be representative of the US population, 1,885 had 
detectable traces of glyphosate (Gillam, 2022; NHNES, 2022). Almost a third of the participants 
were children ranging from six to 18. 
 
Rendón-von Osten and Dzul-Caamal (2017) measure glyphosate in groundwater, bottled drinking 
water, and the urine of subsistence farmers from various localities of the Hopelchén municipality in 
Campeche, Mexico, where glyphosate-resistant GM crops are grown. They report glyphosate 
concentrations up to 1.42 μg/L in groundwater and up to 0.47 μg/L in urine samples of subsistence 
farmers. In contrast, concentrations in urine from the urban reference group (fishermen in 
Campeche) had the lowest mean concentration (0.22 μg/L). The highest mean levels of glyphosate 
in bottled drinking water were 0.65 μg/L. Almost all bottled drinking water samples in this study 
exceeded the acceptable limits of glyphosate for human consumption in the European Union (0.1 
μg/L), however they did not exceed legal limits in Mexico. These authors conclude that the 
measured glyphosate concentrations in groundwater and bottled drinking water indicate an 
exposure and excessive use of glyphosate in these agricultural communities. 
 
In their study of glyphosate and AMPA in topsoil in Brazil, da Silva et al. (2021) argue that, “Even 
considering the uncertainties of the indirect exposure assessment model, the results showed that 
GLY concentrations in the areas sampled may represent a carcinogenic risk to public health since 
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they are higher than the reference risk value of 1 × 10–4”. These authors find glyphosate (GLY) and 
AMPA at peak concentrations of 66.38 and 26.03 mg/kg soil respectively. 
 
It is not only farmers and their families who are exposed to glyphosate-based herbicides, as they 
are also widely used at roadsides, pavements or in public parks and school grounds (Sustainable 
Pulse, 2014). In a survey conducted by civil society groups, glyphosate was detected in 62% of 21 
samples of drinking water that were tested across the US. The highest detected level of glyphosate 
was 0.33 μg/l and thus 3 times higher than the maximum allowed level for glyphosate in drinking 
water in the EU (0.1 μg/l) but still far below the maximum contaminant level (MCL) in the U.S. of 
700 μg/l (Moms Across America and Sustainable Pulse, 2014; US EPA, 2009). The civil society 
tests should be more thoroughly investigated and replicated by the EPA. 
 
Another route of exposure is via the food chain. As shown above (Section 5.3.1. Compositional & 
qualitative differences between RR and non-RR crops), glyphosate and AMPA can accumulate in 
RR crops (Arregui et al., 2004; Bøhn et al.,2014). Studies on glyphosate residues in food are 
however scarce. In 2011, the USDA demonstrated that 90% of 300 soybean samples tested 
contained glyphosate residues at concentrations of 1.9 ppm and 2.3 ppm respectively (Myers et 
al., 2016). The UK Food Standards Agency residue testing conducted in 2012, found glyphosate 
residue levels of 0.2 mg/kg or more in 25% of bread samples tested, likely due to the use of 
glyphosate as a dessicant to dry wheat before harvest (Myers et al., 2016).  
 
Rubio et al. (2014) demonstrate that glyphosate residues are frequently found in honey samples 
and soy sauce. Of all tested honey samples 59% contained glyphosate residues above the limit of 
quantification. For soy sauce it was 36% of all analysed samples. In general, honey from GM crop 
adopting countries contained higher levels of glyphosate than honey from countries that limit or 
prohibit GM crop cultivation. The highest levels of glyphosate in honey were found in the U.S. 
(Rubio et al., 2014). Berg et al. (2018) analysed honey taken directly from 59 bee hives on the 
Hawaiian island of Kaua’i for glyphosate residue and found that only agriculture land use showed 
a strong positive correlation with glyphosate concentration. In addition, high glyphosate 
concentrations were also detected when extensive golf courses and/or highways were nearby, 
suggesting herbicide migration from the site of use into other areas by bees. De Souza et al. (2021) 
determine residues of glyphosate and AMPA in honey samples from five Brazilian States. Six 
samples showed GLY levels above the EU maximum residue limit (0.05 µg g−1) and one sample 
showed AMPA at 0.10 µg g−1. The authors note that this study indicates the presence of glyphosate 
residues in honey from regions that have had high losses of bee colonies and at the same time, 
frequent use of glyphosate in agriculture. In contrast, no transfer of glyphosate from beeswax to 
honey was detected in a study of 379 Belgian apiaries, although contaminated bee bread (pollen) 
may cause sublethal effects on honeybees (as discussed in Section 4.2.5. Pollinators) (El Agrebi 
et al., 2020). 
 
Rodrigues et al. (2018) evaluate presence of glyphosate and AMPA residues in soy-based infant 
formulas during the years 2012–2017, undertaking 105 analyses carried out on 10 commercial 
brands from different batches. Among those samples that contained levels above the limit of 
quantification, the variation of glyphosate residues was from 0.03 mg kg−1 to 1.08 mg kg−1 and for 
AMPA residues was from 0.02 mg kg−1 to 0.17 mg kg−1. De Souza et al. (2021) assess exposure 
to glyphosate residues in soy-based infant formulas, by testing 117 commercial samples from the 
Brazilian market. The levels of glyphosate and AMPA in the samples ranged from not detected 
(ND) to 1.08 mg kg−1 and ND to 0.17 mg kg−1, respectively. An exposure assessment showed a 
glyphosate intake of up to 15.42 µg kg−1 body weight for 0 to 5 month-old babies and of up to 8.16 
µg kg−1 body weight for 6 to 11 month-old infants. The authors compared these values with the 
acceptable daily intake (ADI) and conclude that they are not of concern. 
 
In Argentina, Testbiotech (2013) found that over 60% of RR soybean samples contained more than 
the maximum residue level of 20 mg/kg for glyphosate, with residue level of up to almost 100 mg/kg. 
In Mexico, González-Ortega et al. (2017) detected glyphosate in 44.4% of food samples that were 
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positive for the herbicide-tolerant events. At the same time, the herbicides were absent from artisan 
Tortilla samples assayed. 
 
Rodrigues et al. (2020) take samples from three GM crops in commercial areas in 2012/2013 to 
2017/2018 seasons in different Brazilian agricultural regions. They report glyphosate residues 
levels in genetically modified corn ranging from not detected (ND) to 0.15 mg kg-1, in GM soybean 
ranging from ND to 2.81 mg kg-1, and in GM cotton ranging from ND to 1.78 mg kg-1. AMPA residues 
levels indicated a correlation with the glyphosate residues. These glyphosate residues levels are 
within the Maximum Residue Limits (MRLs) set in Brazil. 
 
In Europe, glyphosate-tolerant GM crops are generally not sold in foods for human consumption, 
but do enter the food chain as animal feed. In nine of 24 analysed conventional eggs in Denmark, 
Foldager et al. (2021) find the concentration of glyphosate in yolk was above the detection limit but 
below the quantification limit, indicating that traces of glyphosate are common in conventional eggs. 

 
In the U.S., the USDA and FDA test for pesticide residues in food to help ensure that pesticide 
residues are kept within the required maximum residue level (MRL). However, USDA and FDA 
both currently do not test for glyphosate residues in food, claiming such testing is too expensive 
and because glyphosate has been considered safe (Gillam, 2014; 2016). Thus there is a huge lack 
of data about the exposure to glyphosate via food. In 2015, the EPA, who in the past has advised 
USDA that glyphosate residues do not pose a threat to human health, announced it would consider 
recommending sampling for glyphosate to U.S. regulators in the future (Gillam, 2015c). While the 
USDA still does not plan to test for glyphosate residues in food, the FDA is moving forward to test 
for glyphosate in certain food including soybeans, corn, milk, and eggs, for the first time in the 
agency’s history (Gillam, 2016). As noted above, MRLs of glyphosate in food or feed have 
increased in countries that produce or import RR crops. This poses the question of whether 
glyphosate residues are taken up via food and feed in animals and humans. Krüger et al. (2014a) 
showed that glyphosate that accumulates in feed can be consumed by animals and be detected in 
their organs and urine. They found that conventional husbandry cows showed a higher glyphosate 
concentration in their urine, than cows held in a GM free region. Organic food also seems to 
decrease the risk of glyphosate uptake by humans, as Krüger et al. further found glyphosate 
residues to be significantly lower in the urine of people consuming predominantly organic food than 
in urine of people consuming conventional food. In a study conducted by Friends of the Earth 
Europe (2013b), 44% and 36% of 182 urine samples received from 18 European countries showed 
traces of glyphosate and AMPA, respectively. Depending on the EU state, detection frequency 
reached up to 90%. The highest glyphosate concentration, 1.8 μg/l was found in Latvia and the 
highest AMPA concentration, 2.6 μg/l in Croatia. Moms Across America and Sustainable Pulse 
(2014) detected generally much higher glyphosate residues in human urine, than the Friends of the 
Earth Europe survey with the highest detected level being 18.8 μg/l, although these results so far 
lack independent replication. Despite uncertainties due to the lack of official monitoring data, the 
higher level of glyphosate found in the US compared to the EU could be due to the large-scale 
cultivation of RR crops in the US, compared to the EU.  
 
In a study of 6848 participants recruited between 2018 and 2020, Grau et al. (2022) report that they 
detect quantifiable urine glyphosate levels in 99% of the French population, with higher values in 
men, in younger people, and in farmers. These authors report a mean of with a mean of 1.19 
ng/ml + / − 0.84 after adjustment to body mass index (BMI) and that lower glyphosate levels are 
associated with dominant organic food intake and filtered water. Lemke et al. (2021) report 
concentrations of glyphosate and AMPA in the German Environmental Survey for Children and 
Adolescents 2014–2017. In 52% of the samples (46% for AMPA) the urinary glyphosate 
concentrations were above the limit of quantification of 0.1 µg/L. 
 
Ingestion of pesticides is not limited to dietary uptake. Research shows that urinary pesticide levels 
are also associated with pesticide loadings on hands and thus the mere handling of food (Shalat 
et al., 2003). 
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Can glyphosate residues also bio-accumulate in human bodies? Monsanto scientists have stated 
that glyphosate is excreted unchanged in the urine and does not accumulate in the body and 
undergo metabolism in humans. But there is no official testing of glyphosate in human bodies. Due 
to concerns about the lack of data of glyphosate in food and people, Moms Across America and 
Sustainable Pulse (2014) started a small pilot study to test women’s breast milk for glyphosate. 
Their findings suggest that glyphosate can bio-accumulate (i.e. increase in concentration) in human 
bodies. They found glyphosate levels higher than 75 μg/l in the breast milk of 3 out of 10 tested 
American women, which is much higher than the European Drinking Water Directive allows (0.1 
μg/l, Council Directive 98/83/EC). They did not detect glyphosate in the breast milk of participating 
mothers that have been eating organic and non-GM food only for several months to two years. The 
findings of Moms Across America and Sustainable Pulse require further investigation and 
independent replication by the U.S. Environmental Protection Agency and other government 
regulators. Testing for glyphosate in breast milk by the Green party in Germany appears to confirm 
that glyphosate can accumulate in human bodies, although further peer reviewed studies are still 
needed. They found traces of glyphosate higher than allowed in European drinking water in all 16 
breast milk samples tested. The sample stem from women across Germany that mainly eat 
conventional food (Bündnis 90/Die Grünen, 2015). In response to the Mom’s Across America and 
Sustainable Pulse’s test results, Washington State University (WSU) researchers conducted a yet 
to be peer-reviewed and published study, where they claim that glyphosate does not accumulate 
in breast milk (WSU, 2015). This study was contested, and conflicts of interest have been pointed 
out: such as the fact that the test used to measure glyphosate in the breast milk samples was 
developed and conducted by Monsanto and personal affiliations of the authors with Monsanto 
(Grossman, 2015b; Sustainable Pulse, 2015a; b). There remain limited peer-reviewed scientific 
studies published on the topic and it is clear that preliminary findings of glyphosate in breast milk 
require further replication. For that reason, the Feed the World project and the Organic Consumer 
Association launched a validated public glyphosate test (OCA, 2015). In Brazil, Camiccia et al. 
(2022) collected sixty-seven milk samples from lactating women in the city of Francisco Beltrão, 
Paraná, living in urban (26 women) and rural (41 women) areas, at the peak of glyphosate 
application in corn and soy crops in the region (April and May 2018). Glyphosate was detected in 
all breast milk samples analyzed with a mean value of 1.45 µg/L. The estimation of the total amount 
of glyphosate ingested by breastfeeding babies in a period of 6 months was described by the 
authors as significant. The authors conclude that their results suggest that the studied lactating 
population was contaminated with glyphosate, possibly through continued environmental 
exposure. Glyphosate was also detected in drinking water samples from the urban area and in 
artesian well water from the rural area of the region where the studied population lived. 
 
Evidence that residues of glyphosate are found in urine and can potentially bio-accumulate in 
human bodies, is according to the industry no reason for concern, as glyphosate based-
formulations are relatively safe for mammals and humans because they lack the shikimate 
pathway, respectively the EPSPS enzyme (see Section 2. Background). However, in the study of 
Krüger et al. (2014a), chronically ill humans had significantly higher glyphosate residues in their 
urine than healthy humans. With the increased exposure of humans to those chemicals it seems 
crucial to evaluate the associated risks and to take a precautionary approach to potential increases 
in exposure. In the next section we will consider scientific findings on the impact of glyphosate-
based formulations on human health. 

5.5. Health effects of Glyphosate and Roundup 
 
When glyphosate was approved for use in 1974 it appeared to be safe because its acute toxicity 
(i.e., following a single dose of glyphosate) appears to be low. However, subsequently, attention 
has shifted to the effects of long-term exposure to low doses (Shaw, 2021). Carvalho et al. (2020a) 
argue that the identification of glyphosate as a toxic compound responsible for causing disease in 
human beings and damage to other biological species is not surprising news. These authors 
express concern about how regulatory assessments have tended to give more weight to industrial 
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reports than to independent scientific studies. Related legal actions are discussed in Section 8. 
Lawsuits). 
 
In vitro, clinical and epidemiological studies have suggested that glyphosate-based formulations 
may pose serious health hazards, including cell death, endocrine disruption, DNA damage, non-
Hodgkin lymphoma and other types of cancer, chronic kidney disease and preterm births.  Evidence 
for these concerns is discussed further below. In some studies, toxic effects are observed at low 
doses that could be found as residues in food and in drinking water. In 2015, the World Health 
Organisation’s (WHO) cancer agency, the International Agency for Research on Cancer (IARC), 
classified glyphosate as “probably carcinogenic to humans”. Glyphosate may also kill essential 
microorganisms in the gastro-intestinal tract. One research group has undertaken studies in rats 
which find some evidence of inter-generational effects (using so-called ‘epigenetic’ biomarkers of 
disease) (Ben Maamar et al, 2020). 
 
Van Bruggen et al. (2021) note that, in animals and humans, glyphosate exposure and 
concentrations in urine have been associated with intestinal diseases and neurological as well as 
endocrine problems, but cause-effect relationships need to be determined in more detail. 
 
In a review of published studies, Bai and Ogbourne (2016) conclude that it is unlikely but not 
impossible that human exposure will reach theoretical maximum daily intake levels for glyphosate 
through consumption of contaminated crops or other food. They also note that maximum residue 
levels (MRLs) set by regulators may not necessarily suggest a safe level of a pesticide residue in 
or on food or feed. Food or feed produced from GM glyphosate-resistant crops contain significantly 
higher residue concentrations than other crops and their cultivation also increases the chance of 
drift and contamination of other crops. Chronic glyphosate exposure at lower concentrations can 
potentially result in risks to human health as chronic, sub-chronic and reproductive toxicity can 
occure at lower concentrations. These authors also report a striking dearth of glyphosate and 
AMPA food residues analysis in the peer-reviewed literature, including a complete absence of data 
for any species of fish.  
 
Furthermore, the health risk assessment of pesticides in the European Union and in the United 
States focuses almost exclusively on the stated active ingredient, despite the fact that adjuvants 
can also be toxic in their own right with numerous negative health effects having been reported in 
humans and on the environment (Mesnage & Antoniou, 2018; Nagy et al., 2020; Ghandi et al., 
2021). 
 
Torretta et al. (2018) provide a critical review of the effects of glyphosate exposure on humans 
through the food chain. They highlight widespread global contamination of soil, water, food and 
other products and conclude that it is the duty of regulators to place the “precautionary principle” 
before economic interests, namely the protection of citizens and the environment from exposure to 
a substance whose impacts are not yet fully known. 
 
In a review of relevant findings, Marino et al. (2021) report the following problems with studies of 
glyphosate-based herbicides (GBHs): “(i) studies carried out in vivo and in vitro do not give final 
indications of the acceptable daily intake (ADI); (ii) the existing data about glyphosate genotoxicity 
and cytotoxicity are still conflicting, as a result of different experimental conditions used in the 
research thereabout; (iii) there are no data about glyphosate-induced long-term effects on general 
populations or exposed farmers; (iv) GBHs seem to exhibit higher toxic effects than glyphosate 
alone, but studies on this matter are still few”. In the view of these authors, it is not possible to have 
a univocal opinion on the safety of glyphosate and, “it appears that the human health risk 
associated with glyphosate could still be underestimated”. 
 
This section considers some of the evidence for adverse health effects from chronic exposure to 
glyphosate and glyphosate-based herbicides. 
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5.5.1. Adjuvants 
 
As discussed above, Roundup formulations are a mixture of glyphosate and various adjuvants and 
surfactants such as polyoxyethylene tallowamine (POEA) that enhance the chemical and physical 
efficacy of glyphosate and have been shown to increase the toxicity of glyphosate, particularly 
against aquatic non-target organisms (see Section 4.3.6. Impact of adjuvants on aquatic non-target 
organisms). Many toxicological studies conducted with human, mouse and rat cells confirm the 
findings from aquatic non-target organisms and suggest that looking at the effects of glyphosate 
alone is insufficient for a comprehensive assessment of the possible risks to human health resulting 
from the cultivation of RR crops (see for example Benachour et al., 2007, Benachour & Séralini, 
2009; Clair et al., 2012; Gasnier et al., 2009; Mesnage et al., 2013, 2014; Moore et al., 2012; 
Richard et al., 2005; Walsh et al., 2000; Young et al., 2015; Vanlaeys et al., 2018; Dedeke et al., 
2018; Defarge et al., 2018). Mesnage et al. (2013) tested the toxicity of 9 glyphosate-based 
formulations, a formulation without glyphosate and the major adjuvant (polyethoxylated 
tallowamine POE-15) alone on human cells. They find that all formulations were more toxic than 
glyphosate alone. Thereby the major adjuvant alone was around 10,000 times more toxic than 
glyphosate alone (Mesnage et al., 2013). Richard et al. (2005), find glyphosate-based formulations 
to be significantly more toxic to human placenta cell cultures than glyphosate alone. The surfactant 
POEA was the most potent of all in the study of Benachour & Séralini (2009), thereby also 
confirming results from aquatic non-target organisms. In fact, differential toxicity between pesticide 
formulations and their active ingredients appears to be a general feature of pesticide toxicity 
(Mesnage et al., 2014). The real toxicity of Roundup might thus be underestimated and the 
acceptable daily intake (ADI) of glyphosate (0.3 ppm), should therefore be adjusted to the fully 
formulated herbicide. Cox and Surgan (2006) suggest that some adjuvants might increase dermal 
absorption or penetration of the active ingredient and diminish the efficacy of protective clothing by 
increasing permeation of the active ingredient through gloves or by impeding laundry removal of 
the active ingredient. As noted above (Section 4.3.6. Impact of adjuvants on aquatic non-target 
organisms), newer formulations of glyphosate-based herbicides may use adjuvants with reduced 
toxicity, however there is no regulatory requirement to disclose surfactants and only the active 
ingredients are assessed by regulators (Mesnage et al., 2019). GBH formulations containing POAE 
are progressively being phased out in Europe and replaced by a new generation of surfactants, but 
this does not appear to be happening in the USA. 
 
Tush & Meyer (2016) measure POEA in agricultural soils from six U.S. states. Adsorption 
experiments of POEA to selected soils showed that POEA adsorbed much more strongly than 
glyphosate. POEA was detected on soil samples collected between February and early March from 
corn and soybean fields from ten different sites in five other states (Iowa, Illinois, Indiana, Missouri, 
Mississippi) and in a soil sample from an agricultural field in Kansas. They note the potential 
widespread occurrence of POEA on agricultural soils, and persistence into the following growing 
season. They conclude that the presence of POEA on all 21 field samples analyzed indicates that 
the occurrence of POEA on soils is probably pervasive where glyphosate is applied. 
 
Chłopecka et al. (2017) investigate the effect of glyphosate-based herbicide Roundup and its co-
formulant, POEA, on the motoric activity of rat intestine. They state that their results indicate very 
high toxicity of POEA which exceeds the toxicity of the commercial formulations. Besides, they 
postulate that glyphosate and POEA may display antagonistic interaction towards the motoric 
activity of gastrointestinal tract. The results indicate that Roundup and POEA significantly affect the 
motoric activity of gastrointestinal smooth muscle when used in a wide range of doses. The 
significant reaction induced by Roundup was observed when the herbicide was used in doses 
which correspond to the highest environmental concentrations of Roundup found in some water 
sediments. 

5.5.2. Cytotoxicity, genotoxicity, neurotoxicity & cancer 
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The WHO’s cancer agency, IARC, has classified glyphosate as probable carcinogen (see Section 
5.5.2.1. The WHO’s cancer agency classification of glyphosate as probable carcinogen and its 
consequences). In this section we discuss some of the evidence of toxicity to cells (cytotoxicity), 
DNA (genotoxicity) and evidence that this may lead to increased risk of cancer or neurological 
disorders. 
 
Several studies that tested cytotoxicity of Roundup formulations and glyphosate alone in different 
human cell lines in vitro and in animals, found decreased cell viability and cell death through 
necrosis or apoptosis and loss of mitochondrial transmembrane potential at doses lower than the 
recommended herbicide agricultural dilutions, lower than the maximal level of residues authorised 
in GM feed or comparable to levels recommended as acceptable for Australian drinking water 
(1mg/L) (Benachour et al., 2007; Benachour & Séralini, 2009; Clair et al., 2012; Gasnier et al., 
2009; Mesnage et al., 2013, 2014; Richard et al., 2005, Young et al., 2015). Richard et al. (2005) 
found the effect to be dose and time dependent.  Mesnage et al. (2017) also present results which 
imply that chronic consumption of extremely low levels of Roundup, at admissible glyphosate-
equivalent concentrations, are associated with marked alterations of the liver proteome and 
metabolome. This is consistent with findings by Mills et al. (2019) that patients with non-alcoholic 
steatohepatitis (NASH) have significantly higher glyphosate excretion (suggesting higher 
exposures) than patients without NASH. 
 
However, not all findings from cytotoxicity studies have been consistent. Townsend et al. (2017) 
find that the cytotoxicity of glyphosate appears to be minimal for physiologically relevant 
concentrations, but the compound has a definitive cytotoxic nature in human cells at high 
concentrations. Utilizing human Raji cells, DNA damage was quantified using the comet assay, 
while cytotoxicity was further analyzed using MTT viability assays. Several glyphosate 
concentrations were assessed, ranging from 15 mM to 0.1 μM. The authors find that glyphosate 
treatment is lethal to Raji cells at concentrations above 10 mM, yet has no cytotoxic effects at 
concentrations at or below 100 μM. Treatment concentrations of 1 mM and 5 mM induce statistically 
significant DNA damage to Raji cells following 30-60 min of treatment, however, cells show a slow 
recovery from initial damage and cell viability is unaffected after 2 h. At these same concentrations, 
cells treated with additional compound in this study did not recover and maintained high levels of 
DNA damage. 
 
The cell cycle is responsible for cell division and the growth and development of all living organisms. 
Regulation of the cell cycle includes the detection and repair of genetic damage and ensures that 
the genome is correctly replicated and divided. Replication errors, as well as damaged or 
incomplete DNA lead to activation of cell cycle checkpoints that can halt the cell cycle process and 
prevent that erroneous DNA is passed to daughter cells. Failure to activate the checkpoints is 
associated with genetic disorders and instability or predisposition to cancer. Marc et al. (2002, 
2004a, 2004b) have shown that several glyphosate-based formulations provoke cell cycle 
dysfunction in sea urchin embryos, a recognised model for cell cycle studies. Cell cycle checkpoints 
were altered, impeding DNA replication and cell division. The results of Marc et al. (2004b), indicate 
that cell cycle dysfunction is already induced at concentrations much lower than the manufacturers 
recommended spraying concentrations. This suggests a high risk by inhalation for people in the 
vicinity of spraying.  
 
Cell cycle dysfunction can be an indication of tumor cells and human cancers. George et al. (2010) 
showed that glyphosate had tumor promoting activity in mouse skin. In 2012, Séralini et al. 
published a long-term study comparing rats raised on GM maize (corn) (event NK603) that was 
treated with or without Roundup and with Roundup alone. The GM-fed rats developed increased 
tumours and liver and kidney disease compared to the control group for all treatments. The study 
was meant as a follow up to Monsanto’s investigation on the safety of NK603 that did not reveal 
such effects. The main differences between the two study designs is that the period of observation 
was extended from 90 days to two years and Roundup instead of Glyphosate was used in the study 
of Séralini et al. This shows the importance of long-term feeding studies and that it is insufficient to 
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only apply glyphosate, rather than the actual formulations used in the field. Séralini's paper was 
highly criticized and later withdrawn by the journal in which it was published on the grounds of 
inconclusiveness of the data. Criticism also came from the European Food Safety Authority (EFSA), 
which was requested by the European Commission to review the publication. With regard to five 
evaluation criteria, derived from their ‘guidance on repeated-dose 90-day oral toxicity study in 
rodents on whole food/feed’, they concluded that the publication is of “inadequate design, analysis 
and reporting” and does not question the existing safety evaluation of maize NK603 (EFSA, 2013). 
However, as a response to the EFSA review, Hilbeck & Meyer (2013) analysed how Monsanto’s 
technical study and the subsequent peer-reviewed publication (Hammond et al., 2004) complied 
with the EFSA requirements compared to the Séralini publication. They found that a lot of the 
criticism of the Séralini study would similarly apply to Monsanto’s study and publication. They 
concluded that applying the evaluation criteria to the publication of Séralini et al. only, constitutes 
a double standard. Extending the comparative analysis to 21 peer-reviewed long-term studies 
published in the last 20 years that used the same rat strain as Séralini et al. and Monsanto, Hilbeck 
& Meyer (2013) further found that the EFSA criteria and requirements applied to the Séralini study 
are hardly fulfilled by any of these publications. In 2014, the findings of Séralini et al. were 
republished in another peer-reviewed journal (Séralini et al., 2014). In the same year, Monsanto 
withdrew its NK306 corn from the EU pipeline for cultivation. Arguments continue regarding 
conflicts-of-interest and the role of industry in GM safety studies (Krimsky and Gillam, 2018; 
Séralini, 2020). 
 
In a review, Agostini et al. (2020) find that there is clear evidence of glyphosate toxicity in human 
cells, where detrimental effects are dependent on the cell type, chemical composition, as well as 
magnitude and time of exposure, among other factors. Adverse effects of glyphosate exposure on 
human health were observed in epidemiological studies; however, most of these studies have not 
determined the glyphosate dosage to confirm a direct effect. 
 
Portier (2020) conducts a comprehensive analysis of the animal carcinogenicity data for glyphosate 
from chronic exposure studies in rats and mice. The author concludes that exposure of rats and 
mice to glyphosate in 13 separate carcinogenicity studies demonstrates that glyphosate causes a 
variety of tumors that differ by sex, species, strain and length of exposure. 
 
Kwiatkowska et al. (2017) show that glyphosate (at high concentrations from 0.5 to 10 mM) may 
induce DNA damage in white blood cells (leucocytes), such as human peripheral blood 
mononuclear cells (PBMCs), and cause DNA methylation in human cells. They report that 
glyphosate induced DNA lesions, which were effectively repaired. However, PBMCs were unable 
to repair DNA damage induced by glyphosate completely. The authors note that changes in DNA 
methylation pattern may lead to genetic instability and ultimately to cancer: however, further work 
is needed to confirm this study. 
 
In a study in 177 children aged 10–11 years old in Cyprus, Makris et al. (2022) present the first 
children's health dataset demonstrating anassociation between AMPA and DNA oxidative damage, 
globally. They state that these results need to be replicated in a larger study. 
 
Rossetti et al. (2021) review evidence of epigenetic changes associated with exposure to 
glyphosate, glyphosate-based herbicides and AMPA, in humans and rodents. They find several 
lines of evidence which indicate that the exposure to these compounds could alter the epigenome, 
disrupting the mRNA expression and protein levels of key genes involved in normal functions and 
thus, potentially producing negative consequences. 
 
Lucia et al. (2022) examine the association of glyphosate exposure (measured in urine samples) 
with blood DNA methylation in a cross-sectional study of 392 postmenopausal women. They 
conclude that glyphosate and AMPA exposure are associated with DNA methylation differences 
that could promote the development of cancer and other diseases, although further studies are 
needed to replicate these results. 
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Cattani et al. (2017) investigate the effects of subchronic exposure to glyphosate-based herbicide 
(GBH) on some neurochemical and behavioral parameters in immature and adult rat offspring. Rats 
were exposed to 1% GBH in drinking water (corresponding to 0.36% of glyphosate) from 
gestational day 5 until postnatal day 15 or 60. Results showed that GBH exposure during both 
prenatal and postnatal periods causes oxidative stress, and affects neurotransmission in the brains 
(hippocampus) of offspring (both immature and adult rats). The effects of GBH exposure were 
associated with oxidative stress and depressive-like behavior in offspring on day 60, demonstrated 
by prolonged immobility time and decreased time of climbing observed in a forced swimming test. 
These authors conclude that subchronic exposure to GBH might result in outcomes ranging from 
oxidative damage to impairment of brain function, which may account for depressive-like behavior 
later in life. Ait Bali et al. (2017) find that exposure to GBH from juvenile age through adulthood in 
mice leads to neurobehavioral changes that stem from the impairment of neuronal developmental 
processes. They study the neurobehavioral effects of GBH following acute, subchronic (6 weeks) 
and chronic (12 weeks) exposure (250 or 500 mg/kg/day) in mice treated from juvenile age until 
adulthood. They find that, unlike acute exposure, both subchronic and chronic exposure to GBH 
induced a decrease in body weight gain and locomotor activity, and an increase of anxiety and 
depression-like behaviours, which they describe as neurotoxic effects. Baier et al. (2017) also 
report behavioural impairments in mice which inhale a glyphosate-based herbicide (GBH). They 
conclude that repeated inhaled exposure to GBH in mice affects the central nervous system 
probably altering neurotransmission pathways that participate or regulate locomotor activity, 
anxiety and memory. The authors conclude that the inhalation route is a possible pathway for GBH 
access to the nervous system. Gallegos et al. (2018) find that exposure to a GBH during early 
stages of rat development affects brain oxidative stress markers as well as the activity of enzymes. 
Their results indicate that chronic exposure to a GBH during pregnancy and lactation produces an 
imbalance in brain oxidative stress as well as in the activity of several brain enzymes (GOT, GPT, 
AChE, and AP) in specific brain areas. They conclude that these alterations could contribute to the 
neurobehavioral variations reported previously by them, and to the impairment in recognition 
memory described in this paper. 
 
Rueda-Ruzafa et al. (2019) review the impacts of glyphosate on gut microbiota and possible 
neurological effects. They conclude that more studies are required to determine the implication of 
glyphosate in behavioural disorders. Costas-Ferreira et al. (2022) review the evidence for toxic 
effects of glyphosate on the nervous system. They find that that exposure to glyphosate or its 
commercial formulations induces several neurotoxic effects, citing evidence that exposure during 
the early stages of life can seriously affect normal neural cell development, exert a significant toxic 
effect on neurotransmission and induce processes that lead to neuronal death, as well as the 
appearance of behavioral and motor disorders. They conclude that exposure to glyphosate 
produces important alterations in the structure and function of the nervous system of humans, 
rodents, fish, and invertebrates at doses that are lower than the limits set by regulatory agencies. 
Barnett et al. (2022) weigh the evidence regarding chronic glyphosate exposure on the gut 
microbiome (see also Section 5.5.5. Impact on the gut bacterial community and link to food-borne 
diseases), and the potential consequences on the gut-brain axis correlated with increased 
incidence of neuropsychiatric conditions. They highlight several ways that glyphosate can influence 
mental health and behavior through changes in the gut-brain-microbiome axis. However, they note 
that the doses used within the literature are generally much higher than the average person in 
North America would be exposed to through diet or environmental exposures alone. Thus, although 
environmental exposure to glyphosate and glyphosate-based herbicides has the potential to 
negatively influence neurodevelopment and behavior across generations, more research and 
monitoring is needed. 

5.5.2.1. The WHO’s cancer agency classification of glyphosate as probable 
carcinogen and its consequences 
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In 2015, the World Health Organisation’s (WHO’s) cancer agency, the International Agency for 
Research on Cancer (IARC), asked 17 experts to assess the carcinogenicity of 5 organophosphate 
pesticides, including glyphosate. In the framework of this process, they classified glyphosate as 
“probably carcinogenic to humans” (Group 2A), citing different studies that reported increased risk 
for non-Hodgkin lymphoma and other types of cancer such as skin tumours or the rare tumour renal 
tubule carcinoma (Guyton et al., 2015). This classification is only one step below the risk 
designation "known carcinogen". The American Cancer Society quickly followed suit, also listing 
glyphosate as probably carcinogenic to humans (American Cancer Society, 2015). According to 
Professor Kortenkamp, professor of human toxicology at Brunel University in London, national 
agricultural bodies take IARC’s announcement very seriously: “The important thing is 2A 
categorisation in the IARC is equivalent to 1B in the European Union, which means it will not receive 
authorisation” (Turner, 2015b). Monsanto rejected the IARC classification and requested 
transparency on the process and clarification on the scientific basis of the classification (Monsanto, 
2015b). According to EcoWatch, they demanded that the WHO retract the report, claiming that the 
report was biased (Pantsios, 2015). Others think that IARC has underestimated the threats from 
glyphosate (PAN International, 2015). The U.S. Environmental Protection Agency (EPA), in 1985 
also came to the conclusion that glyphosate might cause cancer based on experiments showing 
tumours in glyphosate-treated rodents. It was subsequently classified as Class C: “suggestive 
evidence of carcinogenic potential.” Six years later, in 1991, after input from Monsanto led to a 
reinterpretation of these studies, EPA reversed this decision, re-classifying glyphosate two classes 
below to Class E: “Not likely to be carcinogenic to humans” (US EPA, 1991; CFS, 2015b). After the 
IARC report, the EPA said it would take their findings into account in the formal review of the safety 
of glyphosate (Cressey, 2015a). The California EPA already took action and announced its 
intention to reclassify glyphosate to “known to cause cancer” (Levin, 2015). Meanwhile the first 
lawsuits were filed against Monsanto by agricultural and horticultural workers claiming that 
Roundup caused their cancers and Monsanto misled the public and regulators such as the EPA 
about the dangers of the herbicide (Gillam, 2015e). These lawsuits are discussed further in Section 
8.1 Glyphosate lawsuits. 
 
In the EU, the German Federal Institute for Risk Assessment (BfR) and the EFSA concluded in 
their re-assessment of glyphosate, that glyphosate was “unlikely to pose a carcinogenic hazard to 
humans” (EFSA, 2015b). These opposite results concerning the risks of glyphosate led to a conflict 
between the EFSA and BfR on the one side and the IARC on the other side, about the different 
assessment methods used (EFSA, 2016a; IARC, 2016; Portier et al., 2015). Contrary to the IARC 
assessment, studies considered by EFSA and BfR focussed only on the active ingredient and not 
on the herbicide formulations actually used in the field. Whilst IARC based its assessment on 
publicly available data and opened their meetings to observers, the German regulator and EFSA 
also considered industry-supplied, proprietary data. The EU’s re-assessment of glyphosate also 
lacks transparency regarding their experts. Over 80% of the national experts involved refused to 
disclose their names to the public and fill out a declaration of interest. Not a single name from the 
rapporteur state, Germany, was disclosed. In contrast, IARC’s experts are all known and all 
excluded conflicts of interest (CEO, 2016; Cressey, 2015b). PAN Germany explains how based on 
a weight of evidence approach, BfR and EFSA provided five reasons for dismissing the 
carcinogenic effects of glyphosate, and critically assessed these reasons, challenging BfR and 
EFSA to rebut their points with concrete arguments or to admit they are correct (PAN Germany, 
2017a). 
 
In the USA, a series of internal Monsanto Co. Documents, revealed via a court order, reportedly 
raised questions about the company’s long-standing claims about the safety of Roundup (Gillam, 
2017c). The court documents reportedly raised concerns about collusion between the 
Environmental Protection Agency (EPA) and Monsanto (Durden, 2017; Gilliam, 2017a; Hakim, 
2017; Rosenblatt et al., 2017; United States District Court Northern District of California, 2017; US 
Right to Know, 2017a). Congressman Ted W. Lieu called for consumers to immediately stop using 
RoundUp and for a Department of Justice investigation to look into any potential misconduct by 
employees of the EPA (Lieu, 2017). The case also raised concerns about company secrecy 
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(Gillam, 2017b) and led U.S. Right to Know to sue the EPA for the release of documents on 
glyphosate (US Right to Know, 2017b). Disagreements within the EPA itself were also reported 
(GM Watch, 2017a; Davies, 2017). See also Section 8.1 Glyphosate lawsuits.  
 
In Europe, there has also been a debate about the trustworthiness of the science underpinning 
regulatory decisions (Simon, 2017a,b). In particular, the independence of the The European 
Chemicals Agency (ECHA) has been questioned (GM Watch, 2017b; Greenpeace, 2017a; 
Johnston, 2017). In contrast to the IARC, the ECHA's Committee for Risk Assessment (RAC) 
agreed to maintain the classification of glyphosate as a substance causing serious eye damage 
and being toxic to aquatic life with long-lasting effects, but concluded that the available scientific 
evidence did not meet the criteria to classify glyphosate as a carcinogen, as a mutagen or as toxic 
for reproduction (ECHA, 2017). The ECHA opinion was criticised by environmental organisations 
(Deutsche Welle, 2017; Greenpeace, 2017b; Health and Environmental Alliance, 2017; PAN 
Germany, 2017b; PAN UK, 2017) and the French environment minister (Ministère de 
l'Environnement, de l'Énergie et de la Mer, 2017), but was welcomed by industry groups (Nelsen, 
2017). 
 
The IARC classification “probably carcinogenic” urgently calls for more research, to determine to 
what degree glyphosate is carcinogenic to humans, especially considering its widespread use. 
There is typically a time-lag between exposure to a carcinogen and observed elevated cancer rates. 
Thus, the full effect of rising glyphosate use may not have been shown yet (CFS, 2015b). 

 
Feulefack et al. (2021) conduct a review and statistical meta-analysis of the evidence that 
Childhood Brain Cancer (CBC) may be linked to parental pesticide exposure. They conclude that 
there is an association between CBC and parental pesticides exposure before childbirth, after birth, 
and residential exposure. Khan et al. (2022) find that prenatal pesticide exposure is associated with 
an increased risk of neuroblastoma (a rare type of cancer that mostly affects babies and young 
children). Both these papers state that their findings are in line with the IARC Monograph evaluating 
the carcinogenicity of diazinon, glyphosate, malathion, parathion, and tetrachlorvinphos. 
 
Weisenburger (2021) reviews evidence that glyphosate and glyphosate-based formulations (GBFs) 
are a cause of the cancer of the lymphatic system, Non-Hodgkin Lymphoma (NHL), finding 
“coherent and compelling evidence that glyphosate and GBFs are a cause of NHL in humans 
exposed to these agents.” In statistical studies, exposure to glyphosate is associated with 
increased risk of non-Hodgkin’s lymphoma (NHL). However, the results of meta-analyses of 
glyphosate exposure and NHL risk depend on assumptions made about both exposure level and 
latency period before cancer develops, with a higher exposure and longer latency period 
associated with higher risk (Kabat et al., 2021). 

 
Following the IARCs classification of glyphosate as a probable carcinogen, campaigns to restrict, 
phase out or ban the use of glyphosate grew immediately around the world (Where is Glyphosate 
Banned?, 2022). For example: 
 

• In Argentina, 30,000 doctors, scientists and environmentalists called for a ban on 
glyphosate. The Federation of Health Professionals of Argentina (Fesposa) called on the 
Ministry of Health to ban the herbicide. Furthermore, the Society of Pediatric Hematology-
Oncology (SAHOP) demanded the immediate prohibition of all glyphosate fumigations. 
María Victoria Dunda, lawyer and member of the Lawyers Network of Fumigated Towns 
claims rural schools are frequently fumigated and the number of teachers with a medical 
leave due to cancer has been steeply growing over the past decade. In the light of the IARC 
findings, Greenpeace Argentina asked the Minister of Agriculture for a nationwide ban of 
glyphosate (Aranda, 2015; Koop, 2015; Maxwell, 2015). More than 400 towns and cities in 
Argentina have passed measures restricting glyphosate use (Where is Glyphosate 
Banned?, 2022). 
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• In Brazil, the public state prosecutor Anselmo Henrique Cordeiro Lopes asked the National 
Health Surveillance Agency (ANVISA) to conduct a toxicological re-evaluate of glyphosate, 
aiming for a national ban on glyphosate-based herbicides. The public prosecutor also 
launched an investigation into whether regulatory authorisations for RR crops should be 
revoked (Canal Rural, 2015). In August of 2018, a federal judge in Brasilia ruled that new 
products containing glyphosate could not be registered in the country. However, this ruling 
was later overturned (Where is Glyphosate Banned?, 2022). 

 
• In Colombia, coca eradication programmes funded by the U.S. involves aerial spraying of 

glyphosate. Following the IARC’s designation of glyphosate as a probable carcinogen, 
Colombia’s health ministry recommended an immediate suspension of fumigation with 
glyphosate (Brodzinsky, 2015). The recommendation was backed by the U.N. 
representative of the High Commissioner for Human Rights Todd Howland (Telesur, 
2015). Following this recommendation, Colombian president Juan Manuel Santos 
announced in May 2015, that glyphosate will be banned from spraying of illegal plantings 
and that they will find other ways to combat coca production (BBC News, 2015). Farmers 
in Colombia long complained that the spraying destroys not only coca plants but also legal 
crops and that glyphosate has led to many health-related problems including skin rashes, 
respiratory problems, diarrhoea and miscarriages (Brodzinsky, 2015). However, the 
controversial spraying programme was re-started in 2017 (Telesur, 2017). Idrovo & 
Rodríguez-Villamizar (2018) regret the reversal, stating: “This decision is not only going 
back on a public policy that aimed to protect human health, especially in vulnerable 
populations, but also seems to ignore the complexities of the problems related to rural 
territories with difficult access, where these illicit crops are grown…What will be the health 
consequences of this setback in public health?”. In March of 2019, the President asked for 
the judicial ban on aerial glyphosate spraying to be lifted, but in July of 2019, the court 
maintained the judicial ban on glyphosate (Where is Glyphosate Banned?, 2022). 

 
• In the U.S., movements against glyphosate also began. People who claim exposure to 

Roundup caused them to develop a rare form of cancer filed lawsuits across the country 
(Baum Hedlund Aristei & Goldman, 2016). These lawsuits are discussed further in Section 
8.1 Glyphosate lawsuits. In California, the decade long debate about the use of glyphosate 
to control plants in Marin County heated up due to the IARC report (Seidman, 2015). In New 
York, a bill was announced in May 2015 that would require limiting synthetic pesticides 
including Roundup in City parks (New York City Council Member Ben Kallos, 2015). In 
Californa, a Fresno County Superior Court judge ruled against Monsanto in its fight to 
prevent California regulators from listing the key ingredient in Roundup as a carcinogen 
(Rodriguez, 2017; Kennedy, 2017). Numerous US cities have restricted or banned 
glyphosate and, in 2021, Bayer announced it would stop selling it’s glyphosate-based 
herbicides (the RoundUp brand) in garden stores from 2023 (Where is Glyphosate 
Banned?, 2022). 

 
• In Mexico, the government decided to gradually replace the use, acquisition, distribution, 

promotion and import of glyphosate and glyphosate-based formulations with sustainable 
and culturally appropriate alternatives that are safe for human health and biodiversity. The 
transition phase will end in January 2024. Low toxicity agrochemicals, biological or 
organic products, agroecological practices and intensive labour are mentioned as 
potential alterantives to glyphosate (DOF, 2020). In April 2021, a Mexican judge sided 
with Bayer and provided a temporary reflief from the ban. Shortly thereafter, a Mexican 
court however reaffirmed the glyphosate ban (Reuters, 2021; Where is Glyphosate 
Banned?, 2022).  

 
• In Canada, there are now restrictions on glyphosate use in some provinces and cities. In 

February of 2022, Canada’s Federal Court of Appeals issued a ruling that Health Canada 
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did not follow its own protocols for regulating herbicides like Roundup (glyphosate). This 
ruling could impact glyphosate’s status in the country (Where is Glyphosate Banned?, 
2022). 

 
• In Costa Rica, the country’s National System of Conservation Areas issued a guideline 

prohibiting the use of glyphosate in Costa Rica’s 11 Protected Wild Areas in December 
2019 (Where is Glyphosate Banned?, 2022). 

 
• Bermuda suspended approval and importation of all glyphosate-based products with 

immediate effect (Today in Bermuda, 2015). In Barbados, the Government announced 
that people would need a licence to purchase glyphosate (Where is Glyphosate Banned?, 
2022). 
 

• Bahrain and five other countries in the Gulf Cooperation Council (GCC) have reportedly 
banned glyphosate (Where is Glyphosate Banned?, 2022). 
 

• Fiji announced in 2020 that glyphosate would be banned from January 2021 (Where is 
Glyphosate Banned?, 2022). 

 
• In India the states of Punjab and Kerala have reportedly banned glyphosate (Where is 

Glyphosate Banned?, 2022). 
 

• In the EU, the International Society of Doctors for the Environment (ISDE) sent an appeal 
to officials at the EU parliament and Commission to immediately, permanently and with no 
exceptions ban the production, trade and use of glyphosate-based herbicides in the EU 
(ISDE, 2015). The body representing European agricultural workers, EFFAT, called for an 
exit strategy that promotes alternative substances in order to do away with glyphosate as 
quickly as possible (EU Reporter, 2016). Germany’s state consumer protection ministers 
called for an EU-wide ban on private use of glyphosate as well as glyphosate use close to 
consumers. The legal basis needed for a ban is however missing at the moment. As the 
approval period for glyphosate in the EU ended on December 31, 2015, the EU 
Commissions’ new approval procedure for glyphosate had to be completed first (Sarmadi, 
2015). Several NGOs including Greenpeace and the Alliance for Cancer Prevention, asked 
the European Commissioner for Health and Food Safety to suspend the EU approval of 
glyphosate for uses that could lead to exposure of workers and the public (Lynn et al., 2015). 
In his response, the Commissioner however stated that a precautionary action was not 
considered necessary and that probably no decision would be taken until the Commission 
decided whether to extend the approval period for glyphosate (Lewis, 2015). Subsequently, 
the Commission proposed further restrictions including banning the co-formulant POE-
tallowamine from glyphosate-based products (European Commission, 2016b). In June 
2016, the European Commission extended its approval for weed-killer glyphosate by 18 
months, after EU member states repeatedly failed to take a decision to extend the license 
approval (Reuters, 2016a). Amid fierce arguments by EU member states, the European 
Commission granted a five-year extension on the use of glyphosate in the EU in November 
2017 (Casassus, 2019; European Commission, 2017). It is argued that a number of 
shortcomings in the EU pesticide authorisation process have led to the renewal of 
glyphosate. These include amongst others the selective use and omission of published 
data, invalid dismissal or exclusion of adverse effects, misue of historical control data, 
misuse of statistical analytical tools, failure to assess toxicity of mixtures, lack of 
transparency and conflict of interest, inlcuding the fact that safety testing of pesticides is 
carried out by the companies that manufacture the products in questions (Robinson et al. 
2020). Despite the extention, some businesses and authorities in Europe started to limit 
glyphosate use or call for it to be banned. Glyphosate is currently authorised for use in the 
EU until December 2022, and a new review began in 2021 (EFSA, 2021).   
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• Belgium banned the individual use of glyphosate. In 2017, Belgium voted against 

relicensing glyphosate in the EU. The country was also one of six EU member states to 
sign a letter to the EU Commission calling for “an exit plan for glyphosate…” The city of 
Brussels banned the use of glyphosate within its territory as part of its “zero pesticides” 
policy (Where is Glyphosate Banned?, 2022). 

 
• The Czech Republic’s Agriculture Minister Miroslav Toman said the country will limit 

glyphosate use starting in 2019, banning glyphosate as a weedkiller and drying agent 
(Where is Glyphosate Banned?, 2022). 

 
• In Denmark, the Danish Working Environment Authority (WEA) went a step further than 

the IARC and declared glyphosate a carcinogen. The decision is backed by one of the 
world’s leading and highly respected toxicologists, Philippe Grandjean (GMWatch, 2015; 
Møller, 2015). In July 2018, the Danish Government implemented new rules banning the 
use of glyphosate on all post-emergent crops to avoid residues on food (Where is 
Glyphosate Banned?, 2022) 

 
• Germany passed legislation in February of 2021 to ban glyphosate by 2024 (Where is 

Glyphosate Banned?, 2022). Concerning private use, 350 toom Baumarkt DIY stores that 
belong to the German retail group REWE, announced they would stop selling glyphosate-
containing products as of October, 2015 (REWE Group, 2015). 

 
• In 2015, the then French Environment and Energy Minister Ségolène Royal called on 

garden shops to stop selling Roundup (Reuters, 2015). In April 2016, France's health and 
safety agency announced it would ban weedkillers that combine the chemicals glyphosate 
and tallowamine because of concerns over possible health risks (Reuters, 2016b). After the 
European Commission extended the approval of glyphosate use in the EU, French 
President Emmanuel Macron immediately asked the French government to ban the 
product. Based on the IARC finding, a Lyon court banned the sale of Roundup Pro 360 to 
professionals in January 2019 (Casassus, 2019). In May of 2019, French Agriculture 
Minister Didier Guillaume announced that France would eliminate the use of glyphosate by 
2021 with limited exceptions (Where is Glyphosate Banned?, 2022). Whilst President 
Macron still supports the ban, it has been delayed and French farmers have been offered 
financial aid in return. In the meantime, France’s ANCES agency withdrew 36 glyphosate-
based products from the market and around 20 mayors have banned the use of glyphosate 
in their municipalities. 

 
• Italy has placed restrictions on the use of glyphosate (Where is Glyphosate Banned?, 

2022). 
 

• Austria passed a total ban on glyphosate in January 2020 (Peng et al. 2020). However, 
this was not implemented. A partial ban on glyphosate use (on “sensitive” areas and for 
private use) was adopted in June 2021 (USDA, 2021). 

 
• Luxembourg became the first EU country to ban the use of glyphosate, by the end of 2020 

(Where is Glyphosate Banned?, 2022). 
 

• The two biggest retailers in Switzerland, Migros and Coop, announced in May 2015 that 
they would no longer sell products containing glyphosate (Coop, 2015; Schweizerbauer, 
2015).  
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• The Dutch Parliament avoted in 2014 to ban the sales of all glyphosate-based herbicides 
to private persons from the end of 2015 due to health and environmental concerns 
(Sustainable Pulse, 2015d).  

 
• Concerning agricultural use, the UK Soil Association called for a ban on the use of 

glyphosate by farmers (Soil Association, 2015). The London Borough of Hammersmith & 
Fulham became the first council in London to halt the use of glyphosate-based herbicide 
sprays in parks and open spaces (Horticulture Week, 2016). Dozens of boroughs and 
towns have followed suit (Where is Glyphosate Banned?, 2022). 

 
• Malta began the process of banning glyphosate in 2015 (Times of Malta, 2016). In July 

2019, it banned the use of glyphosate in public places (Where is Glyphosate Banned?, 
2022). 

 

5.5.3 Chronic Kidney Disease 
 

Chronic Kidney Disease (CKD) is a major cause of death among males in poor regions of Sri Lanka. 
“Chronic Kidney Disease of unknown etiology” (CKDu) is the term now used for CKD observed in 
young men in agricultural communities. Sri Lanka is not alone: health workers have reported CKDu 
in Mexico, Nicaragua, El Salvador, and the state of Andhra Pradesh in India (Gunatilake et al., 
2019). CKDu is CKD that does not follow typical patterns of age distribution or have a direct 
association with diabetes or hypertension. It is believed to be linked to geo-environmental risk 
factors (variable climate, temperature, air quality, water quality and drought) combined with agro-
environmental risk factors (exposure to fertilizers, soil conditioners, herbicides, fungicides and 
pesticides) (Wilke et al., 2019). Jayasumana et al. (2014) first hypothesized the association of 
glyphosate use, the most widely used herbicide in the disease endemic area in Sri Lanka, and its 
unique metal chelating properties, with CKD. Although these authors argue that glyphosate alone 
did not cause an epidemic of chronic kidney disease, they conclude that it may destroy the renal 
tissues of thousands of farmers when it forms complexes with a local water hardness and toxic 
metals. Further research has shown that people in the disease endemic area are exposed to 
multiple heavy metals as well as glyphosate (Jayasumana et al., 2015). Gunatilake et al. (2019) 
support the view that glyphosate in particular is working synergistically with most of the other factors 
involved (exposure to other pollutants and physical labour in high temperatures) to increase toxic 
effects. In a study of urine pesticide concentrations and biomarkers of kidney damage, Abdul et al. 
(2021) report evidence that occupational paraquat and glyphosate exposure may cause a decline 
renal functions among rural farming communities in Sri Lanka. Upamalika et al. (2022) review 
potential molecular mechanisms and conclude that oxidative stress induced by environmental 
exposures, including to glyphosate, likely play a role in the initiation and progression of CKDu. 
Babich et al. (2020) argue that metals in drinking water, even at safe levels, can impede kidney 
development at an early age, leading to increased susceptibility to other agrochemicals such as 
glyphosate. An investigation in El Salvador supported the hypothesis that CKDu was caused by 
systemic toxicity from agrochemicals (e.g., paraquat, glyphosate), which particularly affect the 
kidneys and to which farmers/farmworkers (who may also become dehydrated in the fields) are 
most exposed (Herrera-Valdés et al., 2019).  

5.5.4. Endocrine disruption and reproductive health 
 
Endocrine disrupting chemicals (EDCs) are chemicals that interfere with the hormonal system of 
mammals, such as oestrogens and androgens (female and male sex hormones). They are said to 
cost the European Union more than €150 billion a year in health costs and lost economic potential, 
with pesticides accounting for the major economic impact (Trasande et al., 2015). Various studies 
show endocrine disrupting effects of glyphosate and Roundup and other adverse effects on 
reproductive health, such as damage to reproductive organs, sperm and eggs. Jarrell et al. (2020) 
review the literature on glyphosate-based herbicide formulations and reproductive toxicity in 
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animals. They highlight that glyphosate-based herbicides have potential to cause adverse effects 
in animal reproduction, including disruption of key regulatory enzymes in androgen synthesis, 
alteration of serum levels of estrogen and testosterone, damage to reproductive tissues and 
impairment of gametogenesis (the production of sperm and eggs).  
 
Muñoz et al. (2021) conduct the first review that consolidates the mechanistic evidence on 
glyphosate as endocrine-disrupting chemical (EDC). They conclude that glyphosate satisfies at 
least 8 key characteristics of an EDC. However, they argue that prospective cohort studies are still 
needed to elucidate the real effects in the human endocrine system. In addition to animal and 
laboratory studies, they cite evidence from some epidemiological studies which show that women 
exposed to glyphosate have increased risk of late miscarriages and a decrease in fecundability 
(the probability of achieving pregnancy and/or live birth wthin a cycle). 
 
Mohammadi et al. (2021) conduct a systematic review and meta-analysis on the studies in which 
the alteration of at least one sexual hormone including testosterone, luteinizing hormone (LH), 
follicle-stimulating hormone (FSH), and estradiol was reported as a measured outcome in rats. 
Their meta-analysis of eight eligible studies finds a considerable effect of glyphosate exposure on 
decreasing of testosterone (7 studies), LH (3 studies) and FSH (3 studies). These authors conclude 
that glyphosate intake could have major effects on the health of reproductive systems. 
 
Serra et al. (2021) review the mechanisms of action of glyphosate and glyphosate-based herbicides 
in female and male fertility in humans and animal models. They report that glyphosate acts at the 
hypothalamic, pituitary, gonadal, uterine, placental, and embryonic development levels. Moreover, 
alterations can be transmitted to the next generation through epigenetic effects. In this review, 
glyphosate-based herbicides (GBHs) were found to be more harmful than glyphosate alone, likely 
related to the presence of formulants such as POEA (see Section 5.5.1. Adjuvants). 

 
Kalofiri et al. (2021) highlight how even the EU’s relatively complete regulatory framework for 
Endocrine Disruptor Chemicals (EDCs) does not ensure an effective way of dealing with endocrine 
disruptors. They use glyphosate as an example to reveal discrepancies in the implementation of 
EU pesticides regulation, which they argue means the system is inadequate to protect human 
health. 
 
This Section includes studies in mammals only (mainly rodents). Evidence of adverse effects on 
the reproductive health of other organisms also exists and is considered in Section 4. 
Environmental impacts of RR crops and associated glyphosate-based herbicide regime). Potential 
adverse effects on the reproductive health of farmed mammals are considered in Section 5.3.2. 
Effects on farmed mammals. 

5.5.4.1. Impact on oestrogen synthesis and female reproductive health 
 
In 2005, Richard et al. found evidence that Roundup may act as a potential endocrine disrupting 
chemical in human placental cells at doses still below the classical agricultural dilutions. Roundup 
negatively effects aromatase activity, which converts androgens into oestrogens. These results 
suggest that Roundup may induce reproductive problems. Different experimental studies with 
animal and human cells seem to confirm the endocrine disrupting effects of glyphosate-based 
formulations and glyphosate alone. Benachour et al. (2007) found Roundup and glyphosate alone 
to inhibit oestrogen synthesis, through reduction of aromatase activity at nontoxic levels in human 
embryonic and placental cells. They suggest that contamination with Roundup may have an impact 
on human reproduction and fetal development. Gasnier et al. (2009) found inhibition of androgen 
to oestrogen conversion at sub-agricultural levels of Roundup also in human liver cells. The first 
endocrine disruption actions were found even at dilutions 800 times lower than the level authorized 
in some food or feed. Thongprakaisang et al. (2013) found that low and environmentally relevant 
concentrations of pure glyphosate possessed oestrogenic activity. Glyphosate increased cell 
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proliferation in hormone-dependent breast cancer cells, but not in hormone-independent breast 
cancer cells.  
 
Guerrero Schimpf et al. (2017), find that neonatal exposure to glyphosate-based herbicide (GBH) 
disrupts postnatal uterine development at the neonatal and prepubertal period in rats. They note 
that all these changes may alter the functional differentiation of the uterus, affecting female fertility 
and/or promoting the development of neoplasias. In further studies in rats, Varayoud et al. (2016) 
find that GBH modulates the expression of estrogen-sensitive genes, and Ingaramo et al. (2017) 
conclude that neonatal GBH exposure may lead to embryo losses by disturbing uterine signaling.  
 
Ingaramo et al. (2020) review the endocrine-disrupting effects of exposure to glyphosate and GBHs 
at low or “environmentally relevant” doses in female reproductive tissues. They find that glyphosate 
and GBHs may have the properties to be endocrine disrupting chemicals (EDCs). They conclude 
that these herbicides cause adverse effects on the ovary and the female reproductive tract, 
impairing embryo implantation and/or development, even when animals are exposed to low doses. 
In addition, glyphosate and GBHs inhibit aromatase activity and stimulate estrogenic pathways. 
Therefore, these authors conclude that there may be a link between the endocrine activities of 
glyphosate/GBHs and adverse effects on female reproduction. Ingaramo et al. (2022) publish 
further evidence that exposure to low doses of glyphosate-based herbicide (GBH) alters uterine 
function in rats. In their experiments, they report that neonatal GBH exposure alters the expression 
of angiogenesis-related molecules at neonatal uterine development. Angiogenesis is a process 
where new blood vessels are formed from the existing ones. 
 
Milesi et al. (2021) review i) the routes and levels of human exposure to glyphosate-based 
herbicides (GBHs), ii) the potential estrogenic effects of glyphosate and GBHs in cell culture and 
animal models, iii) their long-term effects on female fertility and mechanisms of action, and iv) the 
consequences on health of successive generations. They conclude that there is extensive 
accumulated experimental evidence about the negative impact of glyphosate and GBHs on 
pregnancy outcomes, however there are just a few epidemiological studies on reproductive health, 
making it hard to reach definitive conclusions. 
 
Lorenz et al. (2020) investigate the effects of perinatal exposure to a glyphosate-based herbicide 
(GBH) or glyphosate alone on female fertility in rats. They find similar results in GBH- and 
glyphosate-exposed rats, and suggest that the active ingredient (glyphosate) might therefore be 
responsible for the deleterious effects. Both pure glyphosate and its formulation increased 
preimplantation losses. The number of implanted embryos in female rats was reduced after in utero 
and lactational exposure. These authors report that a low dose of either glyphosate or GBH exhibits 
endocrine disrupting effects which may have potential significant health implications for animal and 
human populations. 
 
Lesseur et al. (2021) measure levels of glyphosate and its degradation product AMPA in 94 
pregnant women in the USA, using 2nd trimester maternal urine samples. Glyphosate and AMPA 
were detected in 95% and 93% of the samples (median 0.22 ng/mL and 0.14 ng/mL, respectively).  
The mothers were recruited as mother-infant pairs in the Infant Development and the Environment 
Study (TIDES). The anogenital distance (AGD), which can act as a measure of hormone disruption, 
was measured in male and female offspring. In female infants, high maternal urinary glyphosate 
(above the median) was associated with longer anoclitoral distance, but this was no longer 
significant after covariate adjustment. The authors conclude that glyphosate may act as a sex-
specific endocine disruptor, but more research is needed. 
 
Kaboli Kafshgiri et al. (2021) conduct a systematic review of glyphosate’s effects on female 
reproductive systems. They conclude findings to date support an association between GBH 
exposure and female reproductive system diseases. However, they state that more studies are 
needed to identify the mechanisms disrupting the effects of GBH and their underlying mechanisms. 
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5.5.4.2. Impact on testosterone synthesis and male reproductive health 
 
In an in vivo study, Wistar rats (a type of laboratory rat often used in studies) were daily exposed 
to a commercial formulation of glyphosate (Roundup Transorb). This led to reduced testosterone 
production, alterations in testicular weights and in seminiferous tubule morphology, as well to a 
significant delay in the pubertal age in a dose-dependant manner (Romano et al., 2010). In 2012, 
Clair et al. (2012) also found Roundup and glyphosate to decrease testosterone in rat testicular 
cells by 35% at environmental doses also found in urine of agricultural workers and their families. 
Residue levels 400 times higher than this are accepted in some feed in the U.S. Similarly, Abarikwu 
et al. (2015) also found glyphosate to decrease testosterone level in Wistar rats which could explain 
the further observed decrease in epididymis weight and the impaired sperm quality. Nardi et al. 
(2017) found a decrease in testosterone in animals receiving a rich soy milk diet during prepubertal 
development. This change occurs in all groups receiving soy milk, supplemented or not with 
glyphosate. However, endocrine disruption was more evident in groups supplemented with 
glyphosate.  
 
In a study in male albino rats, Owagboriaye et al. (2017) found that Roundup may interfere with 
spermatogenesis and impair fertility in male gonads. They assess the effect of Roundup on the 
reproductive capacity of 32 adult male albino rats randomized into 4 groups of 8 rats per group 
orally exposed to Roundup at 3.6 mg/kg body weight (bw), 50.4 mg/kg bw and 248.4 mg/kgbw of 
glyphosate concentrations for 12 weeks while the control group was given distilled water. 
Significant alterations in the level of all the reproductive hormones measured (including 
testosterone) were observed in rats exposed to Roundup, as well as markers of oxidative stress. 
Significant reductions in sperm count and percentage sperm motility and significant increases in 
abnormal sperm cells were also observed in the exposed rats, as well as severe degenerative 
testicular lesions. The authors deduce that the reduction in testosterone level observed in the 
exposed rats was due to the negative impact of RoundUp on their testes. They conclude that 
Roundup has the capacity to induce reproductive toxicity in the male reproductive system of the 
exposed animal and that it is also a potent endocrine disruptor. They regard this as a public health 
concern considering the increasing use of Roundup and presence of its residues in food and 
drinking water, which leads to possible routes of exposure in humans. 
 
Cai et al. (2017) conduct a systematic review of epidemiological studies on the association between 
glyphosate exposure and sperm concentrations of rodents. The results of their meta-analysis 
support the hypothesis that glyphosate exposure decreases sperm concentration. They conclude 
that glyphosate is toxic to the male rodent’s reproductive system. 
 
Zhao et al. (2021) investigate one mechanism through which glyphosate may impair male fertility 
in mice. In their experiments, serum testosterone levels were drastically reduced in mice treated 
with glyphosate over a four-week period, and glyphosate exposure also reduced testosterone 
production in TM3 cells (a cell line derived from mouse testes). In these glyphosate-exposed cells, 
the nuclear receptor NR1D1 was upregulated, inhibiting expression of StAR genes involved in 
testosterone synthesis. 
 
Anifandis et al. (2017) find that a quantity of 1 mg/L of Roundup was found to exert a deleterious 
effect on the progressive motility of sperm from 66 healthy human volunteers. Subsequently, 
Anifandis et al. (2018) study the effect of 0.36 mg/L glyphosate on sperm motility and sperm DNA 
fragmentation (SDF) in thirty healthy men. They find no effect on SDF, but sperm progressive 
motility of glyphosate-treated samples was significantly reduced one hour after treatment, in 
comparison to controls. However, they state this is high concentration of glyphosate that greatly 
exceeds normal environmental exposures. 

5.5.4.3. Impact on Progesterone synthesis  
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Walsh et al. (2000) found Roundup to significantly decrease the steroid hormone progesterone in 
mouse cells at non-cytotoxic concentrations. Progesterone is essential for the regulation of the 
human menstrual cycle and for maintaining pregnancy. Roundup disrupted expression of the 
steroidogenic acute regulator (StAR) protein, which regulates the rate at which cholesterol is 
transferred from the outer to the inner mitochondiral membrane and ultimately converted to 
progesterone. In an in vitro study with human cells, glyphosate and Roundup were found to 
decrease progesterone synthesis at levels comparable to the Australian Drinking Water Guidelines 
(1mg/L). In this study, endocrine disrupting effects were however a consequence of cell death and 
thus secondary to cytotoxicity (Young et al., 2015). In both studies, glyphosate alone did not affect 
progesterone synthesis. 
 
5.5.4.4 Impact on thyroid hormones 
 
A study in rats suggests that exposure to glyphosate-based herbicides before birth may disrupt 
some aspects of thyroid hormone function (de Souza et al., 2017). A study of occupational 
exposures in Brazil (Bernieri et al., 2018) reports a significant decrease in thyroid-stimulating 
hormone (TSH) and increase in triiodothyronine (TT3) and thyroxin (FT4) in 46 rural workers 
(soybean farmers), compared to 27 people not exposed to pesticides. Levels of the enzyme 
butyrylcholinesterase (BChE) were lower in exposed group than in control group. The authors 
conclude that their results suggest that farmers are exposed to mixtures of pesticides with 
endocrine disruptor properties. Romano et al. (2021) review the evidence that glyphosate and 
glyphosate-based herbicides could be associated with increased thyroid diseases. They conclude 
that, although there is a correlation between farmers’ exposure to glyphosate-based herbicides and 
altered thyroid hormone levels or incidence of thyroid pathologies, there are very few studies 
evaluating the potential mechanisms of toxicity and there has been insufficient consideration of the 
importance of testing the toxicity of commercial formulations in scientific studies. 

5.5.5. Impact on the gut bacterial community and link to food-borne diseases 
 
Monsanto claims that the enzyme EPSPS is only found in plants and not in humans or animals, 
implying that glyphosate in harmless to humans. In a class action lawsuit, filed in April 2015 in 
California, Monsanto was accused of false advertising. The plaintiffs argued that the enzyme 
EPSPS is found in the microbiota in the gastro-intestinal tract and therefore does exist in human 
and animals (Phillips, 2015; Case No: BC 578 942). As noted above, Monsanto even patented 
glyphosate as an antimicrobial for its use in preventing or treating pathogenic infections caused by 
parasites of the phylum Apicompexa (Abraham, 2010). 
 
Since gut bacteria do contain the EPSP synthase, incorporation of glyphosate residues into the 
gastro-intestinal tract could thus potentially affect its microbiota. Glyphosate can induce shifts in 
gut microbiota, as it does in soils (see Section 4.5. Impact on soil microbial communities). Shehata 
et al. (2013) studied poultry microbiota in vitro and found that while most of the highly pathogenic 
bacteria, such as Salmonella species, Clostridium botulinum and E. coli are highly resistant to 
glyphosate, most beneficial bacteria, such as Bifidobacteria and Enterococcus species are either 
moderately or highly susceptible to glyphosate. Similarly, Ruuskanen et al. (2020b) find that GBH 
exposure suppresses potentially beneficial microbes in the guts of Japanese quails (see also 
Section 4.2.3. Farmland Birds). A reduction of beneficial bacterial species in the gastro-intestinal 
tract microbiota, could disturb the normal gut bacterial community. Shehata et al. (2013) suggest 
that by reducing beneficial microorganisms that create unfavourable conditions to the growth of 
pathogens, glyphosate may also benefit pathogenic bacteria indirectly. Bifidobacter for example, 
create unfavourable conditions for Salmonella, which cause different illnesses, including food 
poisoning and are big public health concern worldwide. Other beneficial bacteria that were shown 
to be susceptible to glyphosate in this study create unfavourable conditions for Campylobacter, 
which cause the food-borne human disease Campylobacterosis. Similarly, Krüger et al. (2013) 
found that Enterococcus species, isolated from cattle, horse and algae, reduced growth and 
inhibited neurotoxin production of C. botulinum, a ubiquitous Gram-positive bacterium that 
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generates botulinum neurotoxins, which can cause botulism in humans and animals. But while 
enterococci are susceptible to glyphosate, C. botulinum are highly resistant to glyphosate (Krüger 
et al., 2013; Shehata et al., 2013). During the last 1-2 decades, an increase in chronic botulism in 
cattle has been observed on dairy farms in Germany. The authors suggest that glyphosate residues 
in animal feed may induce a loss of enterococci and thereby be a predisposing factor responsible 
for the observed increase in C. botulinum on dairy farms.  
 
In a preprint (not yet peer reviewed), Hu et al. (2020) explore the potential effects of glyphosate-
based herbicides (GBHs) on urinary metabolites and their interactions with the gut microbiome in 
rats. Using a small sample of 61 urine samples, they report that, when pups were stratified by 
sexes, Roundup and glyphosate exposure resulted in significant and distinctive changes in 
metabolite profiles. They highlight that further research is needed in this area. 
 
Argou-Cardozo & Zeidán-Chuliá (2018) use a systematic review to demonstrate an association 
between Clostridium bacteria colonization of the intestinal tract and autism spectrum disorders 
(ASD) in children. They hypothesize that environmental glyphosate levels may deleteriously 
influence the gut–brain axis by boosting the growth of Clostridium bacteria in autistic toddlers. 
Whilst this link is speculative, there are previously reported associations between autism and 
pesticide use cited in this paper. Pu et al. (2020) and Pu et al. (2021) report experiments in mice in 
which glyphosate exposure appears to cause behaviors defined as ‘autism-like’ (e.g. social 
interaction deficit) and suggest that this issue requires further study. 
 
In a review of the published literature, Van Bruggen et al. (2018) find that shifts in microbial 
compositions due to selective pressure by glyphosate may have contributed to the proliferation of 
plant and animal pathogens. They argue that more research is needed on the potential link between 
glyphosate and antibiotic resistance, but suggest that the selection pressure for glyphosate-
resistance in bacteria could lead to shifts in microbiome composition and increases in antibiotic 
resistance to clinically important antimicrobial agents (see also Section 4.7. Antibiotic resistance). 
 

5.5.6 Glyphosate and pregnancy 
 
Eaton et al. (2022) study the association between urinary glyphosate and AMPA and biomarkers 
of oxidative stress among pregnant women in Puerto Rico, in the PROTECT birth cohort study. In 
this study, glyphosate and AMPA were measured in 347 urine samples collected between 16 and 
20 weeks gestation and 24–28 weeks gestation. The authors find that concentrations of AMPA in 
urine were associated with higher levels of certain oxidative stress biomarkers and associations 
with glyphosate reflected similar trends, although findings were not as strong. They conclude that 
additional research is required to better characterize the association between glyphosate exposure 
and biomarkers of oxidative stress, as well as potential downstream health consequences. In 
another nested case–control study in the PROTECT Cohort (Puerto Rico), Silver et al. (2021) study 
prenatal exposure to glyphosate and AMPA, and preterm birth. They report that glyphosate and 
AMPA levels in urine samples collected near the 26th week of pregnancy are associated with 
increased odds of preterm birth, and call for further study. In a relatively small birth cohort study in 
Indiana, Parvez et al. (2018) find glyphosate exposure (measured in urine) in pregnancy correlates 
significantly with shortened pregnancy lengths. Of the 71 women in this study, 93% of the pregnant 
women had glyphosate levels above the limit of detection (0.1 ng/mL) and the mean urinary 
glyphosate level was 3.40 ng/mL (range 0.5–7.20 ng/mL).  

 
Paganelli et al. (2010) found malformations in frog and chicken embryos treated with glyphosate 
and Roundup at doses far lower than those used in agricultural spraying. These effects were 
attributed to the disruption of the retinoic acid signalling pathway and the resulting dysregulation of 
genes crucial to the development of the central nervous system. This study is relevant to human 
risk assessment as the retinoic acid signalling pathway is also present in humans. Krüger et al. 
(2014b) detected different concentrations of glyphosate in malformed piglets. It was assumed that 
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the rate of malformation increased if the sow feed contained higher levels of glyphosate in the first 
40 days of pregnancy. Myers et al. (2016) argue that glyphosate-based herbicides may thus at 
least be a contributing factor to similar birth defects observed in human populations living in or 
close to RR cropping regions. These observational studies are discussed in the next section. 

5.5.7. Acute and chronic health effects associated with drift of glyphosate and other 
pesticides and use by farmworkers 

 
Farmworkers are amongst those most exposed to glyphosate. For example, Rydz et al. (2021) 
estimate that 37 700 to 55 800 workers (11–13% of agricultural workers) were exposed to 
glyphosate in Canada, using data from the Canadian Census of Population and the Census of 
Agriculture. Lawsuits regarding glyphosate exposure of farmworkers are discussed in Section 8.1 
Glyphosate lawsuits). 
 
Glyphosate spray drift can affect farm workers, bystanders and people living in the surrounding 
area. Aerial application increases the risk of accidental exposure of neighbouring habitants.  
 
Epidemiological studies and reports of interviews with local people cannot prove cause and effect, 
nevertheless there are numerous and widespread reports of poisonings due to aerial spraying of 
RR soybeans in Latin America or coca crops in Colombia, discussed further below. These reports 
also include death of livestock and domestic animals as well as crop losses due to herbicide drift. 
Effects have been reported as far as 10 km away from the supposed spray zone. Reported effects 
include vomiting, diarrhoea, respiratory problems, skin rashes, cancer, infertility, pregnancy 
problems, and birth defects (PAN Asia & Pacific, 2008, 2012). 
 
These reports are consistent with the IARC (2015) designation of glyphosate as a probable human 
carcinogen, and with other studies suggesting that chonic exposure to glyphosate and other 
pesticides can cause a range of other adverse health effects. For example, in the Ontario Farm 
Family Health Study, Arbuckle et al. (2001) observe moderate increases in risk of early abortions 
for preconception exposures to any herbicide, and for late abortions, preconception exposure to 
glyphosate is associated with elevated risk. In the same study, Savitz et al. (1997) find that 
combinations of farm activities using a variety of chemicals, including glyphosate, are associated 
with an increased risk of miscarriage in the wives of exposed farm workers. In the Red River Valley, 
Minnesota, USA, Garry et al. (2002) find that exposure to glyphosate is associated with an 
increased risk of neurobehavioral developmental effects. In the Agricultural Health Study in Iowa 
and North Carolina, Hoppin et al. (2008) find an increased risk of atopic asthma in farm women 
using glyphosate and a number of other pesticides, and Hoppin et al. (2016) find an increased risk 
of allergic and non-allergic wheeze in male farm workers using glyphosate and some other 
pesticides.  In the same study, Slager et al. (2009) find an increased risk of rhinitis in farm workers 
who had used glyphosate in the past year. Parks et al. (2016) find an association between the use 
of specific agricultural pesticides, including glyphosate, and the risk of rheumatoid arthritis in female 
spouses of licensed pesticide applicators in the Agricultural Health Study. 

 
Zhang et al. (2022b) investigate the health effects of glyphosate on occupational workers in three 
chemical factories, by analysing serum metabolic alterations. They report that the levels of 27 
metabolites changed significantly in the exposed group compared to the controls and argue that 
some of these changes may act as biomarkers to identify potential health risks. 
 
 5.5.7.1. Health effects related to coca spraying in Colombia 
 
In Colombia, coca eradication programmes involve aerial spraying of glyphosate. Evidence of harm 
from such spraying is relevant to the question of whether aerial spraying of RR crops might also 
put people at risk. Whilst concrete evidence is hard to establish, farmers in Colombia long 
complained that the spraying destroys not only coca plants but also other crops and that glyphosate 
has led to many health-related problems including skin rashes, respiratory problems, diarrhoea and 
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miscarriages (Brodzinsky, 2015). Since the coca fields are close to the Ecuadorian border, spraying 
has also become a potential health risk for Ecuadorians living close to the border. In 2005, Ecuador 
and Colombia signed an agreement to not spray in a 10km corridor along the border. Still, 
significant amounts of glyphosate spray drifted into Ecuador. Following a subsequent lawsuit before 
the International Court of Justice brought by Ecuador for human and economic damage caused by 
coca spraying, Colombia agreed in 2013 to pay 15 million US dollars to Ecuador and adopt 
additional parameters to prevent drift (Benner et al., 2016; Jaramillo & Kraul, 2013). Following the 
IARC’s designation of glyphosate as a probable carcinogen, Colombian president Juan Manuel 
Santos announced in May 2015, that glyphosate would be banned from spraying of illegal plantings 
and that they will find other ways to combat coca production (BBC News, 2015). In May 2016, a 
former top counter-narcotics official warned that a government decision to return to spraying 
glyphosate will result in deaths (Colombia Reports, 2016). However, the controversial spraying 
programme was re-started in 2017 (Telesur, 2017). See also Section 5.5.2.1. The WHO’s cancer 
agency classification of glyphosate as probable carcinogen and its consequences. 
 
 5.5.7.2. Reported health effects in Argentina due to spray drift 
 
In Argentina, application of glyphosate is often carried out from the air in monoculture plantations 
of RR soya, thereby causing herbicide drift. In a special investigation in 2013, the Associated Press 
reported that spray drifts into schools and homes in Argentina (Warren, 2013). The report states 
that the first serious health problems were reported in 2002, six years after RR crops were approved 
for use in Argentina, from residents and doctors in soya producing areas. Claimed adverse effects 
included high rates of birth defects, infertility, stillbirths, miscarriages and cancers. Farmers also 
complained about lost crops from herbicide drift. Students in Santa Fe reportedly fainted after 
pesticides drifted into their classrooms. According to the article, the Doctors of Fumigated Towns, 
a growing movement demanding enforcement of agricultural safety rules, warned that uncontrolled 
pesticide applications could be causing the growing health problems in the Argentinian farm belt. 
Speaking for the organisation in a report in Deutsche Welle, pediatrician Ávila Vázquez highlighted 
concerns regarding cancer, miscarriage and birth defects (Deutsche Welle, 2016). 
 
Another group, known as the Rural Reflection Group (GRR), has also documented increasing 
health problems in rural areas, according to an article in IPS News (Valente, 2009). The GRR report 
notes that soybeans fields reach all the way up to the outer streets in some towns. Farm machinery 
and containers used in spraying are washed and stored in urban areas, and soybeans covered in 
toxic substances are stored in silos located in the midst of homes, schools and other buildings. The 
personal accounts compiled in the report come from people in dozens of towns in the provinces of 
Buenos Aires, Córdoba, Entre Ríos and Santa Fe, where locals are demanding buffer zones 
around populated areas, which would be off-limits to fumigation planes. In April 2009, the Argentine 
Association of Environmental Lawyers, filed suit before the Supreme Court in Argentina seeking a 
nationwide ban on the sale and use of glyphosate (FT, 2009). See also Section 5.5.2.1. The WHO’s 
cancer agency classification of glyphosate as probable carcinogen and its consequences. 
 
Based on 12 months of fieldwork carried out between 2003 and 2013, Lapegna (2016) examines 
the effects on peasant communities of the growth of agrochemical use in Argentina due to the 
expansion of GM soybeans. He focuses on the province of Formosa, in northern Argentina, to 
better understand how rural populations and peasant social movements interpret the discourses 
and actions of state authorities and interact with them. With the expansion to northern Argentina, 
GM soybean production entered areas where peasants and indigenous communities comprise 
most of the rural population. The expansion of GM soybeans has come hand in hand with a steep 
increase in agrochemical use: at the end of the 1990s, 42 percent of the agrochemicals used in 
Argentina were utilized for the production of GM soybeans (see also Section 3.1.1.3. Herbicide use 
in South America). Peasant populations have been particularly affected by the expansion of 
transgenic agriculture and the exposure to agrochemicals and, in the early 2000s, peasant 
movements organized contentious collective actions to address these problems. For example, the 
Peasant Movement of Formosa (MoCaFor) mobilized in 2003 to complain about the effects of 
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agrochemical drifts in rural communities. Since the mid-2000s, however, peasant organizations 
have played a limited role in protesting transgenic agriculture and agrochemical exposure. Lapegna 
argues that peasants are restricted to negotiating with rather than confronting authorities or 
powerful opponents, and that they are thus constrained to accommodating the negative 
environmental impacts associated with the expansion of GM soybeans. For example, the 
authorities collected blood samples in cases of alleged health effects due to agricultural drift, but 
may not have done the correct analyses and never shared the results with the participants. 
 
Sinero and Berger (2012) study the Mothers of Ituzaingo´ Neighbourhood in the city of Co´rdoba, 
Argentina (Madres de Barrio Ituizaingo´ Anexo) as a case of citizens’ practices in defence of human 
life, health, and the environment. They describe how, on their own initiative, in 2002 the Mothers 
surveyed over 200 cases of diverse illnesses among which cancer, lupus, hemolytic anemia, 
Hodgkin’s lymphoma, tumors, and leukemia stood out. In 2003, the Ministry of Health, in connection 
with two epidemiological surveys that had been carried out by the authorities, reported 96 
oncological cases, and, adding the hematological pathologies that were found, a total of 109 cases 
occurred out of a population of 5,000. In 2006, another epidemiological report by Dr. Schinder done 
for the municipal authorities confirmed that most of the cases of malignant illnesses detected in the 
neighbourhood appear especially in the zones that are contiguous to the soy fields and to 
automotive industry waste. He asserted that the incidence and prevalence of serious illnesses, with 
their respective death rate, are above the rates recorded in other districts of the country. This 
investigation highlighted that the rate of death at birth in Ituizango´ Anexo is 19.8 per thousand, 
whereas in the Instituto Provincial de la Vivienda (IPV) neighbourhood, it is only 8.9. Up to the 
present date, there are no administrative procedures to implement a plan of intervention in cases 
of environmental pollution and protocols of medical intervention in cases of malformation or 
intoxication caused by pesticides. The provincial laws and local norms regulating fumigations and 
specifically prohibiting them in the neighbourhood are frequently not followed. This is evidenced by 
more than eight complaints filed in court by those neighbours affected since 2002 up to the date of 
the paper, which had not been settled yet. In the judicial files there are no reports either from the 
Health Ministry or from any other public authority with respect to environmental health or related to 
the cases of diseases and deaths, or reports that assert or deny the connection between the 
pollution factors and the health of the population. These reports are limited to information on the 
level of toxicity of the substances. Berger and Ortega (2010) provide a more detailed description in 
Spanish of the struggles of the Madres de Barrio Ituzaingó Anexo. 
 
Oliva et al. (2008) investigate whether there is any relationship between rural environmental factors 
and reproductive health in the Pampa Humeda in Argentina. Five rural communities in the Pampa 
Humeda in Argentina were selected, and the data were compared to the national mean. 
Malformations showed very significant differences and endocrine related cancers showed higher 
incidence rates compared to the national mean, particularly in some communities. They conclude 
that there is a relationship between environmental factors and reproductive health conditions in this 
region. However, this type of study cannot prove cause and effect. 
 
Journalist Fernanda Sández has written a book about the “sprayed small towns” and the link 
between aerial spraying and the use of GM crops (Larrea, 2016) and a 2017 report by ecologist 
Walter Pengue has provided further documentary evidence (Pengue, 2017). Avila-Vazquez et al. 
(2018) study glyphosate exposure and reproductive disorders in an agricultural town (Monte Maíz) 
in Argentina. In this study, glyphosate was detected in soil and grain dust and was found to be at 
an even higher concentration in the village soil than in the rural area. These authors report that 650 
tonnes of glyphosate are used annually in the region, creating environmental exposure to 
glyphosate of 79 kg per person per year. They also report that rates of spontaneous abortion and 
congenital abnormalities are respectively three and two times higher than the national average 
(10% vs. 3% and 3% - 4.3% vs 1.4% respectively). They conclude that high environmental 
exposure to glyphosate is associated with increased frequencies of reproductive disorders 
(spontaneous abortion and congenital abnormalities): however, they note that cause and effect 
cannot be established by this type of study and further studies are required.  
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Longhi & Bianchi et al. (2020) conduct an analysis of causes of death in the Argentine Dry Chaco 
Region from the year 1990, when GM soy was not yet predominant, until 2012 (during which time 
the area planted with GM soy increasd by 130%, from 455,000 to 1,044,000 hectares). They found 
no association with mortality, but did find some evidence for an upward change in the trend of 
mortality from tumors beginning in 1999, coinciding with increased application of the herbicide. 
 
 5.5.7.3. Health effects in Paraguay associated with spraying of RR soya 

 
Paraguay is the third most important soya growing country in South America. In an article in 
Pesticide News, Williamson (2008) describes the impact of RR soya on local communities. The 
pesticide use and handling decree demands that warning must be given to public and private 
institutions and neighbouring residents before aerial spraying of herbicides and that the areas to 
be treated must be indicated. Protective barriers or no-spray zones, respectively, should be 
established for fields that run alongside public roads and paths to prevent spray drift. Moreover, 
filling and washing of application equipment close to water sources is prohibited. However, 
according to the article, no protective equipment is provided for fumigation workers. Moreover, 
these regulations are only rarely implemented by farm owners and also barely controlled by 
regulatory agencies. Herbicides are applied regardless of temperature or wind levels. In many 
cases, family homes and rural schools are completely surrounded by soya and exposed to 
glyphosate drift. The article states that many acute poisoning incidents linked with pesticide 
spraying on large-scale farms have been documented in Paraguay.  
 
Benítez-Leite et al. (2007) study the association between exposure to pesticides and congenital 
malformations in new born babies born in the Regional Hospital of Encarnacion, in the Department 
of Itapua, Paraguay, using a prospective case-controlled study carried out from March 2006 to 
February 2007. A total of 52 cases and 87 controls were analyzed. The average number of births 
each month was 216. The significantly associated risk factors were: living near treated fields (OR 
2.46, CI 95% 1.09-5.57, p<0.02), dwelling located less than 1 km (OR 2.66, CI 95%; 1.19-5.97, 
p<0.008), storage of pesticides in the home (OR 15.35, CI 95%, 1.96-701.63), p<0.03), direct or 
accidental contact with pesticides (OR 3.19, CI 95%, 0.97-11.4, p<0.04), and family history of 
malformation (OR 6.81, CI 5%, 1.94-30.56, p<0.001). Other known risk factors for malformations 
did not show statistical significance. 
 
Williamson (2008) reports that Paraguay’s Health Ministry has recorded pesticide poisoning 
incidents since 2003. The health registry records show poisoning incidents are correlated with the 
departments where soya production is concentrated and are most frequent during the main 
spraying period. A prospective case study conducted between 2006 and 2007 by Health 
professionals from the Ministry of Public Health, the National University and the health authority in 
Itapúa revealed an association between parental exposure to pesticides and congenital 
malformation.  
 
Williamson (2008) also describes a research case study carried out by the NGO BASE Social 
Investigations (BASE-IS), in which data was collected during 2007 from families living in eight 
different farmer communities. 78% of the families interviewed report they had suffered from health 
problems correlated with herbicide spraying. Health symptoms reported include headaches, 
respiratory and digestive problems and blurred vision. Miscarriages and birth defects were also 
reported. Over 50% of families reported that they had lost livestock and 56% reported that food 
crops had been adversely affected, especially by Roundup. Again, whilst such studies cannot prove 
cause and effect, they highlight the need for further investigation, and a precautionary approach to 
spraying. 
 
In a second case study described by Williamson (2008), conducted by the Paraguayan Roundtable 
for Sustainable Rural Development, testimonial data was collected from farmers and indigenous 
communities living close to large-scale soya or other export crop farms. Health symptoms reported 
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include skin problems such as blistering, open wounds and skin cancer, but also impotence, 
respiratory problems, brain cancer, hearing problems, miscarriage and serious birth defects. There 
were also reports of school children fainting after inhaling pesticide vapour. The study further 
reported families losing livestock, wild animals and food crops due to herbicide drift which 
contributes to food insecurity (see also Section 3.5.1 Impacts on smallholders in South America). 
 
 5.5.7.4. Reported health effects in Brazil associated with spraying of RR soya 
 
Schiesari and Grillitsch (2011) describe how, in a professionally managed, agroindustrial 
soybean plantation in Brazil, terrestrial and/or aerial pesticide application is an essential 
aspect of this form of intensive land management. Pignati et al. (2007) report a case of 
“pesticide rain” in Lucas do Rio Verde city, which appears to be associated with industrial 
soy production nearby. 
 
Rigotto et al. (2014) consider the problems for public health caused by pesticide spraying in 
Brazil. Between 2007 and 2011, according to data from the Information System of 
Compulsory Notification Conditions (SINAN), there was an increase of 67.4% in new non-
fatal labour accidents due to pesticides in Brazil, and the coefficient of intoxications had an 
overall increase of 126.8%, and was even higher among women (178%). However, 
underdiagnosis and under-notification are widely acknowledged for acute cases and the 
limitations of the data are even greater when it comes to the assessment of the chronic 
effects of pesticides, which may result from the gradual increase in consumption and 
intensification of use of such substances in Brazil. The results of the Food Pesticide 
Residues Analysis Program, developed by the Brazilian health authority ANVISA, show that 
in 2011 only 22% of the 1,628 samples analysed were free from these contaminants. 
 
Oliveira et al. (2014) conduct a case-control study with 219 live births with congenital 
malformations and 862 live births, in Matto Grosso, Brazil.  They find that maternal exposure 
to pesticides is associated with higher incidence of congenital malformations. Silva et al. 
(2015) explore correlations among variables relating to agricultural production, the use of 
health services, food consumption and socio-demographic characteristics and prostate 
cancer mortality rates in Brazilian states. A positive correlation between tons of soybeans 
planted and mortality from prostate cancer was identifed, suggesting the possible existence 
of an association between exposure to pesticides and prostate cancer. 
 
In a report for the Latin American and the Caribbean Economic Association, Dias et al. 
(2020) look at municipalities in the main soybean-producing regions of Brazil and 
concentrate on the period between 2000 and 2010, when soybean production expanded 
rapidly following the introduction of genetically modified seeds. They focus on the effect of 
glyphosate use in one area on health outcomes in other areas that share the same water 
resources, minimizing the potential bias from the effect of increased agricultural productivity 
on local socioeconomic outcomes. They argue that this method allows them to use the 
direction of water flow inside water basins to isolate the adverse effects through water 
contamination, so that health outcomes in a given location should be affected only by the 
use of glyphosate upstream, but not downstream, from it. They report that locations receiving 
water from areas that expanded the use of glyphosate experienced significant deteriorations 
in birth outcomes, including significant increases in infant mortality, in the incidence of pre-
term births, and in the frequency of low birth weights. In this study, the average increase in 
glyphosate use in the sample during this period led to an increase in the infant mortality rate 
of 0.88 per 1,000 births (or 5% of the average). The authors argue that this is likely a lower 
bound to the effect of glyphosate use on infant health, since they do not look at areas of use 
and do not consider other potential morbidity effects. 

5.6. Conclusions 
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With the large-scale commercialisation of RR crops, human exposure to glyphosate via air, drinking 
water and the food chain increased drastically, although systematic data of human exposure to 
glyphosate are widely lacking. Different studies suggest health effects caused by glyphosate-based 
formulations, ranging from cell death, endocrine disruption, DNA damage, non-Hodgkin lymphoma 
and other types of cancer, chronic kidney disease and preterm births. The IARC classification of 
glyphosate as “probably carcinogenic to humans”, and evidence linking glyphosate to other 
adverse health effects, is consistent with a rise in health problems reported in areas of large-scale 
RR soya production in South America, and observations of adverse health effects in US farm 
workers using glyphosate and other pesticides. 

6. Industry response 

The industry’s answer to the development of GR weeds is mainly herbicide-centric and includes a) 
developing herbicide tolerant (HT) crops with enhanced tolerance to glyphosate, b) increasing the 
herbicide platform used on RR crops and c) developing new HT crops with tolerance to additional 
herbicides (Desquilbet et al. 2019). 

These industry responses are discussed further below. They all raise significant concerns about 
the potential for an explosion in herbicide-resistant weeds, with resistance to multiple herbicides. 
In the USA, the farming press has already noted, “increasing resistance to dicamba and 2,4-D, 
cross resistance to the auxin herbicides and some residuals and the potential for metabolic 
resistance in a few weed species”, and reports that weed scientists questioning if this means the 
end of an era in herbicides (Laws, 2022). Metabolic resistance refers to a situation in which weeds 
can develop enzymes that can convert an active ingredient into metabolites that don’t kill the plant. 
In cotton grown in the USA, Nichols (2018) reports that “great selection pressure has been placed 
on the remaining effective post-emergence mechanisms of action, the PPOs and glufosinate and 
now the auxins, 2,4-D and dicamba” and notes that “the costs of weed control in tillage, trait costs, 
increased herbicide use, and hand weeding have greatly increased with respect to those of 10 
years ago”. 

In addition, Duke et al. (2018) reports that glufosinate-resistant crops, which had little initial market 
penetration during the earlier years of RR crop production, have been turned to by some farmers 
as a result of GR weeds, “resulting in record sales of glufosinate in recent years in the US”. 
Glufosinate-resistant Palmer Amaranth (pigweed) has been confirmed in the USA, in Arkansas, 
Missouri and Mississippi (Unglesbee, 2021a; Noguera et al., 2022). Noguera et al. (2022) note that 
if these resistant plants are not controlled by other means, crop productivity will certainly be reduced 
and the resistance problem to glufosinate (GFA) will escalate. They conclude that “resistance to 
herbicides in general, and A. palmeri resistance to multiple herbicides (including GFA) in particular, 
is a threat to food security and economic sustainability”. 

Another aspect of the industry response is the use of other (supposedly beneficial, but likely 
ineffective) traits as a ‘Trojan Horse’ to smuggle herbicide tolerant GM traits into new crops and 
markets. For example, HB4 GM wheat, developed by Bioceres, is tolerant to glufosinate, but is 
being promoted for its supposedly drought tolerant properties (Paixão, 2020; Little, 2022), despite 
the industry’s poor record at delivering complex traits such as drought tolerance using genetic 
engineering (Union of Concerned Scientists, 2012). Camelina (a plant also known as ‘false flax’) 
with altered oil content, developed by Yield10 Bioscience as a supposedly “low-carbon feedstock 
oil” for biofuels, has added herbicide tolerant traits, leading the company to claim “we will be 
positioned to introduce herbicide tolerant Camelina to a broad range of growers to enable access 
to acres on a large scale” (Yield10 Bioscience, 2022). Similarly, in the UK, a GM camelina touted 
as a means to produce omega 3 fish oils on land is also tolerant to glufosinate (ACRE, 2019). GM 
maize varieties being trialled for supposedly drought tolerant properties in Africa, as part of the 
TELA project supported by the Gates Foundation and Bayer, are also being stacked with 
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glyphosate-tolerance in some cases (African Centre for Biodiversity, 2021). These projects are 
consistent with the industry’s awareness that, although RoundUp Ready crops are failing, there 
may still be opportunities to profit from expanding into new geographic areas and/or new crops 
before resistant weeds take hold (Green & Siehl, 2021). This PR strategy acts as a distraction from 
the negative consequences of growing HT GM crops, and as a means to attempt to dump failing 
HT traits onto new markets. 

The environmental impacts of the relevant herbicides are reviewed in Section 7. Environmental 
and health effects of other herbicides. 

6.1 Increasing herbicide rates on RR crops 

Since herbicide resistant weeds can, in cases of moderate resistance, still be killed by higher doses 
of herbicides, biotech companies have developed crops with enhanced tolerance to glyphosate. In 
2006, Monsanto introduced RR Flex cotton, which can tolerate higher rates of glyphosate than the 
original RR cotton (Villar and Freese, 2008). Dun et al. (2014) and Guo et al. (2015) suggest 
combining the two basic strategies that have been used in glyphosate tolerant crop development - 
expression of an insensitive form of EPSPS and insertion of a gene that catalyses the inactivation 
of glyphosate – in order to enhance tolerance in transgenic crops. Guo et al. (2015) report tolerance 
up to fourfold the label rate in soybean. Simultaneously, growers are advised to increase the 
application rate and frequency to control weeds in RR crops. Kumar et al. (2018), for example, 
recommend growers to proactively apply up to four maximum use rates of glyphosate in sugar beet 
fields where glyphosate resistant kochia is not yet a problem. 

6.2 Increasing the herbicide platform used on RR crops 

Biotech companies also recommend increasing the herbicide platform used on RR crops. They 
suggest using multiple modes of action in rotation, and sequences or mixtures, in order to minimise 
the risk of weed resistance. An agronomist at the University of Minnesota and North Dakota State 
University, and former Monsanto program lead, proposes controlling tough weeds in sugar beets, 
such as waterhemp, with pre-emergence soil-applied herbicides, such as metolachlor, followed by 
applications with the same or other herbicides after crop emergence (Pates, 2015). In the fight 
against the notorious Palmer amaranth weed, farmers are now encouraged to use pre-emergence 
herbicides before or during planting, possibly multiple times. BASF sells Zidua Pro, which contains 
pyroxasulfone, imazethapyr, saflufenacil and 59% other, undisclosed, ingredients for that purpose 
(Bomgardner, 2019, BASF, 2017). Furthermore, herbicide tank mixes are suggested. Evans et al. 
(2016), partially supported by funding from Monsanto, study glyphosate resistance in the weed 
Amaranthus tuberculatus using data on A. tuberculatus glyphosate resistance frequency, 
landscape, soil, as well as farm management and weed data from 105 central Illinois, U.S. grain 
farms. They conclude that tank-mixing of different herbicide modes of action is the best tool to 
manage resistance in A. tuberculatus. They state that rotation of different herbicide modes of action 
would be less effective, as the GR trait may be maintained in dormant seedbanks and be enriched 
the next time glyphosate is applied. Nevertheless, the authors conclude that although measures 
such as herbicide mixing may delay glyphosate resistance or other herbicide resistant weed traits, 
they are unlikely to prevent them, and long-term weed management will require truly diversified 
management practices that minimize selection for herbicide resistant traits.  

A survey conducted in 17 states in Brazil, reveals that 97% of respondents use tank mixtures, 
usually with 2 to 5 products at the highest recommended doses (Gazziero 2015). Nevertheless, 
Brazil has a huge problem with glyphosate resistant weeds as well as cross- and multiple 
resistances (see Section 3.1.2. Superweeds). In their RR corn guide, Monsanto suggests that 
farmers in California and Arizona tank mix glyphosate with atrazine, pendimethalin or s-metolachlor 
for pre-emergence weed control. Of these, atrazine is not approved for use in the EU. For post-
emergence weed control, they suggest using foramsulfuron, diflufenzopyr and dicamba, or 2,4-D 
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and dicamba or just 2,4-D in combination with glyphosate. All of those herbicides are also approved 
in the EU (European Commission, 2016a; Monsanto, 2012a). Monsanto also suggests using soil-
acting herbicides, such as flumioxazin, sulfentrazone, acetochlor and pyroxasulfone as part of the 
RR crop “platform”, in addition to glyphosate-based herbicides, to fight GR weeds in the U.S. EU 
approval of acetochlor was withdrawn due to a series of risks to human health and the environment 
and sulfentrazone is not approved in the EU. Neither is pyraxosulfone, which has no history of safe 
use (PAN UK & GM Freeze, 2013). Flumioxazin has EU approval until 30th June 2016 (European 
Commission, 2016b). A weed management technical lead with Monsanto Canada also advises 
farmers to tank mix herbicides in order to apply two or more modes of action to their fields. In 2014, 
21 percent of glyphosate used by Western Canadian farmers was already tank mixed with other 
herbicides (Pratt, 2016a). In tank-mixes, safety levels are calculated for each active ingredient 
separately. Possible combinatorial, additive or synergistic effects of the joint application of all 
herbicide active ingredients, let alone insecticides, fungicides or other components, are not 
assessed and remain unknown (Myers et al., 2016).  

In the soybean sector in Argentina, the reality of resistant weeds means farmers have to include 
more crop rotations, more herbicides and also mechanical and cultural weed control methods 
(Vivian et al., 2013). In Brazil, other herbicides — such as imazethapyr and imazapic — are 
frequently applied to reduce the emergence of weeds during the fallow period and/or associated 
with the herbicide 2,4-D on burndown, about 15-20 days before the sowing (Vivian et al, 2013). To 
reduce Conyza species competition, which can cause yield losses above 70% for soybean it is 
recommended to implement winter management by mixing residual herbicides and glyphosate plus 
2,4-D. 

In Canada, three-way resistance to imazethapyr, atrazine, and glyphosate was confirmed in 80% 
of the samples of waterhemp seeds collected from 25 locations across Ontario and Quebec in 2016 
and 2017 (Benoit et al., 2020). 

Duke et al. (2018) report that, “as GR [glyphosate-resistant] weed challenges emerged in US GR 
crop fields, growers were forced to add alternative herbicides to control glyphosate-resistant 
weeds. Grower weed control costs tripled, as evidenced by the rapid resurgence of non-glyposate 
herbicide use in US soybean crops. For example, acifluorfen use rebounded. Paraquat use in 
soybeans and maize increased, as did imazethapyr and metribuzin use in soybeans”.  

A major problem remains the inadequate examination by regulators of the effects of mixtures of 
herbicides on human health and the environment (Sprinkle & Payne-Sturges, 2021). In one 
example, Niedobová et al. (2019a) find synergistic effects of glyphosate formulation herbicide and 
tank-mixing adjuvants on Pardosa spiders (ground-dwelling wolf spiders) in a laboratory study. In 
these experiments, Roundup klasik Pro® did not have any effect on the predatory activity of 
Pardosa spiders, but pure surfactants as well as herbicide-and-surfactants tank mixes significantly 
decreased predatory activity. 

If the EU were to approve the use of RR crops, it might then come under pressure to authorise 
more herbicides proposed to use with RR crops or re-approve acetochlor which was withdrawn in 
2010 for health and environmental reasons (PAN UK & GM Freeze, 2013). Moreover, mixing 
herbicides would likely increase the quantity of herbicidal compounds required and might thus 
increase chemical costs for farmers, as well as exposure for growers and applicators and the 
overall environmental impact. Low-dose application on the other hand can increase the potential 
for selecting cross-resistance evolution (Evans et al., 2016). Evans et al. (2016) conclude that 
herbicide mixes may delay evolution of resistance but not prevent it and thus don’t represent a 
permanent solution. 
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6.3 Developing new transgenic crops with resistances to additional herbicides 

As a further strategy to address the problem of glyphosate resistant weeds, the industry has 
developed new GM herbicide tolerant (HT) crops which are resistant to additional weedkillers, such 
as 2,4-D, dicamba, and isoxaflutole. The return to these older, more toxic herbicides is a result of 
the lack of new herbicide modes of action being commercialised in more than 30 years (Gould et 
al. 2018). The US Department of Agriculture (USDA) argue that GM maize and soybeans with 
resistance to multiple herbicides will become the norm in future (Nandula, 2019). GM soybeans 
and maize with resistance to dicamba and 2,4-D are already on the market, and these are being 
stacked with existing GM resistance traits (to glyphosate and/or glufosinate) or other herbicides 
(such as isoxaflutole).  

To advocates, new HT crops are a new tool to manage herbicide resistant weeds (by changing to 
different herbicides with different modes of action): however, they also note that new resistant 
weeds are already beginning to develop (Brunharo et al., 2022). Benbrook (2018) notes that in the 
USA, in crop year 2018, around three quarters of the soybean seed offered to farmers expressed 
the glyphosate-resistance gene, plus either dicamba or 2,4-D resistance genes. Some cultivars 
planted in 2018 were resistant to five or more herbicides. Moreover, most farmers in the USA and 
Canada are pushed into planting these next-generation herbicide tolerant GM crops whether they 
want to or not, because the seed companies release the most popular seeds (for example, bred to 
have higher yields) only as GM herbicide-tolerant versions in these countries (Benbrook, 2018; 
Brunharo et al., 2022). This is the so-called ‘transgenic treadmill’, which locks farmers into 
escalating costs as they are trapped into buying ever more expensive seeds and multiple 
herbicides to deal with the failure of RR crops (Binimelis et al., 2009; Mortensen et al., 2012).  

Monsanto (now owned by Bayer) has developed the herbicide system called the Roundup Ready 
Xtend Crop System, in which dicamba-tolerant crops can be sprayed with the new Roundup Xtend 
herbicide that contains dicamba and glyphosate. Dicamba tolerant soybean and cotton were 
approved by the USDA APHIS in January 2015 (Monsanto, 2012b; Gillam, 2015a). Monsanto has 
also developed cotton and maize which are tolerant to both glufosinate and dicamba (Monsanto, 
2021c, 2015a). Monsanto’s investments of more than US$ 1 billion in a production facility for 
dicamba, represents a step away from its reliance on glyphosate (Gillam, 2015b). In November 
2016, EPA registered Monsanto’s new dicamba formulation XtendiMax for post-emergence 
applications on soybean and cotton. After the publication of the 2016 decision, two additional post-
emergence dicamba herbicides, Engenia (BASF) and FeXapan (Corteva) were approved by EPA. 
These formulations were registered for post-emergence use as they showed lower volatility when 
compared to other dicamba formulations. The soybean and cotton seeds were sold commercially 
prior to these pesticide product registrations (US EPA, 2018a). In 2016, USDA APHIS further 
deregulated a dicamba and glufosinate tolerant corn variety (AgriPulse, 2016; USDA APHIS, 
2016b). In October 2018, EPA extended the registration of the three dicamba herbicides until 
December 20, 2020 (US EPA, 2018a). A fourth over the-the-top dicamba herbicide (Tavium from 
Syngenta) was registered by EPA in April 2019, also until December 20, 2020 (US EPA, 2019b). 
However, in June 2020, the Ninth Circuit (the largest of the thirteen courts of appeals in the USA) 
vacated the EPA’s approval of three out of these four post-emergence dicamba-based herbicides. 
In response, weed scientists in the U.S. recommend either increasing application rates and 
frequencies of glyphosate; adding other post emergence herbicides to glyphosate tank mixes; or 
switching to another herbicide-tolerant platform (for example Enlist E3, LibertyLink or LL GT27) 
that rely on other additional active ingredients, such as 2,4-D, isoxaflutole. Others argue that 
without dicamba there is no option for post-emergence control, since many important weeds 
already have resistances to glyphosate, ALS-inhibitors or PPO-inhibitors (Unglesbee, 2020a). In 
October of the same year, EPA however re-registered two of these herbicides again (Rizzuto & 
Vasquez, 2020). This followed the EPA admitting to omitting scientific evidence on dicamba’s drift 
risk during the 2018 re-registration process (US EPA, 2021b). See also Section 8.2.1 Dicamba 
lawsuits. 
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Dow Agroscience (today Corteva Agriscience), another U.S. company, has developed the 
herbicide tolerant system called the Enlist Weed Control System. The Enlist Weed Control System 
includes genetically modified (GM) crops that are tolerant to the broadleaf herbicide Enlist that 
contains 2,4-D and glyphosate. Farmers growing the crops must also use Dow’s new herbicide 
Enlist Duo that contains 2,4-D and glyphosate because it is meant to minimise drift and volatilisation 
(Pollack, 2014). In August 2014, USDA APHIS published its final Environmental Impact Statement 
(EIS), recommending that the 2,4-D tolerant soybean and corn should be fully deregulated (USDA 
APHIS, 2014b). In September 2014, USDA approved the 2,4-D resistant crops for cultivation 
(Pollack, 2014; USDA APHIS, 2014). Just one month later, the EPA also approved the herbicide 
Enlist Duo for use on genetically engineered corn and soybean in 6 states and later in an additional 
9 states (US EPA, 2014). In 2017, the EPA amended the registration to allow the use in an 
additional 19 states and additionally also on genetically engineered cotton tolerant to 2,4-D and 
glufosinate (US EPA, 2018b). In November 2015, however, the EPA asked the U.S. Court of 
Appeals for the Ninth Circuit to revoke the approval because it found a patent application from Dow 
claiming a synergistic effect between glyphosate and 2,4-D, although information provided to the 
EPA at the time it made its registration decision did not contain this information. This means that 
the herbicide is potentially more toxic than the agency initially assumed. This was the first time the 
EPA has ever asked a court to revoke a decision it has made on a pesticide (Pollack, 2015; No. 
14-73359, 2015). In January 2016, the federal appellate court however rejected the request 
(Callahan, 2016). In addition to soybean and corn, genetically engineered 2,4-D tolerant cotton was 
deregulated in 2015 (USDA APHIS, 2015). Enlist Duo faces its own legal challenges but remains 
registered for over-the-top use at the time of writing (see Section 8.2.2 2,4-D lawsuit). 

The German company Bayer, in collaboration with M.S. Technologies and Mertec LLC (MS 
Technologies, 2020a; b), has developed genetically modified soybeans that tolerate glyphosate 
herbicides as well as certain HPPD/Group27 herbicides. The soybeans were approved for 
cultivation in the US in 2013 (USDA APHIS, 2013). In 2018, the US Department of Agriculture’s 
Animal and Plant Health Inspection Service (USDA APHIS) further approved HPPD/Group27 and 
glyphosate tolerant cotton developed by Bayer for cultivation in the US (USDA APHIS, 2018). At 
the same time, Bayer and MS Technologies commercialised LibertyLink® GT27™ soybeans, a 
stacked trait that is tolerant to glyphosate, glufosinate and isoxaflutole herbicides (ISAAA, 2018). 
However, no HPPD/Group27 herbicides were allowed to be used on these soybeans (ISAAA, 
2018). When Bayer bought the US company Monsanto, they had to sell agricultural businesses 
and assets worth about $9 billion in the largest antitrust-related divestiture in American antitrust 
enforcement history (Mangan, 2018). The divestiture also included selling its HPPD/Group27 
tolerant crops and corresponding herbicide (then called Balance GT Soybeans and Balance 
herbicides) to the German chemical company BASF (Unglesbee, 2018). In Spring 2020, the U.S. 
EPA approved the use of BASF’s Alite 27 herbicide, an isoxaflutole herbicide belonging to the class 
of HPPD inhibitors, on HT soybeans in certain US counties as a new tool to combat so-called 
“superweeds” (BASF, 2021; Hines, 2020a; US EPA, 2020). Although the herbicide’s registration 
was opened for public comment, it was not listed in the federal register, where the agency generally 
provides notice of a significant rule change. As a consequence, comments from the public health 
community and environmental groups were lacking (Hettinger, 2020). The soybean and herbicide 
combination was expected to be available starting in Spring 2021 and thus farmers would be able 
to spray the approved glyphosate and isoxaflutole herbicides simultaneously, with potential 
combinatorial effects to human health and the environment (Reuter, 2015). Previously, the U.S. 
EPA has determined that isoxaflutole is a likely human carcinogen and prone to drift (US EPA, 
1998), which adds to concerns regarding the probable carcinogenicity of glyphosate (ISAAA, 2015; 
see also Section 5.5.2.1. The WHO’s cancer agency classification of glyphosate as probable 
carcinogen and its consequences). Further common effects, endpoints or modes of action of 
isoxaflutole and glyphosate include effects on the liver, tumours in liver and thyroid and teratogenic 
effects (Reuter, 2015).  
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There are however some restrictions on the use of isoxaflutole. Isoxaflutole is known to persist in 
the environment and to leach into and accumulate ground- and surface waters. In the USA, it is not 
allowed to be used in the two biggest soybean-growing states Iowa and Ilinois because of the 
groundwater heights and the soil types in these states. It is further only allowed in counties without 
endangered plants that might be growing near fields that could be treated. A big concern is that 
farmers may not be able to follow the restrictive use conditions of Alite 27, BASF’s isoxaflutole 
herbicide. Applicators for example have to determine how much organic matter is in the soil and 
how high the water table is beneath their fields (Bomgardner & Erickson, 2020; US EPA, 1998). 
Although it is classified as a restricted-use pesticide, this highlights that the strategies proposed by 
the industry to deal with GR weeds, involve the spraying of ever more herbicides. 

Other stacked trait crops that are tolerant to three different herbicides include Monsanto’s Bollgard 
II XtendFlex cotton which is tolerant to dicamba, glyphosate and glufosinate and its SmartStax™ 
Pro x Enlist™ maize which is tolerant to glyphosate, glufosinate and 2,4-D (ISAAA, 2020a; b). In 
2019, Monsanto (now Bayer) filed a petition with the USDA for determination of nonregulated status 
of a genetically engineered corn variety resistant to five active ingredients: glyphosate, glufosinate, 
dicamba, 2,4-D and quizalofop (Monsanto, 2019). In its application Monsanto says the maize will 
provide growers with “an opportunity to delay selection for further resistance to glyphosate and 
other herbicides that are important in crop production,” and, “Additionally, dicamba, glufosinate, 
and 2,4-D individually or in certain combinations provide control of herbicide-resistant weeds, 
including glyphosate-resistant biotypes of Palmer amaranth (Amaranthus palmeri), marestail 
(Conyza canadensis), common ragweed (Ambrosia artemisiifolia), giant ragweed (Ambrosia trifida) 
and waterhemp (Amaranthus tuberculatus).” Moreover, some of these traits not only confer 
tolerance to a single active ingredient but to a whole herbicide group. The gene inserted in 
isoxaflutole tolerant crops, for example, confers tolerance to certain HPPD inhibitors, a group of 
herbicides that isoxaflutole herbicides belong to, but which also includes other herbicide families 
such as mesotrione herbicides. According to available literature, LibertyLink® GT27™ soybeans 
are indeed also tolerant to mesotrione herbicides. The gene inserted in Dow AgroSciences 2,4-D 
tolerant soybean variety DAS-44406-6 is also tolerant to other phenoxy herbicides. That means 
farmers could, in theory, add further active ingredients to their weed management (Miyazaki et al., 
2019). Miyazaki et al. (2019) raise the concern that manufactures often do not include the full range 
of herbicides their crops are tolerant to in field trials and animal feeding studies, leading to an 
insufficient risk assessment of these herbicide tolerant crops. These crops further exacerbate 
concerns about adverse environmental impacts, pesticide residues in the food chain, and the future 
evolution of weeds which will become resistant to multiple herbicides (Mortensen et al. 2012).  

These herbicide tolerant crops allow farmers to apply additional herbicides such as 2,4-D, dicamba, 
isoxaflutole or glufosinate during the whole cropping season at high rates, with the risk of 
detrimental effects to the environment and human health (see Section 7. Environmental and health 
effects of other herbicides). The use of herbicide mixtures is expected to be commonplace in 
Roundup Ready® XtendFlex® and Enlist™ technologies, including combinations of glufosinate, 
glyphosate, dicamba, and 2,4-D (Meyer et al., 2019). Even though the original justification for 
developing glyphosate tolerant crops was that we would move away from older, less 
environmentally benign herbicides like 2,4-D and dicamba, the newer HT crop technologies do not 
even claim to reduce herbicide input. On the contrary, Agrobiotech companies have been 
advocating herbicide programs that combine current rates of glyphosate with additional rates of 
dicamba or 2,4-D, respectively (Mortensen et al., 2012). In 2014, USDA APHIS (USDA APHIS, 
2014a; b) estimated post-emergence application on HT crops to increase 2,4-D use 200-600% by 
2020 and dicamba use 14.3-fold in cotton and 88 -fold in soybeans, respectively. Recent data by 
the U.S. Geological Survey indeed confirm, that the use of dicamba on soybean and cotton 
exploded after EPA’s registration of post-emergence dicamba herbicides (see Figure 9). While a 
yearly average of 231,000 pounds of acid equivalent of dicamba had been applied on cotton in 
2012 - 2016, almost 2 million pounds of dicamba were applied to post-emergent cotton in 2017. 
The increase was even more pronounced in soybeans, with a yearly average of 537,000 pounds 
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of acid equivalent of dicamba applied in 2012 – 2016, and almost 8 million pounds applied in 2017 
(National Family Farm Coalition v. USEPA, 2020). In Minnesota, dicamba sales grew 3-fold 
between 2015 and 2016 (Minnesota Department of Agriculture, 2020). Kevin Bradley, plant science 
professor at the University of Missouri, said “It’s safe to say that we've never applied as much of 
this one herbicide in our history as what we are now” (Brown, 2020). In Brazil, the herbicide market 
share of 2,4-D grew from 7.4% in 2009 to 18.2% in 2017 and has become the second most used 
herbicide after glyphosate (Alcántara de la Cruz et al. 2020). This increase in herbicide sales and 
application has to be seen in the context of the increasing area being planted to dicamba and 2,4-
D tolerant cotton and soybean. According to Wechsler et al. (2019), the adoption rate of dicamba 
tolerant seeds following their commercialisation in the U.S. was similar to the rate at which 
glyphosate tolerant varieties were adopted. Soybean acreage planted with dicamba tolerant seeds 
increased by 43% from 2016 to 2018. In some states, dicamba tolerant seeds amount to as much 
as 70 – 80% of the total soybean acreage. For cotton, USDA’s 2019 Agricultural Resource 
Management Survey data suggest that farmers also quickly adopted dicamba tolerant seeds, from 
0% of cotton acres being planted with dicamba tolerant seeds in 2016 to 69% in 2019. Some cotton 
producing states already had over 80 percent of cotton acres planted with dicamba tolerant 
varieties, the highest percentage being in Missouri (88%). In 2018, half of all soybean and cotton 
acres in the US, about 56 million acres, were planted with Monsanto’s dicamba-tolerant trait, up 
from 27 million acres the year before (Dodson et al., 2021; Gillam, 2020a).  

Increasing application of dicamba and other herbicides across expanding areas, and most likely in 
the same fields in successive years, creates intense and consistent selection pressure for the 
evolution of herbicide resistance. Moreover, 2,4-D and dicamba are prone to drift (see Section 7. 
Environmental and health effects of other herbicides) and it has been shown that repeated 
herbicide drift exposure can rapidly select for weed resistance (Vieira et al. 2020). It seems evident 
that the introduction of new GM HT crops with additional modes of action is neither a sustainable 
nor a permanent solution to combat glyphosate resistant weeds. While stacked trait HT crops may 
delay the evolution of weed resistance, this will probably not last long (Nature, 2014). Comont et 
al. (2020) show that using herbicide mixtures to combat the evolution of specialist resistance (such 
as glyphosate resistance) may promote the evolution of a broader, more generalist cross-
resistance mechanism. Thus, this industry-led solution will ultimately result in even more herbicide 
resistant “superweeds”.  
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Figure 9. Estimated Agricultural Dicamba use in the U.S. Credit: U.S. Geological Survey 
Department of the Interior/USGS. This graph is made with low-end estimates and may 
underestimate actual dicamba use in the U.S. URL: 
http://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=2017&map=DICAMBA&hilo
=L&disp=Dicamba 

The agrochemical companies have argued that resistant weeds will not be a problem because, 
despite decades of use, only very few weed species have evolved resistance against synthetic 
auxin herbicides and because multiple independent mutations were necessary to confer resistance. 
The industry further argues that by planting cultivars with stacked traits, the relevant pesticides 
would be applied in combination or rotation with glyphosate and thus two distinct herbicide modes 
of action would need to be overcome by weeds (Mortensen et al., 2012). Weeds with resistances 
to multiple herbicide modes of action are, however, widely known today (Heap, 2020; Mortensen 
et al., 2012). Moreover, the new HT crops with resistances against glyphosate and 2,4-D or 
dicamba, respectively were mainly commercialised to provide farmers that were already struggling 
with glyphosate resistant weeds with an alternative. At their farms, the probability of selecting for 
cross-resistance is not the product of two independent mutations but much closer to the probability 
of finding a resistance mutation to the new mode of action only (Mortensen et al., 2012). In 2019, 
USDA confirmed that more dicamba tolerant seeds are planted in states with the most glyphosate 
resistant weeds (Wechsler et al., 2019).  

In a field experiment, Mazon et al. (2022) aim to evaluate herbicides to EnlistTM (2,4-D and 
glyphosate) volunteer corn control and their effects on plant development, crop yield, and 
physiological seed quality of EnlistTM soybean. They note that the occurrence of volunteer corn 
tolerant to 2,4-D and FOPs (ryloxyphenoxypropionates) can become a significant weed on soybean 
cropping systems, affecting the crop yield and reducing seed quality. They test other herbicides 
that may be used to control resistant volunteers, finding that many options produce insufficient 
control or damage the soybeans.  

As of December 2021, 41 weed species are known to be resistant to synthetic auxin herbicides 
many of which have cross-resistances to other herbicide groups (Heap, 2021a). Of these, 9 weed 
species are resistant to dicamba (Heap, 2021b). Recently, the first case of dicamba resistant 
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Palmer Amaranth, directly resulting from the dicamba tolerant cropping system, was found in 
Tennessee (Unglesbee, 2020b). Moreover, trials in greenhouses and reports from weed scientists 
suggest that resistance to dicamba could develop rapidly (Bennett, 2017). Geddes et al (2021) 
confirm the first cases of kochia (Bassia scoparia) in Manitoba with dicamba resistance alone and 
in combination with glyphosate resistance. In summer 2020, more farmers and scientists noted a 
decline in the efficacy of dicamba in the USA, particularly against two of the most notorious weeds, 
Palmer amaranth and tall waterhemp. Palmer amaranth seemingly recovers quicker from dicamba 
application than ever before, and some samples survive 2.5 times the labelled rate of dicamba 
herbicides. 14% of waterhemp samples from four U.S. states survived a full rate of dicamba 
herbicides, and for some of those a second full rate of dicamba also did not provide full control 
(Unglesbee, 2020b). As of December 2021, 25 weeds resistant to 2,4-D are known, many of which 
have cross resistances to other herbicides. These also include Palmer amaranth and tall 
waterhemp (Heap, 2021c). The first 2,4-D resistant tall waterhemp population had already been 
found in 2009 in Nebraska. According Crespo et al. (2017) this population has at least 30-fold 
resistance to 2,4-D, compared to susceptible populations and shows cross-resistances to other 
auxin herbicides, ALS inhibitors, and photosystem II inhibitors. Accelerated 2,4-D metabolism has 
been reported as a contributing factor for the 2,4-D resistance in this population (Figueiredo et al. 
2018). The first 2,4-D resistant Palmer amaranth was reported in 2015 in Kansas. Kumar et al, 
(2019) confirmed the population to have 3.2-fold resistance to 2,4-D as well as cross-resistance to 
many other herbicides including 11.8-fold resistance to glyphosate. Mithilda Jugulam, weed 
physiology professor at Kansas State University reports that a population of Palmer amaranth 
growing in the university’s study fields survived 18 times the labelled rate of 2,4-D (Bomgardner, 
2019). Moreover, greenhouse tests show that some waterhemp populations can survive labelled 
rates of both dicamba and 2,4-D (Unglesbee, 2020c).  
 
For HPPD inhibitors, resistances to two of the most notorious weeds, Palmer amaranth and tall 
waterhemp, had already been documented in the U.S. in 2009, long before the commercialisation 
of HPPD tolerant crops. These often have cross-resistances to other herbicide groups. For 
example, in 2015, a population of Palmer amaranth with resistance to mesotrione in addition to 2,4-
D, atrazine, chlorsufuron and glyphosate was reported in Iowa. Another example is a population of 
tall water hemp detected in 2016 in Illinois, resistant to mesotrione and tembotrione as well as 2,4-
D, acifluorfen, atrazine, chlorimuron-ethyl, fomesafen, imazethapyr and lactofen (Heap, 2020).  
 
Cross-resistance to different herbicide modes of action is indeed widespread. A Palmer amaranth 
biotype from Connecticut was reported to be 10-fold resistant to glyphosate when compared to a 
susceptible biotype. The biotype was also highly resistant to ALS inhibitors including imazaquin, 
chlorimuron-ethyl, halosulfuron-methyl and sulfometuron-methyl. The authors recommend growers 
to “…use all available weed control tactics, including the use of effective PRE and alternative POST 
herbicides…” in order to control this biotype (Aulakh et al. 2021). Italian ryegrass populations from 
California were shown to be resistant to at least three modes of action, namely glyphosate, 
ACCase-inhibiting herbicides and paraquat (Tehranchian et al. 2018). In Ontario, Canada, GR 
horseweed has spread across all 30 counties, the majority of which have multiple-resistant 
populations. Management of glyphosate and ALS inhibitor-resistant C. canadensis requires tank-
mixing of three herbicide modes of action (glyphosate, metribuzin and saflufenacil) or the cultivation 
of newer HT crops (Beckie, 2018). Spaunhorst et al. (2019) showed that Palmer amaranth can 
survive two- and three-way herbicide mixtures of glyphosate, chlorimuron-ethyl (ALS inhibitor), and 
fomesafen (PPO inhibitor) that are commonly applied to control Palmer amaranth. In Argentina, an 
Amaranthus hybridus population with multiple resistance to 2,4-D, dicamba, and glyphosate was 
reported in 2018 (Dellaferrera et al. 2018). In 2020, a population of Amaranthus hybridus found in 
a GR soybean field, exhibited up to 93 and 38-fold higher glyphosate and imazamox resistance, 
respectively, and showed moderate to high resistance to other ALS-inhibiting herbicides (García et 
al. 2020). In Brazil, multiple resistance to glyphosate and ALS inhibitors has been identified in A. 
palmeri (Küpper et al. 2017). There is also evidence that some herbicide mixtures can act 
antagonistically, resulting in less control than would be expected based on the performance of the 
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individual herbicides, which also has implications for weed resistance evolution (Fernández-
Escalada et al., 2019; Meyer & Norsworthy, 2019; Meyer et al., 2020; Perkins et al., 2021). 

As described above, this circular process of the evolution of resistant weeds and the subsequent 
development of the next generation of transgenic crops, that allow for an intensified use of 
herbicides and thus favour the emergence of another round of resistant weeds etc. is called the 
transgenic-herbicide treadmill (Binimelis et al., 2009; Mortensen et al., 2012). One author describes 
the introduction of dicamba resistant crops, in response to glyphosate resistant weeds created by 
the RR GM cropping system, as a “chemical arms race” (Elmore, 2022). Given that the discovery 
and development of new herbicide active ingredients has slowed dramatically in the last decades 
(Pratt, 2016a), it seems not only unsustainable but also unwise to risk herbicide resistance to 
accelerate by allowing new HT crops to be cultivated on a large scale. 

6.4 Developing genome edited HT crops 

The biotech industry is also investing in R&D on herbicide tolerant crops using newer genetic 
engineering techniques known as ‘gene editing’ or ‘genome editing’ techniques. For example, US 
company Cibus states “The approval of gene editing technologies will open up one of the biggest 
opportunities in agriculture: a new generation of Crop Protection Traits associated with herbicide 
tolerant that will be able address: 

• The large number of countries that have not had the benefit of the GMO traits for herbicide 
tolerance 

• The large number of crops that have not had the benefit of the GMO traits for herbicide tolerance 
• Herbicide tolerance traits for the new generation of herbicides” (Cibus 2022).  

Friends of the Earth Europe has highlighted how the business model of many biotech corporations 
is geared to selling herbicide-tolerant seeds together with the associated herbicides (FoEE, 2022). 
According to this report, 6 out of 16 gene edited plants listed by the European Joint Research 
Centre (JRC) as close to commercialisation are herbicide-tolerant (although it remains unclear 
whether these will be commercialised in practice). At the same time, claims of developing more 
sustainable crop traits using gene editing have been questioned as lacking credibility (Hüdig et al., 
2022). 

The genome editing process involves the use of biological molecules (enzymes) which cut the DNA 
and various mechanisms which then repair it. These techniques include ODM (oligonucleotide 
directed mutagenesis), CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats), 
TALENs (Transcription activator-like effector nuclease) or ZNF (zinc-finger nucleases). While these 
genome editing techniques facilitate the creation of small random insertions or deletions (InDels) 
at pre-defined sites, it is still difficult to achieve targeted mutagenesis in plants, partly because the 
lack of control over the DNA repair process. Homology-directed repair coupled with a DNA repair 
template containing the desired sequence, can lead to targeted mutagenesis. However, there is an 
intrinsic lower frequency of HDR in plant cells, compared to another type of DNA repair called non-
homologous end-joining (NHEJ). Another difficulty is that HDR requires the synchronised delivery 
of a sufficient amount of the DNA repair template, which remains challenging to achieve and may 
not work in all species (Ali et al., 2020; Endo et al., 2016; Butt et al., 2017; Li et al. 2020a; Shimatani 
et al., 2017; Sun et al., 2016; Xu et al., 2020). Therefore, a lot of expectation now lies on novel 
base-editing and prime-editing techniques, that allow for targeted single nucleotide substitutions 
and in the case of prime editing also predefined transversions, insertions and deletions, without the 
need for double strand breaks in the DNA or the use of template DNA: “…base editing has shown 
enormous potential for the development of HR in various crop plants” (Hussain et al., 2021). Editing 
efficiency of base- and prime editing varies by target site and decreases with increasing length of 
insertion or deletion (Lin et al., 2020; Xu et al., 2020). Tang et al. (2020) conclude that still 
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“significant improvements are required to develop efficient plant PEs [prime editors] before prime 
editing reaches prime time in plants”.  

The GM HT crops described so far in this report, which dominate the market, use a method of 
genetic engineering known as transgenesis, which involves transferring new DNA from another 
species into plant cells (known as ‘transgenes’). Gene editing techniques can also be used to insert 
DNA from another species. For example, the first application for EU approval of a gene-edited 
(CRISPR) plant is for a maize that is tolerant to glufosinate herbicide and produces an insecticidal 
toxin (FoEE, 2022). This GM maize (developed by Pioneer Hi-Bred International, which is owned 
by Corteva Agriscience) uses a combination of methods, including gene editing, to insert cassettes 
which express the desired proteins, and is therefore transgenic (Pioneer Hi-Bred International, 
2020). Similarly, maize has been edited, using the zinc finger nuclease (ZFN) gene editing 
technique, to include a modified version of the PAT gene (originally from bacteria) which confers 
tolerance to glufosinate (Shukla et al., 2009). However, not all gene edited plants are transgenic. 

A subset of gene edited plants (not clearly defined, but those which do not use a template to insert 
new transgenes, and probably from which any transgenes used in the gene editing process have 
been removed) are sometimes referred to as ‘transgene-free’, and controversial steps are being 
taken to deregulate some or all of this subset of gene edited crops in several countries (e.g. in the 
USA, Japan and Canada, with new proposals in the UK, and options being debated in the EU). 
There is commercial interest in this approach because environmental risk assessments and food 
labelling may not be required before some gene edited plants can be marketed. Definitions and 
proposals for deregulation vary in different countries, but, in essence, this subset of gene editing 
techniques rely on mutating the crop’s own genes and not on introducing foreign genes into the 
genome of a crop, as is the case with transgenesis, although it should be noted that foreign genes 
are sometimes introduced in the editing process (and these may or may not be removed later 
through breeding).  

Enzymes originating from bacteria that inactivate or degrade herbicides and that are used in 
commercialised transgenic crops today, cannot be used in non-transgenic genome editing, as the 
relevant genes do not exist within the plant. These include, inter alia, enzymes such as AAD-1 that 
confers resistance to 2,4-D, DMO that confers resistance to dicamba and PAT and BAR that confer 
glufosinate resistance. Instead, to generate so-called ‘transgene-free’ genome edited herbicide 
tolerant crops, the strategy is to mutate plant enzymes that are targeted by different herbicides and 
make them insensitive to the corresponding herbicides (Gosavi et al., 2022). These include 
EPSPS, the enzyme targeted by glyphosate-based herbicides; ALS (also known as AHAS) that is 
inhibited by five families of herbicides including sulfonylureas (SU), imidazolinone (IMI), 
triazolopyrimidine, pyrimidinyl-benzoate and sufonyl-aminocabonyl-triazolinone; ACCase which is 
responsible for catalyzing the initial step of the biosynthesis of fatty acid; and HPPD that is inhibited 
by herbicides such as isoxaflutole and mesotrione (Han & Kim, 2019; Hussain et al., 2021; 
Sherwani, Arif, & Khan, 2015). Newer ‘base editing’ and ‘prime editing’ techniques can be used to 
mutate DNA without the need for donor DNA (Gosavi et al., 2022). Crops that have been gene 
edited to include herbicide tolerant traits remain at the experimental stage, but include wheat, rice, 
maize, soybean, potato, rapeseed (canola), flax, cassava, watermelon and tomato (Gosavi et al., 
2022).  

For HPPD, there is almost no report of plant mutations for herbicide resistance (Han & Kim, 2019). 
Only the transgenic SYHT0H2 soybean event (isoxaflutole and mesotrione tolerance) is based on 
a modified oat HPPD enzyme (Avena sativa 339 HPPD, missing one amino acid, A111). All other 
HPPD resistant crop traits are based on a modified bacterial HPPD enzyme (HPPDPF W336). 
Hawkes et al. (2019) performed targeted mutagenesis of the oat HPPD in tobacco, obtaining a 
quadruple mutant (VIARIELM) with about 16-fold elevated tolerance to mesotrione compared to 
the wild-type and without loss of catalytic activity. Maeda et al. (2019) reported a candidate rice 
gene that could be useful for developing b-triketone tolerant crops.  
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Research on ACCase inhibitor resistant genome edited plants has been conducted in rice and 
wheat (Li, C. et al, 2018; 2020; Liu et al., 2020b; Xu et al., 2020; Zhang et al. 2019). All these 
studies have used base-editing and prime-editing approaches, respectively. This shows, that the 
focus of new genetic engineering approaches to HT crops primarily lies on point mutations, which 
may be overcome relatively quickly by weeds (see below). Liu et al. (2020b) further demonstrate 
that some resistance mutations exhibit fitness costs in crops plants, such as growth retardation and 
sterility. 

There are not many site mutations reported on EPSPS that confer resistance to glyphosate (Han 
& Kim, 2019). The Donald Danforth Plant Science Center has conducted work on glyphosate 
resistant cassava by means of CRISPR/Cas9. The work was supported by a grant from the Bill & 
Melinda Gates Foundation (Hummel et al., 2018). The company Cibus has worked on glyphosate 
tolerant flax (Sauer et al., 2016) with their Rapid Trait Development SystemÔ (RTDS). In 2010, 
Cibus and the Flax Council of Canada started to collaborate in developing the glyphosate tolerant 
variety of flax (Flax Council of Canada, 2016). Cibus had originally announced the HT system would 
come to the market in 2015 (Pratt, 2014b). In 2014 however, only a few weeks after having received 
$3 million from the Canadian government to invest in the project, the Flax Council of Canada 
decided to withdraw its funding agreement because Cibus, “...was unable to meet certain technical 
thresholds for the project...”. The Council, which was to pay $5.5 million to Cibus, had at this point 
already invested $2.86 million in the project. Don Kerr, then president of the Flax Council, stated 
“We didn’t see that putting more money towards it at that point was going to be beneficial.” 
(Government of Canada, 2014; Pratt, 2014b). The Flax Council remained supportive of the project 
(Pratt 2016b). In 2016, commercialisation was announced for 2019 (U.S.) and 2020 (Canada) 
(Pratt, 2016c). In 2018, these dates were postponed to 2020 (U.S.) and 2021 (Canada) (Gelinsky, 
2018). As of 2021 however, the flax has disappeared from Cibus’ development pipeline. At the 
same time, Cibus still claimed that traits produced with their RTDS System would take fewer than 
5 years to reach the market and cost less than $10 million (Cibus, 2021a), which has proven to not 
be the case.  

Research on glyphosate tolerant crops has further been conducted in chilli pepper (Ortega et al., 
2018), oilseed rape (Wang et al., 2021) and rice (Li et al., 2016b,c; 2020; Wang, et al., 2015; 2019). 
According to Hummel et al. (2018), glyphosate concentrations used by Sauer et al. (2016) and Li 
et al. (2016b) to test glyphosate tolerance at the whole plant level, were too low to determine 
whether these plants would be tolerant to glyphosate at field rates. Most of these genome editing 
attempts to render EPSPS less sensitive to glyphosate aim at generating a double site mutation 
such as TIPS or TIPA, since double mutants have been shown to exhibit a higher glyphosate 
tolerance than single mutants (Han & Kim, 2019; Moehs et al., 2020; Yu et al. 2015). Li et al. 
(2020b), aimed to introduce a TIAVPS triple amino acid that has been previously reported in 
Amaranthus hybridus (see Section 3.1.2.2. Causes and Mechanisms for Glyphosate resistant 
weeds) by means of prime editing and an editing efficiency of 2.2%. Wang et al., 2021, inserted a 
five amino acid substitution (LFGAAGMCRL) along with the double TIPS mutation. Although 
glyphosate tolerance was confirmed at the whole plant level, the authors expected the tolerance 
level to be higher.  

By far most research and development on genome edited herbicide resistant crops has been done 
on ALS inhibitor tolerant crops, as there are many reports of plant mutations that result in resistance 
to ALS inhibitors, some of which confer cross-resistance to the different families of ALS-inhibiting 
herbicides (Han & Kim, 2019; Tan et al., 2005). The resistances are mostly due to single amino 
acid substitutions. Most research on genome edited ALS resistant genome edited crops has been 
conducted in rice (Ali et al., 2020; Butt et al., 2017; 2020; Endo et al., 2016; Hua et al., 2020; Kuang 
et al., 2020; Li et al., 2016b; Li et al., 2020c; Okuzaki and Toriyama, 2004; Shimatani et al., 2018; 
Sun et al., 2016; Wang et al., 2019; Wang et al. 2020; Zhang et al., 2021b). However, there is no 
commercial outcome from this research to date. Research on ALS tolerance by means of new 
genetic engineering techniques is also being conducted in wheat (Zhang et al., 2019; Zong et al., 
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2018), maize (Li et al., 2019), soybean (Kang et al., 2019), oilseed rape (Kang et al,, 2019; Wu et 
al., 2020), watermelon (Tian et al., 2018) and tomato and potato (Butler et al., 2016; Veillet et al. 
2019). No soybeans harbouring ALS resistance mutations have been generated so far (Dong et 
al., 2021; Kang et al., 2019). Pioneer Hi-Bred International (now Corteva) has for example been 
working on ALS herbicide tolerant maize using ODM (Zhu et al., 1999; 2000). A single point 
mutation (S621N) conferred resistance to the imidazolinone herbicide family (Zhu et al., 2000). 
DuPont Pioneer (now Corteva), on the other hand, made initial attempts to use CRISPR/Cas9 to 
develop chlorsulfuron resistant maize and soybeans. The resistance is based on a single amino 
acid change (P165S in the case of maize and P178S in the case of soybean) (Li et al., 2015; 
Svitashev et al., 2015; 2016). However, the success rate was not high (Han & Kim, 2019).  

The company Cibus has developed a sulfonylurea (SU) herbicide tolerant canola supposedly by 
ODM4 which they tried to commercialise and market under the trade name Falco™. Cibus originally 
wanted to launch the canola as early as 2007 (Cookson, 2006). In 2010, founder and former CEO 
Keith Walker claimed they were going to launch the SU canola in the coming weeks in California 
and North Dakota (Bigelow, 2010). In 2016 they were however still struggling with yield and quality 
issues (Cross, 2016). Although the Cibus canola traits were already approved in Canada by 2013, 
the canola still hadn’t received the required varietal registration: this was a problem because, “…the 
product’s oil content is lower than the minimum threshold of the Canadian canola quality standard” 
(Danielson & Watters, 2017). In 2018, Cibus raised $70 million to support the SU canola 
commercialisation (Einstein-Curtis, 2018). They tried to commercialise and market the canola 
under the trade name Falco™ with the complementary herbicide Draft® from Rotam North 
America. The active ingredients of Draft are Thifensulfuron-Methyl and Tribenuron-Methyl (both 
herbicides from the family of sulfonylureas). Cibus and Rotam recommended using the Falco 
canola plus Draft herbicide growing system in rotation with glyphosate tolerant crops in order to 
manage glyphosate resistant volunteer weeds the following year (Cibus, 2019a; Rotam, 2019). 
However, apart from Common Ragweed, Draft does not control the most widespread and most 
economically damaging glyphosate resistant weeds, such as Palmer Amaranth, Tall waterhemp 
and Canadian horseweedo (Rotam, n.d.). Furthermore, Cibus and Rotam do not address the 
likelihood of cross resistance arising, which is relevant as glyphosate and ALS resistant weeds are 
both widespread. Taken together, it was very questionable from the start whether the Falco-Draft 
system will help farmers to better manage their weeds, even in the short term. The new HT cropping 
system also failed commercially. Despite big plans to introduce the SU canola in China, Europe, 
and Australia (Bigelow, 2017), as of 2021, Cibus does not mention the Falco brand anymore on 
their website and the Falco seed website has been made private. Furthermore, the website of 
Valley Oils Partners LLC, a company funded by Cibus, Rotam and Seleay & Co. which was licensed 
to sell Cibus’ products (Cibus, 2019b), has meanwhile disappeared.  

ALS-inhibitor resistant crops are nothing new. Development of conventional imidazolinone tolerant 
maize began as early as 1982 and commercialisation started in 1992, first as IMI corn, later under 
the brand name Clearfield. Imidazolinone tolerant canola was first marketed in 1995 as Smart 
canola and later also under the brand name Clearfield. Imidazolinone tolerant rice and wheat 
varieties were first marketed in 2001. Clearfield sunflowers were first commercialised in the USA, 
Argentina and Turkey in 2003 (Tan et al., 2005). Clearfield is marketed by BASF. BASF also 
markets a transgenic soybean, tolerant to imidazolinones: CV-127-9 soy authorised for food and 
feed in the EU since 2015 (ISAAA, 2019b). There is, furthermore, a commercial transgenic maize 
by Pioneer Hi-Bred: 98140, that is tolerant to imidazolinones and cultivated in the US, Canada and 
Argentina (ISAAA, 2013). Bottero et al. (2022) present the first report on base editing in alfalfa, 

 
4 It has also been suggested that the tolerance has in fact been achieved spontaneously and not due to the genome 
editing: “The petitioner hypothesized that the PM2 mutation was the result of a spontaneous somaclonal variation 
that occurred during the tissue culture process, and not due to the specific oligonucleotide used in the RTDS 
protocol." http://www.hc-sc.gc.ca/fn-an/gmf-agm/appro/canola-5715-eng.php 
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creating gene edited alfalfa with tolerance to both sulfonylurea- and imidazolinone-type herbicides. 
Given that ALS inhibitor resistant crops have been around for more than 20 years, it is questionable 
whether the investment in R&D of genome edited ALS inhibitor resistant crops makes sense, 
especially when taking into account current experience with herbicide resistant weed development. 
In Brazil, where Clearfield rice has been grown, the main problems is the rapid evolution of IMI-
resistant weedy rice and the evolution of resistance in grasses (Echinochloa species) and other 
weeds. Bourdineaud (2020) reviews the toxicity of sulfonylureas and imidazolinones and 
documents evidence of adverse effects, especially in invertebrates, amphibians and fish. 

In the case of glyphosate, a single amino acid substitution in the target gene (EPSPS) (P106S) 
was enough to confer resistance to glyphosate in different weeds (See for example Baerson et al., 
2002; Ng et al., 2003; Perez-Jones et al., 2005; Preston et al., 2009; Wakelin & Preston, 2006; 
Zhou et al., 2006). As noted above, there are many more single point mutations that confer 
resistance to ALS inhibitors compared to glyphosate. This does not only make it easier to engineer 
ALS-tolerant crops by means of genome editing, but also for weeds to evolve resistance. According 
to Heap & Duke (2018), the initial frequency of glyphosate tolerant weeds is 10 times or more lower 
than of ALS inhibitor resistant weeds. Having seen how quickly glyphosate resistant weeds became 
a problem after the introduction of glyphosate resistant GM crops, and the associated increased 
selection pressure for glyphosate resistance, it is highly questionable whether it is useful to develop 
ALS resistant crops, when the ALS enzyme is known to be highly prone to spontaneous mutations 
and weeds are likely to develop resistance even quicker than in the case of glyphosate. Moreover, 
ALS inhibitor resistant weeds are already common. As of December 2021, the International Survey 
of Herbicide Resistant Weeds lists 169 weeds with resistances to ALS inhibitors (Heap, 2021d).  

More recently Liu et al. (2021b) inserted a point mutation in the rice gene OSTubA2 (M268T) that 
confers resistance to at least two dinitroaniline herbicides (pendimethalin and trifluralin). This 
mutation was first shown by Yamamoto et al. (1998) in resistant goosegrass (Eleusine indica). 
Dinitroaniline herbicides belong to the Microtubule Assembly Inhibitors. Compared to EPSP 
synthase inhibitors and ALS inhibitors, evolution of weed resistance to this is a mode of action has 
been relatively slow, although different target-site as well as non-target-site resistances to these 
herbicides have been reported in at least seven weed species, including Amaranthus palmeri 
(Chen et al., 2021; Liu et al., 2021a). Since the inserted tolerance is based on a single point 
mutation, it is to be expected, based on past experience, that weeds could overcome the resistance 
relatively quickly were they to experience more selection pressure due to increased herbicide use. 
Chen et al. (2021) state: “However, dinitroaniline herbicide resistance evolution in weeds should 
not be underestimated, especially in crops-pollination weed species with high levels of genetic 
diversity.” Moreover, the brief communication of Liu et al. does not make it possible to draw any 
conclusions on the potential commercial value of the mutation. Almost 30 years ago, a patent for 
the production of trifluralin-resistant crops, based on a modified tubulin, was filed and no 
commercial applications have come of it (Dekker & Duke, 1995). 

Another issue is that of gene flow to weedy relatives of crop plants. Since its initial 
commercialisation, Clearfield rice has been cultivated in several countries in North America, Latin 
America, Asia and Europe with substantial crop acreage. Most countries have incorporated IMI-
resistance to their respective local rice varieties. In cultivated rice, weedy rice is one of the most 
difficult weeds to control. Since cultivated rice and weedy rice belong to the same species, they are 
also both killed by the same herbicides. It is thus attractive to cultivate IMI tolerant rice in order to 
selectively control weedy rice with imidazolinone herbicides. However, since they belong to the 
same species, there is a high danger of gene flow between the cultivated rice and weedy rice (or 
other wild relatives). This could ultimately lead to the spread of imidazolinone resistant weedy rice 
and create an even more difficult to control weed. In fact, just a few years after the 
commercialisation of Clearfield rice (in some cases only one year after planting), gene flow to 
weedy rice has been reported in the US, Brazil, Colombia, Costa Rica, Italy and Uruguay (Sudianto 
et al., 2013). Another possibility is that resistant weedy rice could evolve through spontaneous 
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mutations in the field favoured by the selection pressure due to the continuous exposure to IMI 
herbicides. This may happen within a short period of time since the ALS enzyme is highly prone to 
spontaneous mutations. This problem is most likely higher in topical areas with no killing frost and 
with two cropping seasons of rice per year. The evolution of IMI-HR weedy rice has already led to 
more complications in managing weedy rice in some countries. In Costa Rica, this has even led to 
the withdrawal of Clearfield rice. Another concern is that IMI herbicide residues could injure the 
rotational crops (Gressel & Valverde, 2009; Tan et al. 2005; Sudianto et al., 2013).  

Apart from the SU tolerant canola and the glyphosate tolerant flax mentioned above, Cibus has 
worked on herbicide tolerant rice, corn, potato and wheat. As of November 2019, these crops were 
in the ‘Trait Development’, ‘Trait Validation’ or “Crop Platform Development” phase, respectively 
(Cibus, 2019c). Three years later, none of these crops have been commercialised yet and potato 
is not in their development pipeline anymore. Their focus currently lies on soybean, canola and 
rice. Cibus claims to be working with three different herbicides but does not disclose which ones. 
Currently they are conducting greenhouse and field trials with these herbicides (Cibus, 2021b). 
Cibus originally expected to market the herbicide tolerant rice as early as 2008 (Cookson, 2006). 
By 2018, this date had been postponed to 2020-2023 (Gelinsky, 2018). At the time of writing, Cibus 
no longer made predictions about when the rice will be ready for commercialisation (Cibus, 2021b). 
The reasons why the rice is not on the market yet are unclear. In 2022, Cibus’ website stated: “Our 
goal is a whole new generation of herbicide traits across the major crop platforms: Soybean, 
Canola, Rice, Wheat and Corn. Our initial focus is soybean, canola and rice. Currently we are 
working with three different herbicides. We have had successful greenhouse trials with two of the 
herbicides and successful field trials with one herbicide. We are expecting several more 
greenhouse and field trials in 2021 and 2022” (Cibus, 2022). 

Another gene editing company that has been developing herbicide tolerant crops (with TALEN) is 
Calyxt. Calyxt has had several different herbicide tolerant crops in the product pipeline, including 
alfalfa, canola, soybean and wheat (Calyxt, 2017a). Since May 2019, these crops have, however, 
disappeared from the product pipeline without explanation (Calyxt, 2019). In September 2017, 
Calyxt reported that its herbicide resistant wheat had advanced to phase 1 of their production 
pipeline, saying: “Canola and wheat represent major growth opportunities for the Company, and 
we look forward to continuing along the path of bringing these product candidates to market in a 
time- and cost-efficient manner.” (Calyxt, 2017b). The other herbicide tolerant crops had still been 
at the discovery stage. It is not clear why these crops disappeared from the pipeline, nor what 
resistances they would have had. However, none of these crops had been submitted to a “Am I 
Regulated Under 7 CFR part 340?” inquiry at the USDA (USDA APHIS, 2020), suggesting that it 
was not due to regulatory issues, but rather that they weren’t developed far enough to consider 
commercialisation yet. 

In conclusion, non-transgenic genome editing of herbicide resistant crops relies on mutating 
essential plant enzymes in order to render them resistant to the corresponding herbicide. This 
restricts research and development, with most research being conducted on ALS inhibitor and 
glyphosate herbicide tolerance, both of which are nothing new. The hope is to use ALS inhibitors 
to effectively combat glyphosate tolerant volunteer crops and weeds. However, conventional ALS 
tolerant crops have long been commercialised. This shows that novel techniques are used to 
pursue the same decades-old approach. Given that the inserted mutations are often based on 
single amino acid substitutions, that the ALS enzyme is highly prone to spontaneous mutations and 
that there are already almost 170 ALS herbicide tolerant weeds known today, it seems evident that 
this approach is not solution but will likely increase today’s problem with weed resistance.  

The problems associated with existing HT GM crops will not be avoided by using gene editing 
techniques, since all these experimental crops are genetically engineered to withstand blanket 
spraying with the associated herbicides. 
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This chapter illustrates how all strategies proposed by the industry to deal with GR weeds, involve 
spraying of even more herbicides. Bloomberg Intelligence estimates seed and crop protection 
products to reach U.S. $2.9 billion by 2020 and U.S. $5.9 billion in 2022 (Allington, 2020). The long-
term consequences of such a simple and supposedly cheap short-term solution may indeed 
become very expensive. Mortensen et al. (2012) argue that instead new policies are needed to 
promote integrated approaches. Pursuing the industry approach will not only lead to more herbicide 
resistant weeds and increase risks to the environment and human health, but also to a decline in 
the science and practice of integrated weed management. 

7. Environmental and health effects of other herbicides 
 
This section includes a brief review of the health and environmental effects associated with 
herbicide tolerant GM crops, other than glyphosate. Glufosinate-tolerant crops were 
commercialised soon after RoundUp Ready crops, but were never a large part of the market. 
However, market share has grown due to the spread of glyphosate-resistant weeds (Duke et al., 
2018). Newer GM crops, tolerant to multiple herbicdes including dicamba and 2,4-D, have been 
commercialised as part of the industry’s response to glyphosate-resistant weeds (See Section 6. 
Industry response). Evidence regarding the effects of some of these herbicides on health and the 
environment is discussed below. 
 
It should be noted that combinations of herbicides can have synergistic effects (i.e. cause greater 
harm than expected when they are mixed). For example, a recent study has found that the mixture 
of glyphosate with 2,4-D has a synergistic genotoxic effect on DNA (Congur, 2021). An earlier study 
found that 2,4-D and glyphosate may also have a small synergistic effect on earthworms (Lazurick 
et al., 2017). Some additional evidence regarding mixtures of herbicides is discussed in Section 
4.3.1.2. Impact of multiple environmental pollutants on amphibians, and in Section 6.2 Increasing 
the herbicide platform used on RR crops. As noted above, regulators do not take account of the 
effects of mixtures of herbicides on human health and the environment (Sprinkle & Payne-Sturges, 
2021). 

7.1 Glufosinate 
 

7.1.1 Health effects 
 

PAN international lists glufosinate as highly hazardous pesticide (PAN International, 2019). In the 
EU glufosinate is classified as a known or presumed reproductive toxicant according to Regulation 
1272/2008/EC and does thus not meet the requirements for authorisation under EU Regulation 
1107/2009. In the EU, glufosinate is no longer approved in agricultural production since 31st July 
2018 after Bayer withdrew its application for renewal of approval in December 2017 (EFSA, 2017; 
European Commission, n.d.; Foodwatch, 2018).  
 
Glufosinate targets glutamine synthetase (GS) which is present not only in plants but also in 
animals (Meister, 1974). GS is ubiquitous in vertebrate brains and plays an important role in the 
metabolic regulation of glutamate, a well-known excitatory brain neurotransmitter (Calas et al., 
2008). It is well documented that acute accidental or suicidal glufosinate poisoning leads to various 
neurological complications in humans including convulsions and memory loss (Cha et al., 2017; 
Hirose et al., 1999; Tanaka et al., 1998; Watanabe & Sano, 1998). Glufosinate has also been 
demonstrated to be embryotoxic in vitro at 10μg/ml, causing neuroepithelial apoptosis, 
morphological defects, growth retardation and death in mouse embryos (Watanabe & Iwase, 1996; 
Watanabe, 1997). Moreover, chronic exposure at low doses of glufosinate ammonium has also 
been demonstrated to lead to various neurotoxic effects in mammals (Calas et al., 2008; Feat-Vetel 
et al., 2018; Meme et al., 2009). Laugeray et al. (2014) and Herzine et al. (2016) show that low 
dose perinatal glufosinate exposure (many times below the EPA approved dose) disturbs brain 
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development and leads to behavioural changes in mice reminiscent of autism spectrum disorder-
like symptoms. Perinatal exposure to glufosinate may be of particular importance as the blood-
brain barrier is not developed sufficiently in embryos and foetuses and the developing brain is more 
vulnerable to injuries caused by toxins. The authors also highlight that studies using higher doses 
of glufosinate may not be able to predict the effects at low doses. In that regard, it is important to 
note that testing early-life exposure to low doses of pesticides is not usually required for regulatory 
approval of pesticides (Herzine et al., 2016; Laugeray et al., 2014). Laugeray et al. (2014) also 
suggest that the current no-observed-adverse-effect level (NOAEL) for glufosinate ammonium 
must be revised. Dong et al. (2020) find that prenatal exposure to glufosinate ammonium leads to 
neurobehavioral abnormalities in mice. They observed reduced locomotor activity, impaired 
memory formation and autism-like behaviors in mice at the NOAEL. They suggest that the NOAEL 
should be reconsidered. The authors further found that the observed negative effects may be linked 
to a disturbed gut microbiome and metabolism. Similarly, Kim et al. (2020) report perinatal 
glufosinate exposure to induce behavioural changes in rat offspring, especially abnormal motor 
coordination. They find glufosinate to disrupt cortical interneuron migration and thereby to affect 
cortical development in the brain. They suggest the relationship of perinatal glufosinate exposure 
and developmental disorders including autism should be investigated. Aris & Leblanc (2011) 
studied whether pregnant woman in Canada are exposed to pesticides associated to genetically 
modified foods, such as glyphosate, glufosinate and their main metabolites and whether these 
toxicants cross the placenta and reach the fetus. While glyphosate and glufosinate were only 
detected in nonpregnant women, the glufosinate metabolite 3-MPPA was also found in the blood 
of pregnant women and their foetuses (Aris & Leblanc, 2011).  
 
Glufosinate is also a suspected endocrine disruptor. Ferramosca et al. (2021) find glufosinate to 
negatively affect human sperm mitochondrial respiration efficacy starting from concentration of 1 
nM. Ma et al. (2022) study the effects of glufosinate-ammonium on male reproductive health in 
experiments in mice, finding that glyphosate predominantly impaired the sperm epigenome and 
transcriptome. 
 
Research suggests that glufosinate might contribute to the development of antibiotic resistant 
bacteria in the environment, with major implications for human and animal health (Liao et al., 2021). 
See also Section 4.7. Antibiotic resistance. 

7.1.2 Environmental effects 
 

In 1997, Ahn et al. reported that glufosinate-ammonium has potent acaricidal activity (i.e. it kills 
members of the arachnid subclass Acari, which includes ticks and mites) at a low application rate 
against the pest spider mite Tetranychus urticae and may be a useful tool for T. urticae control. 
GLA is however also toxic to natural enemies of T. urticae, including predatory mites and insects 
(Ahn et al., 2001). Moreover, GLA is toxic to predatory spiders. Niedobová et al., (2019b) 
demonstrate that the glufosinate herbicide Basta® has a lethal effect on the wolf spider P. agrestis 
at a concentration recommended by manufacturers and commonly used by farmers. The 
agrochemical was applied to each spider with a pump sprayer to simulate the effect of spiders 
being sprayed directly in the field during herbicide application. Glufosinate ammonium also affected 
prey capture efficiency of P. agrestis, which is relevant as spiders provide a valuable ecosystem 
service in agroecosystems as biological control agents. It is possible that the toxicity of Basta® is 
caused by a surfactant and not primarily by glufosinate ammonium. As in the case of glyphosate, 
some studies indicate that the herbicide formulations are more toxic than the active ingredient alone 
(Koyama et al., 1997). These findings are still relevant for environmental risk assessment, as these 
are the formulations actually applied in the field. Based on their findings, Niedobová et al., (2019b) 
suggest that the commercially available herbicide formulations and not only the active ingredients 
should be considered in toxicity assessments and that synergistic effects of the different pesticides 
and other agrochemicals used in tank mixes should be researched. Kutlesa & Caveney, (2001) 
further find glufosinate-ammonium (GLA) to be toxic to 5th-instar caterpillars of the Skipper butterfly 
Calpodes ethylius when fed at amounts “that might realistically be acquired from feeding on GLA-
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treated crops.” Caterpillars stopped feeding, had an impaired rectal function and showed symptoms 
of neurotoxicity before death. 
 
Glufosinate reduces the number of fungi and bacteria in soils and can thus potentially alter the 
composition of soil ecosystems. Thereby, pathogens such as Verticillium, Fusarium and Pythium 
seem least affected and beneficial micro-organisms such as Bacillus subtillus, Pseudomonas 
fluroscens and Trichoderma species, which act as parasites of disease-causing species, seem 
most affected. This indicates a negative impact of glufosinate on the antagonistic potential of 
agricultural soils (Ahmad et al., 1995a, b; Ahmad & Malloch, 1995). Glufosinate is also toxic to 
nitrogen-fixing soil bacteria such as Rhizobium meliloti. Low concentrations negatively affected 
bacterial growth and nodulation, although the latter only under sterile conditions (Kriete & Broer 
1996). 
 
Wang et al. (2022b) study the toxicity of glufosinate-ammonium (GLA) in soil to earthworms 
(Eisenia fetida). Although the acute toxicity is low, they find that, at the individual level, exposure 
to GLA could decrease the earthworms’ weight, cocoons, and larvae, even under low-
concentrations. 
 
In contrast to glyphosate, limited data are available on the acute toxicity of glufosinate in 
amphibians. Peltzer et al. (2013) find sublethal concentrations of the glufosinate-based herbicide 
LibertyÒ to have neurotoxic symptoms in tadpoles of Hypsiboas pulchellus. The herbicide inhibited 
cholinesterase activity and increased swimming speed and mean distance. Based on LC50 values 
(the concentration expected to kill 50% of the tadpoles), Liberty has further been reported to be five 
times more toxic to Scinax squalirostris tadpoles than the glyphosate-based herbicide MifosÒ 
(Lajmanovich et al., 2022). Babalola et al. (2021) report that the glufosinate-based herbicide Basta 
is thyroid-active in Xenopus laevis tadpoles at environmental relevant concentrations. Thyroid 
hormones play critical roles in development and reproduction and influence a wide variety of 
biological functions, including metamorphosis in frogs. Thyroid disuprion could compromise health, 
fitness, and ultimately survival of aquatic wildlife. Bassó et al. (2022) report experiments on larvae 
of the toad species Rhinella arenarum and Rhinella dorbignyi and the frog species Odontophrynus 
americanus. The results of show short-term exposure at environmentally relevant concentrations 
of glufosinate affects swimming performance and cholinesterase activities (substances that are 
involved in the nervous system) of amphibian larvae. As noted above (Section 4.3.1.2. Impact of 
multiple environmental pollutants on amphibians), Lajmanovich et al. (2022) study the combined 
exposure of microplastics and glyphosate or glufosinate, respectively on tadpoles of the Striped-
snouted tree frog, Scianx squalirostris, finding polyethylene microplastic particles to increase 
ecotoxicity of both formulations.  

 
As described above (Section 3.4.2.5. GM contamination threatens biodiversity), a two-year field 
study in Korea confirmed that pollen-mediated gene flow from glufosinate-ammonium resistant 
genetically modified soybean to wild soybean could occur under natural field conditions (Yook et 
al., 2021). Notably, the hybrid progeny had almost 3 times greater seed productivity, 4 times greater 
pod shattering, and over 18 times greater seed dormancy. In the same section, results from Zhang 
et al. (2003) and Nam et al. (2019) are described which demonstrate that glufosinate resistance 
can be transferred from transgenic rice lines to weedy rice; as are findings by Zhang et al. (2018b) 
who highlight the need to also consider the relevance of gene flow from glufosinate-resistant 
weeds. 
 
Glufosinate-resistant Palmer Amaranth (pigweed) has been confirmed in the USA, in Arkansas, 
Missouri and Mississippi (Unglesbee, 2021a; Noguera et al., 2022). Noguera et al. (2022) note that 
if these resistant plants are not controlled by other means, crop productivity will certainly be reduced 
and the resistance problem to glufosinate (GFA) will escalate. They conclude that “resistance to 
herbicides in general, and A. palmeri resistance to multiple herbicides (including GFA) in particular, 
is a threat to food security and economic sustainability”. 
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7.2 Isoxaflutole 
 

7.2.1 Health effects 
 

Isoxaflutole is a 4-hydroxyphenyl-pyruvate-dioxygenase (HPPD) inhibitor which belongs to the 
Carotenoid Biosynthesis Inhibitors. HPPD catalyses a key step in the biosynthesis of 
plastoquinone. In plants, its inhibition gives rise to bleaching symptoms (University of California, 
2021). Since HPPD genes do not only exist in plants but in most aerobic organisms including 
animals, HPPD inhibitors may also affect humans (Han & Kim, 2019). The U.S. Environmental 
Protection Agency has classified isoxaflutole as a probable human carcinogen (US EPA, 1998). 
PAN international lists isoxaflutole as a highly hazardous pesticide (PAN International, 2019). In 
the EU, isoxaflutole is classified as “suspected human carcinogen” and as reproductive toxicant 
category 2 (suspected of damaging the unborn child) by EFSA (EFSA, 2016b). In their 2016 peer 
review of the pesticide risk assessment of isoxaflutole, EFSA considered uses of the active 
ingredient and the pre-emergence herbicide Merlin Flexx (containing 240 g/L isoxaflutole and 240 
g/L cyprosulfamide as a safener, i.e. to reduce isoxaflutole’s effect on crop plants) on maize and 
sweet corn. The main target organ in different species was the liver and liver tumours observed 
were considered as “potentially relevant to humans”. Under “Critical areas of concern” EFSA says 
“A high risk to mammals was indicated for all representative uses.” EFSA also identified risks to 
operators, workers, residents/bystanders and consumers but was not able to finalise these 
assessments due to data gaps. Regarding soybeans grown in the U.S., no maximum residue level 
(MRL) has been set for isoxaflutole, even though this is required in the EU by Regulation (EC) No 
396/2005, which covers pesticide residues in food and feed, because of insufficient data provided 
by the manufacturer. Another critical area of concern in EFSA’s assessment was the high potential 
for groundwater exposure above the drinking water limit of 0.1 μg/L for the herbicidally active and 
groundwater toxicologically relevant metabolite RPA 202248. RPA 202248 is a metabolite of 
isoxaflutole that had been found at significant levels in genetically modified crops. EFSA was 
however unable to evaluate risks to health from this new substance, due to data gaps. Based on 
these and other EFSA risk assessments, Miyazaki et al. (2019) argue that “current risk assessment 
practice for HT GE plants cannot be considered to fulfil EU regulatory standards which require the 
safety of food and feed to be demonstrated.” It should be noted that independent studies on health 
effects of isoxaflutole are mostly lacking as nearly all the findings to date are based on industry 
studies (Reuter, 2015). 

7.2.2 Environmental effects 
 

There are some restrictions on the use of isoxaflutole. Isoxaflutole is known to persist in the 
environment and to leach into and accumulate ground- and surface waters (US EPA, 1998). It is 
not allowed to be used in the two biggest soybean-growing states Iowa and Ilinois because of the 
groundwater heights and the soil types in these states. It is further only allowed in counties without 
endangered plants that might be growing near fields that could be treated. A big concern is that 
farmers may not be able to follow the restrictive use conditions of Alite 27, BASF’s isoxaflutole 
herbicide. Applicators for example have to determine how much organic matter is in the soil and 
how high the water table is beneath their fields (Bomgardner & Erickson, 2020; US EPA, 1998).  
 
In the area of ecotoxicology, data gaps have been identified regarding the risk assessments for 
mammals, aquatic organisms and bees. For wild mammals, a high long-term dietary risk was 
identified by EFSA (EFSA, 2016b). Based on available endpoints for isoxafutole, aquatic 
vertebrates were identified as the most sensitive group and a high risk of isoxaflutole to aquatic 
organisms was identified using exposure estimations. However, with insufficient data on the 
representative isoxaflutole formulation, the assessment could not be finalised. It should be noted 
that compared to Merlin Flexx, BASF’s Alite 27 soybean herbicide not only contains double the 
amount of isoxaflutole but can also be sprayed post-emergent on HT soybean in certain U.S. 
counties. This may increase environmental exposure as well as residue levels of isoxaflutole. 
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EFSA’s risk assessment of isoxaflutole, did however not foresee post-emergence applications on 
herbicide tolerant crops (EFSA, 2016b). In a study using the isoxaflutole herbicide formulation 
Fordor (containing 750g isoxaflutole/kg) morphological changes in the digestive system of the 
stinkbug Podisus nigrispinus, a promising biological control agent that effectively contributes to the 
population balance of phytophagous insects, has been reported (Gonçalves et al., 2016).  

7.3 2,4-D 

2,4-D belongs to the synthetic auxin herbicides and is used to control broad-leaved weeds. 2,4-D 
is well-known as a component in the Vietnam War defoliant Agent Orange. Today, more than 600 
commercial products containing 2,4-D are available on the market (Laborde et al., 2020). High 
levels of dioxin (a human carcinogen) can still be found in some 2,4-D mixtures (Neumeister, 2014). 

7.3.1 Health effects 

Freisthler et al. (2022) note that agricultural application patterns of 2,4-D use over time in the USA 
are showing major increases, “particularly since the shift towards weed management through 
reliance on genetically modified herbicide resistant seeds in the early 2000s triggered the 
emergence and spread of glyphosate-resistant weeds”. In their study, they examine trends in 2,4-
D biomarker concentrations in urine samples from a nationally representative US population from 
2001 to 2014, as part of the National Health and Nutrition Examination Survey (NHANES). Of the 
14,395 participants included in the study, 4681 (32.5%) had urine 2,4-D levels above the threshold 
used in the study (which was the highest limit of detection (LOD) across all cycles). The frequency 
of participants with high 2,4-D levels increased significantly from a low of 17.1% in 2001–2002 to 
a high of 39.6% in 2011–2012 and high urinary 2,4-D concentrations were associated with 2,4-D 
agricultural use. Children ages 6–11 years (n = 2288) had 2.1 times higher odds of having high 2,4-
D urinary concentrations compared to participants aged 20–59 years and women of childbearing 
age (age 20–44 years) (n = 2172) had 1.85 times higher odds than men of the same age. These 
authors regard the the reported association between 2,4-D crop application and human 
biomonitoring levels as worrisome, particularly for vulnerable populations, and call for monitoring 
and evaluation to determine the extent to which rising use and exposures cause adverse health 
outcomes among vulnerable populations (particularly children and women of childbearing age) and 
highly exposed individuals (farmers, other herbicide applicators, and their families). 

Exposure to 2,4-D is known to enhance the production of reactive oxygen species (ROS) in cells 
(different cell types). Under normal conditions damage caused by ROS is countered by a range of 
cellular antioxidant defences, such as antioxidant enzymes. An imbalance of ROS and 
antioxidants, in other words if ROS formation increases to an extent that it overcomes the cellular 
antioxidant systems, results in oxidative stress. Oxidative stress causes damage to biomolecules 
including DNA, RNA, proteins and lipids, and can lead to cell damage and ultimately cell death. 
Oxidative stress may be associated with many human diseases including neurogenerative disease, 
inflammatory disease, cardiovascular disease, diabetes, and cancer. Antioxidant enzymes and 
products of lipid peroxidation are considered to be good bioindicators of oxidative stress, induced 
by xenobiotics such as herbicides (Atamaniuk et al., 2013; Hattab et al., 2015; Lerro et al., 2017; 
Tayeb et al., 2010). Several studies have shown that 2,4-D induces oxidative stress, in different 
human and animal cell types in vitro, including hepatocytes (Palmeira et al., 1995 rat), red blood 
cells (Bukowska, 2003; Duchnowicz & Koter, 2002), spermatogonical cells (Mi et al., 2007 chicken) 
and in several different species, including rats (Pochettino et al., 2013; Tayeb et al., 2010; 2012; 
2013), fish (Atamaniuk et al., 2013) amphibians (Lajmanovich et al., 2015) and earthworms (Hattab 
et al., 2015), in vivo. Tayeb et al. (2012) find sub-acute exposure to 2,4-D to induce oxidative renal 
dysfunction in rats and warn that higher doses of 2,4-D may be implicated in kidney failure. 
Palmeira et al (1995) find 2,4-D to be hepatotoxic and conclude that it may induce cell death by 
lipid peroxidation. Similarly, Tayeb et al. (2010) find that 2,4-D induces sub-acute hepatotoxicity 
and cellular alterations in rats. After four weeks of sub-acute exposure to 2,4-D, body weight 
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significantly decreased. Mi et al. (2007) find 2,4-D to cause cytotoxicity in embryonic chicken 
spermatogonical cells by increasing lipid peroxidation and suppressing the intracellular antioxidant 
system. Cell viability and cell number was decreased after 2,4-D exposure. 2,4-D exposure has 
also been associated with oxidative stress in humans. Lerro et al. (2017) used data from a 
longitudinal biomarker study of corn farmers and non-farming controls to examine the impact of 
2,4-D on different markers of oxidative stress. They conclude: “Based on these results, as well as 
supporting evidence from laboratory animals, 2,4-D-induced oxidative stress may be important in 
the pathogenesis of cancer and other chronic disease outcomes.” These studies indicate that 2,4-
D should be taken seriously as a cytotoxic and potentially genotoxic agent (Tayeb et al., 2010). 
Studies on the action of 2,4-D in plant bioindicators show that 2,4-D may have cytotoxic, genotoxic 
and mutagenic effects on plants even at low concentrations (de Castro Marcato et al., 2017). 
Several studies have also shown cytotoxicity induced by 2,4-D in many different human cell types 
(IARC, 2018). Genotoxic effects of 2,4-D have been confirmed in vitro and in vivo in non-
mammalian systems, mammalian and human cells, as well as occupationally-exposed humans, as 
reported by IARC (2018). More recently, Laborde et al. (2020) report cytotoxic and genotoxic effects 
of 2,4-D and its commercial microformulation, Dedalo Elite, in hamster ovary cells, including 
enhanced apoptotic occurrence. Ruiz de Arcaute (2016; 2018) further report genotoxicity of 2,4-D 
in fish (Ruiz de Arcaute et al., 2016; 2018). The determination of the genotoxic profile of a pesticide 
on is crucial to estimate its carcinogenic and mutagenic potential for non-target organisms (Laborde 
et al., 2020). In an assessment of glyphosate using mouse cells, 2,4-D and dicamba, Mesnage et 
al (2021) also highlight that 2,4-D is a potent activator of oxidative stress. 

In a study using mice and rats, Mello et al. (2020) report that the data, evaluated by pattern 
recognition algorithms, showed a robust pattern of distinction between exposed and nonexposed 
groups to 2,4-D. With chronic exposure, there was an increase in micronuclei and DNA damage in 
all exposed groups regardless of the exposure route. The authors conclude that both acute 
inhalation exposure and chronic oral and inhalation exposure to 2,4-D can cause genotoxic effects 
regardless of concentration. 

After the classification of glyphosate as probably carcinogenic to humans, the WHO’s International 
Agency for Research on Cancer (IARC) began to analyse if there is a link between cancer in 
humans and the herbicide 2,4-D (Gillam, 2015d). 2,4-D is classified as possibly carcinogenic 
(Group 2B) to humans by IARC (IARC, 2018). Several epidemiological studies suggest a positive 
association between 2,4-D exposure and different forms of cancer, including non-Hodgkin’s 
lymphoma (NHL), in occupational workers (see for example Band et al., 2011; McDuffie et al., 2001; 
Mills and Yang, 2007, more references can be found in Guha et al., 2016). Schinasi & Leon (2014) 
conducted a meta-analysis of NHL and exposure to pesticides in agricultural settings and report a 
significant elevation of NHL associated with 2,4-D exposure. The meta-analysis by Goodman et al. 
(2015; 2017), however reported finding no association of 2,4-D exposure and NHL. Smith et al. 
(2017) criticise Goodman et al., stating that they focused their analyses on comparing groups that 
had experienced any versus no exposure (ever vs. never) to 2,4-D only and did not specifically 
look at high-exposure groups: “When subjects with any 2,4-D exposure are considered as the 
exposed group, subjects with fairly low exposures can be included in the “exposed” group, and the 
overall average exposure in the group is likely to be lower than that in groups solely composed of 
highly exposed workers. Because the average exposures in these “any exposure” groups are 
lower, RR [Relative Risk] increases in these groups are also likely to be low (i.e., closer to 1.0) and 
thus more susceptible to issues relating to low power, bias, and confounding”. In their meta-analysis 
on the issue, the associations of 2,4-D exposure and NHL in epidemiologic studies was indeed 
higher when selecting the highest exposure categories. It was however still significant when 
selecting for ever vs. never exposed. The association to NHL was highest when analysing a 
subgroup that only includes occupational exposure to 2,4-D. The fact that the association to NHL 
increases as the likely average exposure increases, is consistent with a positive dose-response 
pattern. Smith et al. (2017) further point out that with the strong evidence that 2,4-D induces 
oxidative stress and moderate evidence that 2,4-D causes immunosuppression, the development 
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of NHL becomes biologically plausible as these are “key characteristics of human carcinogens” and 
“may contribute mechanistically to the development of NHL” 
 
2,4-D has been classified as a potential endocrine disruptor by the European Union. Very low 
concentrations of 2,4-D (0.1 to 10 µg/L) statistically changed the sex ratio in the aquatic insect 
Chironomus riparius, a suggested endpoint for endocrine disruptor chemicals, led to mouthpart 
deformities and to the upregulation of certain defence proteins (Park et al. 2010). Similarly, a 
commercial formulation of 2,4-D reduced the proportion of males in an experiment with lady 
beetles, Colemegilla maculata (Freydier & Lundgren, 2016). It has been reported that 2,4-D leads 
to male reproductive toxicity, including testicular dysfunction and infertility (Amer & Aly, 2001; 
Galimov & Valneeva, 1999; Harada et al., 2016; Marouani et al., 2017). In rats, chronic injection of 
2,4-D was found to affect spermatogenesis and fertility (Galimov & Valneeva, 1999). In mice, 
Harada et al. (2016) find 2,4-D to decrease serum testosterone levels and reduce pregnancy rates 
in a dose-dependent manner when treated males were mated to untreated females, suggesting 
impaired male fertility. Amer & Aly (2001), find 2,4-D to increase chromosome aberrations in 
spermatocyte cells and sperm-head abnormalities after oral administration of 2,4-D at 3.3 mg/kg, 
also indicating reduced male fertility as well as potential genotoxicity in mice in vivo under the 
conditions tested. They conclude: “… more care should be given to the application of 2,4-D on 
edible crops since repeated uses may underlie a health hazard.” In West African Dwarf goats, 
exposure to 2,4-D adversely affected sperm counts in a dose-dependent manner (Obidike et al., 
2012). The authors conclude: “This may imply possible spermatogenic dysfunction for human 
beings…” An epidemiological study indeed associates 2,4-D exposure with an increased number 
of dead, abnormal and immotile spermatozoa in farm sprayers (Lerda & Rizzi, 1991). 2,4-D has 
also been shown to negatively affect mature human spermatozoa directly in vitro (Tan et al., 2016). 
The results suggest that 2,4-D decreases sperm motility and hampers with different physiological 
processes necessary for penetrating the egg. In the presence of progesterone, these processes 
were already affected at a very low dose of 2,4-D (1μM), suggesting that the toxicity of 2,4-D may 
be more significant in the female reproductive tract. Tan et al. (2016) conclude: “these results 
suggest that exposure to 2,4-D and its accumulation in the seminal plasma and follicular fluid might 
increase the risk of infertility” (Tan et al., 2016). Other epidemiological studies analyse prevalent 
and incident thyroid disease within the Agricultural Health Study (AHS), a cohort study of licensed 
pesticide applicators and their spouses from North Carolina and Iowa. They find an association 
between increasing level of exposure to 2,4-D and hypothyroidism (Goldner et al., 2013; Shrestha 
et al., 2018). An analysis of the Ontario Farm Family Health Study, further reports an association 
between 2,4-D and decreased fecundity in women engaged in pesticide-related activities (Curtis et 
al. 1999). 

Horn et al. (2020) extract soil with rainwater where glyphosate and 2,4-D were sprayed on Bt GM 
maize and measure the effects on androgen receptor (AR) activity. They find that 2,4-D 
concentrations in rainwater extracts exceeded the WHO’s drinking water guideline and glyphosate, 
the Bt toxin Cry1Ab, and 2,4-D detected and exceeded the EU drinking water guideline. The cells 
used in their assay were exposed to: single active ingredients; formulations; environmentally 
relevant concentrations of the active ingredients and formulations; as well as rainwater extracts. 
These authors conclude that (i) rainwater run-off from maize sprayed with Roundup and 2,4-D 
contained androgen active substances and (ii) chronic exposure to this water may cause endocrine 
disrupting effects in humans and aquatic life. 

2,4-D has also been confirmed to cause developmental toxicity in offspring. Blakley et al. (1989 a; 
b) report developmental toxicity of a 2,4-D and picloram combination in mice either when exposing 
males prior to mating, or females prior and throughout gestation. When used alone, 2,4-D exposure 
in pregnant animals increased lethality and decreased fetal weight in rat litters at term (Chernoff et 
al., 1990). Acute exposure before pregnancy also led to increased embryonal death in mice (Vin et 
al., 1990). A human ecologic study conducted in the U.S. compared malformations in infants from 
rural agricultural counties with high and low wheat acreage, respectively, with wheat acreage as a 
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surrogate measure for exposure to chlorophenoxy herbicides such as 2,4-D. The study associates 
higher use of chlorophenoxy herbicides with different birth malformations. Conception during the 
months of herbicide application increased the likelihood for different birth malformations compared 
with conceptions during other months of the year (Schreinemachers, 2003).  

Silver et al. (2019) detected 2,4-D in umbilical cord blood from a cohort of infants in Fuyang County, 
China. Prenatal exposure to 2,4-D was significantly associated with slower auditory signal 
transmission, possibly via the disruption of myelination or of dopaminergic signaling along the 
auditory pathway. Although the clinical importance of these small deficits in auditory processing as 
well as whether they may lead to long-term changes in auditory processing are unclear, the authors 
point out that “Perturbation of this early stage of neurodevelopment may have the potential for 
negative effects on learning later in childhood.” The authors note that all infants included in the 
study were born at term and heathy and that the effect of 2,4-D on more vulnerable groups, such 
as pre-term and low birth weight infants, should also be investigated.  

Potential neurotoxic effects of 2,4-D have also sbeen shown in mice at subchronic levels. 2,4-D 
decreased the plasma levels of a series of acylcarnitines, which are associated with neurological 
diseases including Parkinson’s disease and Alzheimer’s disease (Tu et al., 2019). The authors also 
find 2,4-D to cause toxicity and substantially impact the gut microbiome in mice at occupationally 
relevant subchronic low doses. Metagenomic results revealed a distinct gut microbial community 
with profound changes in several microbial pathways. Tu et al. argue that just because the targeting 
pathway of a pesticide may not be found in the human body, does not mean that it is safe to humans 
as plant hormone-related pathways are commonly present in gut bacteria and perturbations of the 
gut are associated with a number of human diseases. 

7.3.2 Environmental effects 
 

The introduction of 2,4-D tolerant crops has created an urgent need to further explore the effects 
of continuous low-level exposure on the environment. “In near future, introduction of 2,4-D resistant 
crops will increase its use in agriculture, which may cause relatively high and potentially unsafe 
residue levels in the environment.” (Islam et al., 2018). The highest environmental concentrations 
of 2,4-D are found in soil, air and surface water surrounded by crop fields.   
 
Murschell & Farmer (2019) show that 2,4-D can also be easily and unintentionally transported to 
off-target areas via the atmosphere. Hwang et al. (2022) show that drift in the downwind direction 
can damage neighbouring cotton crops. 
 
2,4-D is not easily biodegradable in aquatic environments and is frequently detected in water bodies 
which is an important environmental problem as this can lead to prolonged exposure of aquatic 
organisms throughout critical developmental life stages (Anton et al. 2021; de Castro Marcato et 
al., 2017; Islam et al., 2018). 
 
A number of papers have reported adverse effects on amphibians. As with glyphosate, 2,4-D has 
been found to inhibit oocyte maturation in the African clawed frog (Xenopus laevis) (Stebbins-Boaz 
et al., 2004; LaChapelle et al., 2007). LaChapelle et al. (2007) conclude that 2,4-D “…is thus a 
potential environmental endocrine disruptor with early reproductive effects” and “…induces 
irreversible dysfunction of the meiotic signaling mechanism.” In a rare exposure and toxicity study 
with adult amphibians, Lajmanovich et al., 2015, found dermal, sublethal exposure to 2,4-D to 
induce oxidative stress, oxidative DNA damage and immunological suppression in the common 
toad Rhinella arenarum (Lajmanovich et al., 2015). Chronic exposure experiments with 2,4-D and 
commercial formulations containing 2,4-D report mutagenic effects, harmful changes to 
biochemical, physological, developmental and behavioral aspects, as well as morphological 
abnormalities in different tadpole species, including Lithobates catesbeianus (Mesak et al. 2018, 
Freitas et al. 2019, Viriato et al. 2021), Rana arenarum (Aronzon et al. 2011), Physalaemus 
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albonotatus (Curi et al. 2019) and Boana pardalis (Moutinho et al. 2020). Effects vary between 
species and developmental stage and depend on the formulation and concentration used. 2,4-D is 
highly persistent in aquatic environments (US EPA, 2004). However, information about 2,4-D levels 
in surface waters is scarce or entirely lacking in many countries (Aronzon et al. 2011; Curi et al., 
2019; Freitas et al. 2019). Therefore, it is difficult to estimate the environmental relevance of some 
of these studies. In Brazil, a concentration of 3.4 µg/L has been detected in the Vacacaí-Mirim river 
in Rio Grande do Sul (Marchesan et al. 2010) and up to 74.5 µg/L in surface waters of the basin of 
the Itajaí river in Santa Catarina (Pinheiro et al., 2010). In 2004, EPA modeled sixteen different 
crop scenarios and the estimated 60 Day average 2,4-D concentration in surface waters in areas 
where 2,4-D is heavily used ranged between 5.5 µg/L (ND Spring Wheat) and 45.4 µg/L (NC 
Apples). In rice paddies, 2,4-D concentration was estimated at 1431 µg/L. These estimates do not 
account for 2,4-D HT crop scenarios, where 2,4-D use has been estimated to be substantially 
higher (USDA APHIS, 2014a). Moreover, concentrations in aquatic environments near agricultural 
sites, such as temporary ponds with low water volume that are used by amphibians during 
reproduction and larval development are expected to be particularly high (Freitas et al. 2019). 
Hence, pesticide measurements in temporary ponds near 2,4-D crop fields are necessary in order 
to correctly estimate the hazard on aquatic organisms. Mesak et al. (2018) simulated a realistic 
scenario of aquatic contamination by 2,4-D in tropical regions, assuming a situation where a 
temporary pond is formed by superficial water run-offs caused by a short (20 min) rainfall event, 24 
h after direct 2,4-D application to the soil (4.03 g/L or 200 L/ha). For that scenario, the 2,4-D 
concentration in the pond was set to 1.97 mg/L. At this concentration, 2,4-D had mutagenic effects 
on bullfrog tadpoles (Lithobates catesbeianus) even when only exposed for a short period of time 
(3 – 9 days). Chronic exposure to a 2,4-D formulation (DMA 806) at a 15-times lower concentration 
(125 µg/L) relevant for pre-emergence applications in sugarcane, delayed metamorphosis and 
inhibited growth in bullfrog tadpoles (Freitas et al. 2019). Delayed metamorphosis can decrease 
survival because tadpoles are extensively vulnerable to predation, aquatic parasites etc. 
Additionally, in tropical areas where many species develop in ephemeral bodies of water, these 
may dry up before metamorphosis is completed (Freitas et al. 2019). Delayed metamorphosis and 
reduced body size were also observed in Rana arenarum (Aronzon et al. 2011). In Physalaemus 
albonotatus however, 2,4-D (Amina Zamba) exposure led to accelerated metamorphosis and no 
significant change in body size (Curi et al. 2019). The 2,4-D formulation did however affect survival 
and induced morphological abnormalities and liver damage. Further effects observed in bullfrogs 
include impared respiration and stimulus response, which can further affect survival of tadpoles 
(Freitas et al. 2019). If responses to an attack are slower, then tadpoles become more vulnerable 
to predators. Tadpoles also avoided presence of 2,4-D, although they were not able to distinguigh 
between different 2,4-D concentrations. Similarly, Viriato et al. (2021) found chronic exposure to 
2,4-D (DMA) caused embryonic growth inhibition, malformations, injuries to gills, kidney and skin 
of frog larvae and physiological stress in bullfrog tadpoles. The authors hypothesise that 2,4-D is a 
respiratory allergen for L. catesbeianus tadpoles. Various teratogenic effects were also observed 
in Rana arenarum tadpoles upon chronic exposure (Aronzon et al. 2011).  
 
A number of studies have been undertaken on the impacts of 2,4-D on fish. Salvo et al. (2015) 
demonstrate that a low dose of 2,4-D and MCPA (2.75 µg/l) significantly reduces cellular oxygen 
consumption in primary hepatic cells derived from the subtropical fish Metynnis roosevelti. MCPA 
belongs to the same class of herbicides as 2,4-D. Similarly, in pearl eartheater (Geophagus 
brasiliensis), oxygen consumption decreased with increasing 2,4-D concentration (Barbieri, 2009). 
Atamaniuk et al. (2013) find short-term exposure to 2,4-D at moderately and highly toxic 
concentrations to induce oxidative stress and increase activities of different antioxidant enzymes 
in goldfish gills. Ateeq et al. (2006) conduct a histological analysis of the liver and gonads of the 
fish species Clarias batrachus. They report a genotoxic effect of 2,4-D at a sublethal concentration, 
with clear indication and signs of apoptosis. Genotoxic effects of a 2,4-D-based herbicide at 
sublethal concentrations were reported in acute and chronic exposure experiments in the 
Neotropical fish Cnesterodon decemmaculatus (Ruiz de Arcaute et al., 2016; 2018). Mixing the 
2,4-D-based formulation with a glyphosate-based formulation has been shown to increase 
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genotoxicity on C. decemmaculatus syngergistically (Carvalho et al., 2020b). Recent literature 
further suggests that exposure to ecologically relevant concentrations of 2,4-D and 2,4-D-based 
formulations, can decrease embryo and larval survival of freshwater fish, negatively impact early 
development (tail deformities and pericardial edema), and impair locomotion (decrease in 
swimming behavior), as well as essential visually guided behaviour (prey capture and predator 
evasion) and associative learning capability (Anton et al., 2021; Dehnert et al., 2018; 2019; 2021; 
DeQuattro and Karasov, 2016; da Fonseca et al., 2008; Gaaied et al., 2020). Dehnert et al. (2021) 
show that ecologically relevant concentrations of a commercial 2,4-D herbicide (0.05, 0.50 and 
2.00 pp, or mg/L 2,4-D a. e.) reduce survival in early developmental stages of multiple, 
phylogenetically distant freshwater fish species. The authors voice ecological concerns regarding 
the use of genetically modified 2,4-D tolerant crops “Availability of genetically modified crops 
resistant to 2,4-D and other active ingredients (…), will likely lead to an increase in the use of 
products with the active ingredient 2,4-D (…) and as more 2,4-D is used on agricultural crops, a 
rise in non-target organisms exposure could be expected as 2,4-D is known to enter aquatic 
ecosystems from runoff, leaching, and spray drift (…). As multiple, phylogenetically distant fish 
species exposed to environmentally relevant concentrations of 2,4-D show significant reduction in 
survival, it is possible that 2,4-D entering aquatic ecosystems directly or indirectly could potentially 
impact larval survival, larval recruitment, species populations, and entire ecosystem dynamics.” 
Gaaied et al. (2020) find a decrease in cholinesterase activity at the lowest dose tested (0.02 mg/L) 
and suggest that the observed alteration of the locomotor behavior could be associated with the 
neurological alterations mediated by cholinersterase inhibition. Similarly, da Fonseca et al. (2008) 
show that 2,4-D exposure reduces acetylcholinesterase (AChE) in the brain of freshwater fish 
(Leporinus obtusidens). A decrease in AChE enzyme activity has been assoiated with a range of 
behavioral changes in fish exposed to 2,4-D (Anton et al., 2021). Dehnert et al. (2019) discuss that 
2,4-D may disrupt transmission of neural signals coding visual input. They conclude: “Together, 
our results suggest that 2,4-D alters the development and function of neural circuits underlying 
vision of larval fish, and thereby reduces visually guided behaviors required for survival.” Similarly, 
Anton et al. (2021) suggest that the observed impaired associative learing capability in yellow perch 
(Perca flavescens) might be due to a partially impaired visual system or an imbalance of 
neurotransmitter and recommend further research. They conclude “Overall, exposure to 
ecologically relevant levels of commercial 2,4-D herbicides, like WAM40, could negatively impact 
fitness of juvenile fish by impairing cognitive function and thereby hindering essential behaviors in 
the natural environment.” The data of DeQuattro and Karasov (2016) further suggest that 2,4-D 
acts as an endocrine disruptor in the fathead minnow (Pimephales promelas).  
 
In a first study on the sublethal effects of 2,4-D on the crayfish Orconectes rusticus, Browne and 
More (2014) find 2,4-D to cause significant behavioral and potential physiological changes in O. 
rusticus. 2,4-D impaired the forage ability of O. rusticus, which could lead to reduced fitness in 
populations of crayfish exposed to 2,4-D. Impacts were found at levels of exposure already reported 
in streams and rivers in the U.S.  
 
In their review on potential impacts of 2,4-D, Islam et al. (2018) argue that the commercialisation 
of 2,4-D resistant crops could lead to adverse health effects in populations living in the immediate 
vicinity of these crops due to the predicted increase in, and hence exposure to, 2,4-D. They report 
2,4-D to be toxic to a variety of organisms, including fish, amphibians, insects, earthworms and 
rodents. In a further review on the toxicity of 2,4-D on non-target organisms, de Castro Marcato et 
al., 2017 show that although 2,4-D has its main mode of action in plants, it also induces histological, 
physiological, and behavioural alterations in animals even at low concentrations. 
 
Da Silva et al. (2022) review evidence that exposure to environmental 2,4-D concentrations 
increase mortality rate in animals. Overall, the 87 data sets collected indicated a significant increase 
in the mortality rate recorded for animals exposed to environmental concentrations of 2,4-D 
compared to the controls in the experiments. Fish and birds had higher mortality rates than other 
animals, and larval and adult animals were more susceptible than juveniles. Commercial 
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formulations caused higher mortality rates than the active substance alone. The authors suggest 
that further studies are needed regarding the sublethal effects of 2,4-D on animals. 

Bautista (2007) reports that typical application rates of 2,4-D equalled or exceeded doses reported, 
in laboratory studies, to cause adverse effects in eight of ten acute exposures scenarios involving 
mammals and birds. Vegetation-eating and insect eating birds and mammals were most at risk.  

2,4-D has been reported to negatively affect development and reproduction of the earthworm 
Eisenia fetida (Correia and Moreira, 2010). The results of Correia and Moreira (2010) suggest that 
2,4-D is more toxic to E. fetida than glyphosate. The results of Lazurick et al. (2017) further indicate 
a possible, small synergistic effect of glyphosate and 2,4-D on E. fetida. Direct contact led to severe 
ill effects, including death. Ingestion however did not affect worms. Hattab et al. (2015) studied 
cytotoxic effects of sublethal concentrations of 2,4-D on the earthworm Eisenia andrei. They find 
2,4-D to increase oxidative stress in E. Andrei. On the one hand, 2,4-D stimulated membrane lipid 
peroxidation in exposed earthworms and, on the other hand, the authors also find the activity of 
antioxidant enzymes to increase. This seems to confirm that 2,4-D enhances the production of 
reactive oxygen species (ROS) in cells. 2,4-D also decreased lysosomal membrane stability, a very 
sensitive cellular marker of general stress, and reduced body weight after 7 days of exposure even 
at the lowest (3.5 mg/kg) concentration.  

Coccinellidae, known as ladybugs, are important biological control agents, found in many crop 
fields, that feed on insect pests such as aphids. Michaud and Vargas (2010) find 2,4-D applied as 
a topical spray at the recommended field rate to “represent a significant hazard” to two species of 
Coccinellidae, with 25% mortality in Coleomegilla maculata larvae and 57.9% mortality in 
Hippodamia convergens larvae. Surviving C. maculata larvae experienced a change in 
developmental time. They recommend to apply 2,4-D early, before overwintered coccinellids enter 
the fields to begin oviposition, also to not disrupt biological control of aphids. With Enlist Duo being 
approved for post-emergence application (see Section 6.3 Developing new transgenic crops with 
resistances to additional herbicides), 2,4-D is, however, now being applied later in the season, 
increasing the likelihood of direct contact with insects in the field. In accordance with Michaud and 
Vargas (2010), Freydier & Lundgren (2016) find field relevant concentrations of a commercial 
formulation of 2,4-D to be highly lethal to larvae of C. maculata (the LC90 was approximately 13% 
of the label rate applied for weed control). The formulation and 2,4-D alone also had sublethal 
effects on the lady beetles at the recommended field rate. Islam et al. (2018) conclude that 2,4-D 
could reduce biocontrol services of these predatory beetles, if broadly used. 

Martínez et al. (2001) found an association between regular applications of the herbicide 
Tordon®101M, a mixture of 2,4-D and picloram, and a decline in populations of beneficial dung 
beetles and hence delayed dung degradation.  

The increased toxicity of commercial herbicide formulations, compared to the active ingredient 
alone, is not only observed for glyphosate and glyphsoate-based formulations. A commercial 
formulation of 2,4-D was for example shown to be up to 10 times more toxic to embryos of the toad 
species Rhinella arenarum than the active ingredient alone (Aronzon et al. 2011).  

Finkler et al. (2022) note that studies assessing the toxicity of glyphosate and 2,4-D as a mixture 
are rare. They report evidence of some cytotoxic and genotoxic effects induced by associated 
commercial glyphosate and 2,4-D formulations in onions (Allium cepa), with the mixture showing 
significant differences from the two chemicals alone. 

7.4 Dicamba 
 

Dicamba is a selective benzodic acid herbicide and belongs to the synthetic auxin herbicides. It 
has been used for post-emergent control of broadleaf weeds and woody plants since the 1960s 
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(Lerro et al., 2020).  
 

7.4.1 Health effects 
 

Although there is no clear consensus in the epidemiologic and experimental literature regarding 
the carcinogenic potential of dicamba, with some inconclusive and sometimes conflicting data 
(Lerro et al., 2020), several different studies suggest an association between dicamba and 
genotoxic and cytotoxic effects, as well as different forms of cancer, including non-Hodgkin’s 
lymphoma (Band et al., 2011; Cantor et al., 1992; Espandiari, 1995; 1999; González et al., 2006; 
2007; 2009; 2011; Kim et al., 2021; Leon et al., 2019; McDuffie et al., 2001; Perocco et al., 1990; 
Ruiz de Arcaute et al., 2018; Samanic et al., 2006). On the basis of their results, González et al. 
(2006) concluded that dicamba should be considered as a potentially hazardous compound in 
humans. Lipid peroxidation has been suggested as mechanism of action of the cytotoxic effects of 
dicamba. As far as it is known, dicamba induces tissue damage and cell death in the weedy plants 
known as cleavers (Gallium aparine L.) by lipid peroxidation (Grossmann et al., 2001). A recent 
study by the National Institutes of Health (NIH) re-evaluated dicamba use in the Agricultural Health 
Study (AHS). The AHS evaluated data from 57,000 farmers from Iowa and North Carolina between 
1993 and 2005 (Samanic et al., 2006). The NIH study added 12 years and 2702 cancers. The study 
found that pesticide applicators using dicamba had an elevated risk of numerous cancers, including 
liver and intrahepatic bile duct cancer, acute and chronic lymphocytic leukaemia and mantle cell 
lymphoma, compared to pesticide applicators not using dicamba (Lerro et al., 2020).  
 
Dicamba is a suspected endocrine disruptor (Zhu et al. 2015). Analyses of prevalent and incident 
thyroid disease within the AHS, found an association between exposure to dicamba and 
hypothyroidism (Goldner et al., 2013; Shrestha et al., 2018). A commercial formulation of dicamba 
reduced the proportion of males in an experiment with lady beetles (Colemegilla maculata) 
(Freydier & Lundgren, 2016). An analysis of the Ontario Farm Family Health Study, reported an 
association between dicamba and decreased fecundity in women engaged in pesticide-related 
activities (Curtis et al. 1999). A secondary analysis of the Ontario Farm Family Health study, more 
specifically looked at pesticide exposure and birth defects and found an association between pre-
conception exposure to dicamba and birth defects in male offspring. The authors suggest a male-
mediated reproductive effect, assuming that pre-conception exposure is affecting 
spermatogenesis. (Weselak et al. 2008). Inhibition of spermatogenesis has been demonstrated in 
adult male rare minnow (Gobiocypris rarus) exposed to environmentally relevant concentrations of 
dicamba (Zhu et al. 2015). In females, the authors observed ovarian degeneration. They conclude 
that “…dicamba should be considered a potential endocrine disruptor in fish” (Zhu et al. 2015). 
Weselak et al. 2008 named some of the limitations of the study as its retrospective nature, and that 
the outcomes were self-reported, as well as the lack of some exposure relevant factors, and the 
modest sample sizes. They also state that it may potentially have missed birth defects from 
foetuses that did not survive until birth. A study evaluating the effects of environmentally relevant, 
low-dose exposures to different agrochemicals and their direct effects on mouse preimplantation 
embryo development, found increased apoptosis caused by dicamba (Greenlee et al., 2004). 
Embryos composed of fewer cells could result in embryonic death. The authors conclude: “Our 
data demonstrate that pesticide-induced injury can occur at a very early period of embryo 
development and at pesticide concentrations assumed to be without adverse health consequences 
for humans.” Similarly, very low and low environmentally relevant doses of an herbicide mixture 
containing dicamba, 2,4-D and MCPP significantly reduced litter size, associated with a decrease 
in the number of implantation sites. The authors discuss that a decrease in number of embryos 
implanted may be due to preimplantation blastocysts being negatively affected (Cavieres et al. 
2002). Although it is not possible to say what role dicamba played in decreasing the litter sizes, this 
study shows that concentrations determined as safe in traditional toxicological testing looking at 
individual compounds only, may have significant adverse effects in real world situations when 
applied as commercial herbicide mixtures. 
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Research suggests that dicamba might contribute to the development of antibiotic resistant bacteria 
in the environment, with major implications for human and animal health (Liao et al., 2021). See 
also Section 4.7. Antibiotic resistance. 

 

7.4.2 Environmental effects 

Dicamba is water soluble and mobile in the environment. Following application, it can volatilise and, 
depending on the climatic and weather conditions, drift far from the site of initial application (Lerro 
et al., 2020). Soltani et al. (2020) conduct six experiments on field sites located in Arkansas, 
Indiana, Michigan, Nebraska, Ontario, and Wisconsin to evaluate the off-target movement of 
dicamba under field-scale conditions, finding injury levels of up to 55% in both covered and 
uncovered areas, with damage occurring as far as 250m in Nebraska and Arkansas. In 26 field-
scale drift trials conducted in 2014 and 2015, Jones et al. (2019a) report that dicamba was 
documented to move as much as 152 m from the application area (distance to 5% injury). Jones 
et al. (2016b) also find that that soybean damaged from dicamba drift can negatively affect 
offspring. Crop damage caused by dicamba drift has led to litigation, as discussed in Section 8.2.1 
Dicamba lawsuits. 

Bautista (2007) estimates that the maximum application rate of dicamba plausibly leads to adverse 
effects on reproduction in vegetation-eating and insect eating birds and mammals. Very little work 
has explored potential effects of dicamba on insects (Bohnenblust et al. 2013). Freydier & Lundgren 
(2016) found dicamba at the field recommended rate to significantly reduce longevity and survival 
of larvae of the lady beetle Colemegilla maculata and to also exert sublethal effects on the lady 
beetles. Apart from acute or chronic direct effects from herbicide exposure, insect species may be 
indirectly affected by the herbicides impacts on their food resources. Dicamba drift to non-target 
plants may for example influence arthropod communities in agroecosystems by delaying, reducing 
or preventing flowering. Bohnenblust et al. (2016) found that sublethal doses of dicamba 
approximating drift-level rates (0.1-1% of the field application rate) have sublethal effects on two 
agroecologically significant plant species, which in turn led to reduced pollinator visitation on plants 
injured by dicamba. They state: “Moreover, although many pollinator species are generalists, 
reductions and delays in plant flowering caused by herbicide injury could perturb pollinator 
communities.” They also found dicamba to alter growth and development of the herbivore butterfly 
Vanessa cardui when feeding on small thistle plants stressed by sublethal drift-level doses of 
dicamba, potentially due to herbicide-induced reduced nutritional quality of the plants and/or 
reduced plant size (Bohnenblust et al. 2013). 

Ruiz de Arcaute et al. (2018) report genotoxic effects of dicamba at sublethal concentrations in a 
chronic exposure experiment with the Neotropical fish Cnesterodon decemmaculatus. Dicamba is 
further a suspected endocrine disruptor in fish. Chronic exposure to environmental relevant 
concentrations of dicamba caused inhibition of spermatogenesis in male testes and ovarian 
degeneration in adult Chinese rare minnow (Gobiocypris rarus), a species that has been widely 
used to assess endocrine disrupting chemicals (Zhu et al., 2015). The authors state: “These results 
indicate that sex hormone homeostasis and normal reproduction of fish could be affected by 
dicamba”. The authors further find that dicamba could induce hepatic tissue damage in rare 
minnow. 

8. Lawsuits 
 
There have been numerous lawsuits relevant to the cultivation of GM herbicide-tolerant crops in 
the United States.  
 
One set of lawsuits relates to claims that exposure to glyphosate causes cancer and harms 
endangered species (See Section 8.1 Glyphosate lawsuits).  
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Another set of lawsuits relates to crop damage caused by farmers spraying dicamba or 2,4-D on 
to GM crops resistant to these herbicides (see Section 8.2 Dicamba and 2,4-D lawsuits). For 
example, Elmore (2022) describes how, in 2021, thousands of U.S. growers reported to the 
Environmental Protection Agency (EPA) that dicamba sprayed by other farmers on dicamba-
resistant GM crops damaged crops in fields all over the country. 

8.1 Glyphosate lawsuits 
 

Following the IARCs classification of glyphosate as a “probable human carcinogen”, in March 2015, 
numerous lawsuits alleging that past use of Monsanto’s Roundup herbicide had contributed to the 
plaintiffs’ development of non-Hodgkin lymphoma (NHL) were filed. 12 cases were filed in 2015, 
129 cases in 2016 and a few thousand in 2017. As a result of the first jury trial verdicts in 2018 and 
2019, this number further increased to over 40,000 by the end of 2019 and subsequently reached 
as many as 125,000 lawsuits. In 2016, a group of law firms began to coordinate a litigation against 
Monsanto (now Bayer) on behalf of individuals with NHL. Three lawsuits were heard before a jury 
and resulted in victories for the plaintiffs. In each of the trials, juries found that the weight of 
evidence proved that exposure to glyphosate-based herbicides, such as Roundup, caused the 
plaintiffs to develop non-Hodgkin lymphoma (NHL), and that Monsanto covered up the risks and 
failed to warn consumers (Benbrook, 2020; Baum, Hedlund, Aristei & Goldman, n.d.a; Gillam, 
2020b).  
 
In June 2022, the U.S. Supreme Court rejected Bayer’s bid to dismiss these legal claims by 
customers and left in place the lower court decision that upheld $25 million in damages awarded 
to California resident Edwin Hardeman, who had regularly used Roundup for 26 years at his home 
in northern California before being diagnosed with a form of non-Hodgkin's lymphoma (see Section 
8.1.2 Second Trial: Hardeman v. Monsanto) (Hurley, 2022). In July 2021, Bayer (which bought 
Monsanto in 2018) took an additional litigation provision of $4.5 billion in case of an unfavorable 
ruling by the Supreme Court or in case the justices declined to consider its appeal. The provision 
came on top of $11.6 billion that the company previously set aside for settlements and litigation 
(Hurley, 2022). As of May 2022, although nearly 80% of pending claims had been settled (around 
100,000 lawsuits), there were still about 26,000-30,000 active Roundup lawsuits, including over 
4,000 claims in a class action lawsuit pending in California (Miller, 2022). 
 
Krimsky and Gillam (2018) review the court-released discovery documents obtained from litigation 
against Monsanto over Roundup and through Freedom of Information Act requests. Their findings 
include evidence of ghostwriting (in which Monsanto employees write papers on behalf of 
supposedly independent scientists), interference in journal publication, and what they describe as 
undue influence of a federal regulatory agency (the US Environmental Protection Agency, EPA) by 
Monsanto. 
 
In addition to the individuals’ cases, described below, groups including the Natural Resources 
Defense Council, the Center for Food Safety and the Rural Coalition, which represents 
farmworkers, brought a legal case against the U.S. Environmental Protection Agency (EPA), after 
it reauthorised the use of glyphosate in January 2020. In June 2022, the 9th Circuit Court of Appeals 
in California determined that the EPA did not adequately consider whether glyphosate causes 
cancer and threatens endangered species, and ordered it to look again at the risks it poses 
(Stempel, 2022). 

8.1.1 First trial: Johnson v. Monsanto 
 

On January 28, 2016 Dewayne “Lee” Johnson, a former California school district groundskeeper, 
filed a lawsuit alleging Monsanto’s Roundup gave him terminal cancer. On August 10, 2018, just 
after Bayer bought Monsanto, a jury unanimously found that Monsanto’s glyphosate-based 
herbicide products, Roundup Pro or Ranger Pro, were a “substantial factor in causing harm to Mr. 
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Johnson” and awarded Johnson US$39 million in compensatory damages. The jury also found that 
the potential risks of these products were “known or knowable in light of the scientific knowledge 
that was generally accepted in the scientific community at the time of their manufacture, distribution 
or sale”, that the company consequently knew or should reasonably have known these dangers 
but failed to “adequately warn” of these dangers, which was “a substantial factor in causing harm 
to Mr. Johnson”. The jury further found that Monsanto “acted with malice or oppression” and 
awarded Mr. Johnson an additional US$250 million in punitive damages. On October 22, 2018, the 
court reduced the punitive damages to US$39 million to match the compensatory damages. The 
court however denied Monsanto’s motion for judgment notwithstanding verdict (JNOV) and its 
motion for a new trial, thereby upholding the jury’s verdict. Monsanto appealed the reduced amount. 
In July 2020, an appeals court rejected Monsanto’s efforts to overturn the trial outcome, stating that 
abundant evidence had been presented that Roundup products are capable of causing NHL and 
caused Johnson’s cancer in particular. The damages were however cut again to US$10.25 million 
in compensatory damages and another US$10.25 million in punitive damages, based on 
arguments about Johnson’s life expectancy (Benbrook, 2020; Gillam, 2020d; Johnson v. Monsanto, 
2018; Sustainable Pulse, 2020). Monsanto subsequently filed a petition with the Supreme Court in 
California, asking them to review the Johnson v. Monsanto verdict (Johnson v. Monsanto, 2020). 
In March 2021, Bayer however announced it would not further pursue appeal of the Johnson 
verdict, stating that they rather wanted the second case (below) to be reviewed by the Supreme 
Court (Rosenblatt, 2021). 

8.1.2 Second Trial: Hardeman v. Monsanto 
 

Edwin Hardeman used Roundup on his property from 1986 to 2012 to treat weeds, overgrowth and 
poison oak. In 2015, Mr Hardeman was diagnosed with B-cell NHL. On February 12, 2016 he filed 
a lawsuit against Monsanto. His case was the first Roundup-NHL lawsuit to proceed to trial as part 
of the federal-district court MDL overseen by Judge Vincent Chhabria in San Francisco. Therefore, 
the trial was a bellwether case for other plaintiffs in the MDL. At Monsanto’s request, the trial was 
split into two phases by Judge Chhabria. The Phase 1 trial began on February 25, 2019 and 
focused on the plausibility of Roundup-NHL causality, based on scientific evidence only. On March 
19, 2019 the jury issued a verdict on causation, finding that exposure to Roundup was a substantial 
factor in causing Hardeman’s non-Hodgkin lymphoma, thereby allowing the case to proceed to the 
second phase. The Phase 2 trial began on March 20, 2019 and focussed on Monsanto’s 
knowledge, behaviour and damages. On March 27, 2019 the jury ruled that Roundup “lacked 
sufficient warnings of the risk of NHL” and that “Monsanto was negligent by not using reasonable 
care to warn about Roundup’s NHL risk”, awarding Mr Hardeman US$5.2 million in compensatory 
damages and US$75 million in punitive damages. The punitive damages were later reduced to 
US$20 million in a response to a post-verdict motion by Bayer (Baum, Hedlund, Aristei & Goldman, 
n.d.b; Benbrook, 2020; Hardeman v. Monsanto, 2020; Sustainable Pulse, 2020). Bayer went on to 
appeal the verdict, arguing that federal regulatory backing of the company’s herbicides pre-empts 
state law and a duty to warn and thus the claims made by Hardeman. In May 2021, the U.S. Court 
of Appeals for the Ninth Circuit however affirmed the district court’s ruling and specifically rejected 
Bayer’s pre-emption argument (Gillam, 2021a). 

8.1.3 Third Trial: Pilliod v. Monsanto 
 

The third Roundup cancer case proceeding to trial was brought forward by Alva and Alberta Pilliod, 
who both had been diagnosed with NHL after spraying Roundup several days per year over several 
decades on their properties, sometimes wearing shorts and flip-flops. Due to their advanced ages 
and cancer diagnoses, attorneys asked to expedite the trial. This was the first lawsuit from the 
California Roundup Judicial Council Coordination Proceedings (JCCP), consolidating hundreds of 
lawsuits, to go to trial before Judge Winifred Smith. On May 13, 2019 the jury awarded Avla and 
Alberta Pilliod each US$1 billion in punitive damages, ruling that Monsanto “engaged in conduct 
with malice, oppression or fraud”. They also received US$55.2 million in compensatory damages 
for past and future economic and noneconomic losses. The US$2 billion in punitive damages were 
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reduced to US$69 million as a result of post-trial motions (based on a US Supreme Court guidance 
that limits the ratio of punitive to compensatory damages to 7:1). The judge however denied 
Monsanto’s motion for JNOV and granted its motion for a trial only under the condition that the 
Pilliods would not consent to the reduced judgement. On July 26, 2019 the Pilliods however 
accepted the reduced judgement and the verdict was sustained (Baum, Hedlund, Aristei & 
Goldman, n.d.c; Benbrook, 2020; Pilliod v. Monsanto, 2019). Bayer also appealed this verdict but 
in August 2021, the 1st Appellate District in the Court of Appeal for California sustained the jury’s 
verdicts. Again, Bayer’s pre-emption argument was specifically rejected (Gillam, 2021c). 
 
After losing these three trials, Bayer agreed to negotiate settlements in the Roundup-Cancer 
litigation. On June 24 2020, Bayer announced that it would pay out over U.S.$10 billion to settle 
around 75 percent of the estimated 125,000 of people claiming that Roundup caused them non-
Hodgkin lymphoma. This would leave about 30,000 cancer claims unresolved. For the ones that 
agreed to settle, U.S.$8.8 billion to U.S. $9.6 billion would be used to resolve the current litigation 
and U.S.$1.25 billion would be set aside to address potential future litigation. Thereby, Bayer 
wanted future Roundup claims to be part of a class agreement that, instead of being heard by 
juries, would have a five-member “Class Science Panel” determine whether there is a causal 
connection between Roundup and NHL (despite the general causality between Roundup and NHL 
already being confirmed by three jury trials). Both the plaintiffs in the class action and the company 
would then be bound by the Class Science Panel’s determination, which was expected to take 
several years. In the meantime, class members would not have been permitted to proceed with 
Roundup claims nor to seek punitive damages (Gillam, 2020c). After the unusual proposal was 
criticised by judge Vince Chhabria of the U.S. District Court for the Northern District of California, 
stating: “In an area where the science may be evolving, how could it be appropriate to lock in a 
decision from a panel of scientists for all future cases?” and that the court is “tentatively inclined to 
deny the motion”, Bayer filed a notice of withdrawal of their proposed settlement plan (Gillam, 
2020e; f). In February 2021, Bayer filed a new U.S. $2 billion settlement proposal with the U.S. 
District Court for the Northern District of California, aiming to resolve potential future claims from 
Roundup users that already have or may develop non-Hodgkin lymphoma. The plan however faced 
opposition by a coalition representing dozens of U.S. law firms that found the proposed settlement 
terms laid out to be too low for individual plaintiffs and unfair to farm workers that may yet develop 
cancer in the future. Other reasons include the proposed four-year stay on all litigation, the science 
panel and fact that after the four years nobody in the U.S. could sue Monsanto for punitive damages 
or medical monitoring again, the dangerous precedent it would set for similar future mass tort 
litigations and the fact that Roundup would continue to be on the market potentially harming more 
people (Corporate Crime Reporter, 2021; Gillam, 2021b). In May 2021, judge Chhabria rejected 
Bayer’s settlement proposal. He also suggested including a reference to the 2015 IARC finding on 
the Roundup label (Hals, 2021). Shortly thereafter, Bayer announced it would stop selling 
glyphosate-based herbicides on the U.S. Lawn & Garden market as of 2023, hoping to eliminate 
the primary source of future damage claims. The products will still be available for professional and 
agricultural markets. Bayer also added another U.S. $4.5 billion toward the Roundup litigations 
(Gillam 2021c; Loh and Feeley, 2021; Sustainable Pulse, 2021). Even though several courts 
already rejected it (see above), Bayer hoped to get the U.S. Supreme Court to agree with its pre-
emption argument in order to limit the ongoing litigation liability (Gillam, 2021d; e). Meanwhile 
another class action lawsuit, led by plaintiff John Fenton, began in Australia. Fenton was diagnosed 
with non-Hodgkin lymphoma in 2008 (Gillam 2021b).  
 
In June 2022, the U.S. Supreme Court rejected Bayer’s bid to dismiss the legal claims against it 
and left in place the lower court decision awarding damages to Hardeman (Hurley, 2022). 

8.2 Dicamba and 2,4-D lawsuits 

Harm to non-target plants and to crops from pesticide drift increases with the use of synthetic 
auxins, since some formulations are known to have high volatility (Grover et al., 1972; Sciumbato 
et al., 2004) and may be especially prone to herbicide drift. According to CFS (2014a), 2,4-D has 
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caused more crop injury than any other herbicide. Dicamba traditionally was used sparingly, 
because of its track record of volatilising and moving far from where it is sprayed, especially in 
warm weather (Gillam, 2020a). It is reportedly 75 to 400 times more threatening to non-target plants 
than glyphosate, particularly to soybeans not engineered to withstand it (Dewey, 2017).  

The agrochemical companies however promised that their new formulations of synthetic auxin 
products would minimise herbicide drift. Additionally, good farmer training and other measures such 
as special nozzles and buffer zones would avoid unintended crop damage (Gillam, 2020a). 

8.2.1 Dicamba lawsuits 

Monsanto started to commercialise their dicamba tolerant crops before receiving approval from the 
U.S. Environmental Protection Agency (EPA) for selling the corresponding new post-emergence 
dicamba herbicide formulation. At the time, academics were worried that this would encourage 
farmers to spray their new seeds with older, more volatile dicamba formulations, even though this 
was prohibited (Gillam, 2020a). Scepticism about the practicability of the proposed measures also 
remained among farmers. They doubted that all growers of dicamba and 2,4- resistant plants would 
change the nozzles on their spray rings and buy the new more expensive formulations said to be 
less volatile, when older labels are available and just as effective (Lutz, 2017). Farmers might also 
not always abide by appropriate herbicide application practices, for example applying them during 
inappropriate weather conditions. The new HT crops allowed for dicamba and 2,4-D to be applied 
later in the season, when not only more susceptible plants and crops are growing but when high 
temperatures may further increase herbicide volatility (Mortensen et al. 2012, Roseboro, 2012). 
Mortensen et al. (2012) also feared that once an initial number of growers in a region adopt the 
new resistant traits, the remaining growers may be compelled to follow suit in order to reduce risk 
of crop injury from herbicide drift. This could also further decrease crop plant diversity in 
agroecosystems. Some crops might become challenging to grow in landscapes where auxin-
tolerant crops are cultivated. Moreover, repeated herbicide drift exposure to weeds could further 
exacerbate the weed resistance problem (Vieira et al. 2020).  

As predicted, dicamba misuse and herbicide drift led to great crop injury at farms not planting 
dicamba tolerant crops. According to industry numbers, several million crops acres have been 
damaged due to dicamba since the introduction of dicamba tolerant crops (Gillam, 2020a), 
including approximately 3.6 million in 2017 alone (National Family Farm Coalition v. USEPA, 2020). 
Drift damage cannot only be seen on crops but also on forest trees miles away from agricultural 
fields, as well as in prairies, nature preserves, state parks, backyards, school yards, cemeteries 
etc. Forest health specialists state that in some areas, tree mortality due to herbicide damage is 
higher than from the devastating tree pest Emerald Ash Borer. Although tree damage from 
herbicide drift is nothing new, the scale of damage in recent years in unprecedented. Unlike field 
crops such as soybeans and cotton, trees are perennials which means they are getting sprayed 
year after year. The worry concerns not only the trees but also insects that feed on tree leaves and 
birds that feed on insects, fruit and seeds (Hettinger, 2020a). 

In 2016, there were already reports of crops being damaged by dicamba drift, thought to be due to 
illegal use (The Progressive Farmer, 2016; NPR, 2016; Arkansas Matters, 2016). As a result, 
several US states began to restrict dicamba herbicide use or ordered emergency bans (Bunge, 
2017; Plume, 2017) and several lawsuits were filed against Monsanto, BASF and the U.S. EPA. 

In November 2016, a lawsuit on behalf of Bader Farms, Missouri’s largest peach farm, was filed 
against Monsanto. The lawsuit accused Monsanto of knowingly market Xtend cotton and soybean 
seeds to farmers without a safe herbicide for post-emergence use. Bader Farms experienced the 
loss of over 30,000 peach trees due to dicamba drift in 2016 and great drops in yield (Justice 
Pesticide, 2020; Smith, 2016). While in the early 2000s Bader’s trees yielded over 150,000 bushels, 
the yield had dwindled to 12,000 bushels in 2018 (Hettinger, 2020b). In October 2017, BASF was 
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added as defendant to the case by a motion from Bader Farms (Bader Farms v. Monsanto, 2017). 
Bader Farms claimed that Monsanto and BASF knew their products would cause damage to other 
farms and conspired “to create an “ecological disaster” where farmers would be forced to buy 
dicamba-based products”, thereby increasing demand for their products (Hettinger, 2020b).  

In February 2017, a class action lawsuit against Monsanto, claiming the company sold seeds 
without a safe corresponding herbicide, leading farmers to spray illegal chemicals that drifted onto 
other farms and destroyed crops, was filed by Missouri attorneys. The class action lawsuit had two 
Missouri farmers as lead plaintiffs and was filed on behalf of farmers in 10 U.S. states. Hundreds 
of farmers were expected to eventually join the lawsuit (Martin, 2017; Unglesbee, 2017). 

In the course of 2017, many more class action lawsuits, representing thousands of farmers whose 
fields have been damaged by dicamba drift, followed. In February 2018, a motion for a multidistrict 
litigation (MDL) was approved, centralising nine actions from different states in Missouri. The MDL 
includes the Bader Farms, Inc., et al. v. Monsanto Company and the Landers, et al. v. Monsanto 
Company cases, the first two lawsuits filed in the matter (Dicamba Herbicides Litigation, 2018; 
Neeley, 2018; Steed, 2018). By 2020, the MDL involved 30 lawsuits and 170 plaintiffs but the 
numbers were thought likely to increase (Davies, 2020). 

Internal company documents, obtained by the lawyers representing Bader Farms and presented 
to the jury, show that Monsanto and BASF had been aware for many years, that their new HT crop 
systems would likely lead to crop damage due to herbicide drift. In 2009, agricultural experts 
warned Monsanto that the dicamba-HT crops system could have catastrophic consequences. On 
the one hand, because farmers were likely to apply old, more volatile dicamba formulation to their 
dicamba tolerant crops and on the other hand because even the new formulations were still likely 
to cause herbicide drift strong enough to reach crops on other farms (Gillam, 2020a).  

Indeed, complaints about dicamba drift did not stop in the 2017 season, when the new herbicide 
formulations were introduced, on the contrary, the damage further increased. After the U.S. 
Environmental Protection Agency (EPA) approved Monsanto's new formulation, called XtendiMax 
with VaporGrip Technology, which contains dicamba, and stated it proposed to register Enlist Duo, 
the Dow AgroSciences formulation that contains 2,4-D, Texas winegrowers expressed concern 
that the use of the chemicals may soon expand to include 3.7 million acres of cotton fields in the 
High Plains, where cotton is being invaded by weeds immune to Roundup (Lutz, 2017). The 
winegrowers warned that their industry coud be wiped out as a result. They had already reported 
grapevines withering as a result of spray drift. Missouri and Arkansas responded to developments 
with legal restrictions on the use of dicamba (AgriMarketing, 2017).  
 
Since 2017, at least 5,000 complaints were filed with state agencies over dicamba drift damage. 
The numbers are likely higher as not all affected farmers file official complaints (Gillam, 2020a; 
Hettinger, 2020a). In 2017, weed scientists expressed concern to EPA, that the new dicamba 
herbicides are more volatile than manufacturers have indicated. Monsanto acknowledged it did not 
allow field testing of the new formulation by university researchers in order to not delay registration. 
Scientists that were denied access to test the volatility of the product lamented that the approval 
process proceeded without adequate data on volatility (Dewey, 2017). 
 
As the internal documents show, Monsanto expected over 10,000 dicamba damage claims from 
farmers between 2017 and 2020. The documents however also show that Monsanto and BASF 
saw affected farmers as potential new clients that would have to buy their seeds in order to protect 
their crops from dicamba drift damage in the future (Gillam, 2020a, Hettinger, 2020b). Indeed, a lot 
of soybean farmers buy dicamba-tolerant soybeans at least partly to protect their crops from 
neighbours spraying dicamba (Charles, 2019). While this may work for soybean farmers, it doesn’t 
help farmers that grow crops that are not genetically modified to resist the chemical, such as 
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winegrowers that have also suffered crops losses due to herbicide drift (Lutz, 2017) or peach 
farmers like Bill Bader from Bader Farms. 

In February 2020, Bader Farms won the first lawsuit and was awarded U.S. $15 million in damages, 
plus U.S. $250 million in punitive damages. The jury found that Monsanto negligently sold dicamba-
tolerant seed in 2015 and 2016 before its new low-volatility dicamba herbicide was approved by 
EPA and failed to provide adequate warnings about the dangers of off-target movement. The jury 
also found Monsanto and BASF had engaged in a joint venture and conspiracy, knowingly risking 
widespread crop damage in order to increase their own profits (Davies, 2020; Gillam 2020b). 
Monsanto and BASF are planning to appeal the $265m verdict. Following the verdict, the number 
of farmers seeking legal representation to bring charges against Monsanto (now owned by Bayer) 
and BASF has increased, with thousands of farmers being expected to become plaintiffs. The 
Bader trial is a good indicator of how other juries might rule in similar cases and may help to inform 
a settlement in the MDL. More such “bellwether cases” may be selected and heard by juries before 
it comes to a settlement in the MDL (Davies, 2020; Gillam, 2020a; 2020b; Hettinger, 2020b). 

In June 2020, Bayer announced it would pay up to a total of U.S. $ 400 million to settle the U.S. 
dicamba drift MDL and claims for the 2015-2020 crop years. Bayer expects a contribution from its 
co-defendant BASF towards this settlement (Gillam, 2020c). In December 2020, the settlement 
was finalised. US $300 million will be paid to soybean farmers that can document crop yield loss 
between 2015 and 2020 due to dicamba injury. BASF was not part of this signed agreement 
(Unglesbee, 2020d). 

Nevertheless, the companies still claim that the farmers are at fault for the crop damage by not 
correctly following the stewardship guidelines and label instructions (Gillam, 2020a). While new 
formulations are less prone to drift, and stricter regulation for their application and appropriate 
farmer training may help decrease damage from herbicide drift, it will not solve the problem. The 
high likelihood of farmers not being able to follow the complex label instructions for applying post-
emergent dicamba herbicides, played an important role in the following lawsuit, brought forward by 
farm and environmental groups. 

In January 2017, the National Family Farm Coalition, the Center for Food Safety, the Center for 
Biological Diversity, and the Pesticide Action Network, filed a lawsuit against EPA’s registration of 
dicamba for use on genetically engineered soybean and cotton, stating that EPA violated its duties 
under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA) and the Endangered 
Species Act (ESA) (Center for Food Safety, 2017). Following EPA’s re-registration of dicamba 
herbicides in October 2018, the case was re-filed in January 2019 and in addition to Monsanto’s 
XtendiMax also included dicamba herbicides Engenia (BASF) and FeXapan (Corteva), which were 
part the re-registration (Unglesbee, 2020e).  

In June 2020, the Ninth Circuit’s three-judge panel unanimously vacated EPAs approval of dicamba 
based herbicides, confirming that the EPA had violated the Federal Insecticide, Fungicide and 
Rodenticide Act (FIFRA) in multiple ways and that the EPA “… substantially understated the risks 
that it acknowledged and failed entirely to acknowledge other risks.” They did not rule whether or 
not EPA’s registration decision also violates the ESA (National Family Farm Coalition v. USEPA, 
2020; Renda, 2020a). 

According to the court ruling, the EPA understated the risk to non-dicamba tolerant (DT) plants by: 

- underestimating the dicamba tolerant (DT) seed acreage planted in 2018, and, correspondingly the 
amount of post-emergence dicamba herbicide sprayed on DT crops; 

- failing to acknowledge that dicamba damage was underreported; and 
- failing to acknowledge dicamba drift damage and quantifying or estimating the amount of damage 

(National Family Farm Coalition v. USEPA, 2020).  
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The court also accused the EPA of failing to acknowledge the high likelihood of substantial non-
compliance with label restrictions and resulting dicamba damage, despite the knowledge that label 
restrictions are difficult if not impossible to follow, stating: “The 2018 label, for use during the 2019 
and 2020 growing seasons … is forty pages long, with myriad instructions and restrictions”, adding 
“even before the additional restrictions were added to the 2018 label, many industry professionals 
had been dismayed by the difficulty in complying with the complex and onerous label requirements. 
By October 2018, there was substantial evidence that even conscientious applicators had not been 
able consistently to adhere to the label requirements.” Considering all factors like wind speed, time 
of day, precipitation forecast and time from the planting of neighbouring agricultural operations 
does not leave much time for spraying, a study conducted by Purdue University researchers found. 
Furthermore, the court noted that “The EPA entirely failed to acknowledge risks of economic and 
social costs” as required under FIFRA. These include the likely anti-competitive economic effects 
due to farmers planting DT varieties as a defensive measure against dicamba drift damage. The 
court also acknowledged that there is “…extensive evidence that OTT [over-the-top] application of 
dicamba herbicides has torn apart the social fabric of many farming communities” by turning “farmer 
against farmer, and neighbor against neighbor” (National Family Farm Coalition v. USEPA, 2020).   

The ruling makes it illegal for farmers to continue to use dicamba herbicides XtendiMax (Bayer), 
Engenia (BASF) and FeXapan (Corteva). It does not include Syngenta’s post-emergence dicamba 
formulations Tavium (Unglesbee, 2020f).  

The order to set aside the EPA’s appproval in the middle of the spray season led to a lot of anger, 
confusion and uncertainty about the legal status of applying the three dicamba products. After the 
ruling, only two states ordered a halt to all sales and use of the concerned products, while many 
U.S. states allowed the sale and use of the dicamba products until receiving further guidance from 
EPA. Meanwhile both Bayer and BASF paused their sales and distribution of their dicamba 
herbicides (Unglesbee, 2020g). 

On June 8, 2020, EPA issued a final cancellation order for the three dicamba products but allowed 
farmers to use supplies of the concerned dicamba-based herbicides that they had already 
purchased at the time of the ruling until end of July (Polansek, 2020; Wheeler, 2020). 

As a response, the plaintiffs filed an emergency motion, asking the Ninth Circuit court of appeals 
to halt all dicamba use (Unglesbee, 2020h). The motion was denied by the Ninth Circuit Court, 
allowing users to continue to spray any stocks of the concerned herbicides until the end of July 
(Unglesbee, 2020i). 

Meanwhile, weed scientists in the U.S. recommended adding either other post emergence 
herbicides such as Tavium which is not affected by the ruling, ALS herbicides, PPO inhibitors or 
LCFA inhibitors to glyphosate tank mixes; switching to another herbicide-tolerant platform, such as 
2,4-D, isoxaflutole or glufosinate tolerant crops; or increasing application rates and frequencies of 
glyphosate. Others argue that without dicamba there is not option for post-emergence control, since 
many important weeds already have resistances to glyphosate, ALS-inhibitors or PPO-inhibitors 
(Unglesbee, 2020j) 

Corteva and BASF filed motions to intervene in the court’s decision (Pucci, 2020). The Ninth Circuit 
however denied BASF’s motion on June 25 (Unglesbee, 2020k). In July 2020, Bayer, BASF and 
Corteva filed separate petitions asking that a broader group of Ninth Circuit judges re-hear the 
original case, which was also denied by the Ninth Circuit. BASF and Corteva also complained about 
not having had a chance to defend their products, since they were only included when the case 
was re-filed in 2019 and were not part of the original 2017 lawsuit (Appeals Court Rejects Dicamba 
Rehearing Request, 2020; Unglesbee, 2020l). For the 2021 season, Bayer and BASF submitted 
the same formulations of XtendiMax and Engenia for a new registration, along with new volatility-
reducing agents (Unglesbee, 2020m). In October 2020, EPA re-registered XtendiMax and Engenia 
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for use on dicamba tolerant cotton and soybeans for five years and extended the registration for 
Tavium for the same period of time. (Rizzuto & Vasquez, 2020), even though EPA’s own data show 
that the crop injury from dicamba drift was worse than previously known (Hettinger, 2020d). In 
February 2021, Corteva Agriscience announced it would discontinue sales of FeXapan herbicide 
in the U.S. and Canada, stating that customers may still buy Corteva brand dicamba-tolerant 
soybean products and use them with dicamba herbicides offered through other brands (Corteva 
Agriscience, 2021a). Internal documents show how much influence the registrants, especially 
Bayer, had over the re-approval of dicamba (Hettinger, 2021). Following the re-registrations, the 
National Family Farm Coalition, the Center for Food Safety, the Center for Biological Diversity, and 
the Pesticide Action Network filed a new lawsuit with the Ninth Circuit to review the decision to 
permit the continued use of these dicamba formulations (Center for Food Safety et al. V. USEPA, 
2020). With the re-registrations EPA also issued some restrictions for the use of these herbicides, 
that should help minimise drift and protect other farmers’ crops, such as applying a volatility-
reducing chemical, extending the downwind buffer and implementing a nation-wide cut off date 
after which dicamba application is prohibited (Hettinger, 2020c). In May 2021, only a few months 
after the 2020 re-registrations, the EPA released a report admitting to high-ranking officials 
excluding scientific evidence of dicamba’s drift risk prior to its 2018 re-registration (US EPA, 2021b):  
 
“We found that the EPA’s 2018 decision to extend registrations for three dicamba pesticide 
products varied from typical operating procedures. Namely, the EPA did not conduct the required 
internal peer reviews of scientific documents created to support the dicamba decision. While 
division-level management review is part of the typical operating procedure, interviewees said that 
senior leaders in the OCSPP’s [Office of Chemical Safety and Pollution Prevention’s] immediate 
office were more involved in the dicamba decision than in other pesticide registration decisions. 
This led to senior-level changes to or omissions from scientific documents. For instance, these 
documents excluded some conclusions initially assessed by staff scientists to address stakeholder 
risks. We also found that staff felt constrained or muted in sharing their concerns on the dicamba 
registrations. The EPA’s actions on the dicamba registrations left the decision legally vulnerable, 
resulting in the Ninth Circuit Court of Appeals vacating the 2018 registrations for violating FIFRA 
by substantially understating some risks and failing to acknowledge others entirely.” 

 
In 2022, the federal judge considering the case against the EPA in the U.S. District Court for the 
District of Arizona ordered that the EPA should file a report on the status of its ongoing evaluation 
of its options for addressing future dicamba-related incidents (Unglesbee, 2022a). The 
environmental and farming organisations subsequently asked the court to lift a stay and expedite 
their lawsuit demanding EPA vacate its 2020 dicamba registrations of Engenia, Tavium and 
XtendiMax (Unglesbee, 2022b). 
 
Despite the new restrictions on dicamba use that came with the 2020 re-registration, the number 
of formal complaints of herbicide injury in 2021 kept pace with the 2020 season in some states. In 
Minnesota it was even higher than in 2020. In Arkansas, where Dicamba was legal to spray for the 
first time since 2017, the Arkansas Department of Agriculture estimated that between 650,000 to 
800,000 acres of crops were damaged just in the eastern Arkansas areas. Most likely, the formal 
pesticide injury complaints don’t fully reflect the extent of crop injury over fears of neighbourly 
tensions, jeopardising any future crop insurance claims for other problems, or because farmers 
don’t know the source of the crop injury (Campbell, 2021; Unglesbee, 2021b). The Upper Midwest 
even reported that 2021 may be the worst year yet when it comes to dicamba damage in the Upper 
Midwest, although some of the crop injury may also be the result of drought (Rook & Pates, 2021). 

Despite these developments, the companies involved are not moving away from the dicamba-
tolerant crop system. They are working on new dicamba formulations, some of which are already 
submitted with the U.S. EPA. They also aim to commercialise new dicamba tolerant traits in the 
near future, some with tolerances against four or five active ingredients (Unglesbee, 2020n).  



 
 

Genewatch UK 
August 2022 

195	

8.2.2 2,4-D lawsuit 

Corteva Agriscience’s Enlist Duo herbicide designed for post-emergence use in 2,4-D tolerant 
Enlist crops also faced legal challenges in the Ninth Circuit appeals court. Many of the same 
plaintiffs that won the dicamba case in 2017 also filed a lawsuit against the Enlist Weed Control 
System (2,4-D and glyphosate), claiming the EPA violated the Endangered Species Act (ESA) and 
the Federal Insecticide Fungicide and Rodenticide ACT (FIFRA) (Allington, 2020; Begemann, 
2020; Unglesbee, 2020o). In July 2020, the Ninth Circuit with a two-judge majority denied the 
petition to vacate Enlist Duo. The judges’ majority opinion however agreed that the EPA had failed 
to consider potential harm to monarch butterflies from increased Enlist Duo use on milkweed in 
crop fields. The EPA is now requested to address this issue. In a minority opinion, a third judge 
argued that EPA had indeed violated the Endangered Species Act and that the Enlist Duo 
registrations should be vacated. The judge agreed with the plaintiffs that EPA failed to use the best 
scientific data to assess potential risks to threatened or endangered species. The plaintiffs 
announced they would challenge the ruling, stating that the EPA ignored well-documented 
evidence that Enlist Duo harms endangered species such as Hine’s emerald dragonflies and 
Fender’s blue butterflies (Renda, 2020b; Unglesbee, 2020p). Until today, Enlist Duo remains 
registered for over the top use, and unlike the dicamba formulations, this has no cut-off date 
(Corteva Agriscience, 2021b).  

9. Alternatives 
 
The growing failure of RoundUp Ready crops, due to the spread of glyphosate resistant (GR) 
weeds, provides an opportunity to phase out the use of RR crops and adopt new methods and 
technologies. The priority should be to reduce and replace the use of herbicides: not to replace RR 
crops with other herbicide-tolerant crops, whether or not these are GM crops or produced by 
different methods. Harker et al. (2017) note that weed science credibility and progress requires 
admission that herbicides should be used less frequently: and that this requires the influence of the 
herbicide industry to be reduced. It is now widely recognised that “The vision for the future of HR 
[herbicide resistant] weed management globally should center on reduced herbicide dependency, 
especially glyphosate” (Beckie et al., 2019). 
 
Viable alternatives include: 
• Increased use of agro-ecological methods, for conventional as well as organic farming, 
including crop rotations; 
• Further development and implementation of spot spraying and precision weeding to target 
and reduce the use of herbicides. 
 
A detailed review of alternatives is outside the scope of this report, however some further resources 
are highlighted below. 
 
Agro-ecology is defined by the website www.agroecology.org as: 
 

• The application of ecology to the design and management of sustainable agroecosystems. 
 

• A whole-systems approach to agriculture and food systems development based on traditional 
knowledge, alternative agriculture, and local food system experiences. 
 

• Linking ecology, culture, economics, and society to sustain agricultural production, healthy 
environments, and viable food and farming communities. 
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The United Nations Food and Agriculture Organisation (FAO) states on its website5: 
“Agroecology is a scientific discipline, a set of practices and a social movement. As a science, it 
studies how different components of the agroecosystem interact. As a set of practices, it seeks 
sustainable farming systems that optimize and stabilize yields. As a social movement, it pursues 
multifunctional roles for agriculture, promotes social justice, nurtures identity and culture, and 
strengthens the economic viability of rural areas. Family farmers are the people who hold the tools 
for practising Agroecology. They are the real keepers of the knowledge and wisdom needed for 
this agenda. Therefore, family farmers around the world are the keys elements for producing food 
in an agroecological way”. 
 
Numerous examples of current applications and research and development are available on these 
websites and elsewhere. 
 
In an alternative approach, precision weeding and precision spraying focus more on the use of 
modern technologies such as robots to target pesticide applications more precisely and thus reduce 
their use, or on using lasers to burn targeted weeds (Quartz, 2015; Guardian, 2015; Horticulture 
Week, 2015; Gonzalez-de-Santos et al., 2017; Beckie et al., 2019b; Oliver 2020; Belton 2021; 
Peters, 2021). Young (2012) argues that, “By using the latest technologies that can quickly identify 
weeds and react with precisely targeted applications, conceptually, weed control tools could be 
integrated for use at anytime and at any point in a field”. The goal is “the elimination of weeds while 
minimizing negative impacts to the environment and economics”. Harvest Weed Seed Control 
(HSWC) is another weed control practice that does not rely on increasing use of herbicides, but 
instead tries to limit weed seed production during grain harvest (Walsh et al., 2017). These moves 
towards reducing inputs are the opposite of the blanket spraying of crops with weedkillers 
associated with RR or other HT crops.  
 
There are significant opportunity costs associated with investing in ‘next-generation’ HT crops 
which are tolerant to more herbicides but which will not solve the long-term problem of resistant 
weeds and will continue to pose risks to human health and the environment. Investing in 
alternatives such as agroecology and spot spraying means a supporting a paradigm shift towards 
using less herbicide, not more, to the benefit of farmers, human health and the environment. It is 
particularly important that RR crops are not pushed into new countries which have so far avoided 
stepping onto the “transgenic treadmill”.  

 
5	http://www.fao.org/family-farming/themes/agroecology/en/		
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