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SUPPLEMENT

Herbicide resistance and biodiversity: Agronomic and environmental aspects of genetically
modified herbicide-resistant plants

SUMMARY

Farmland biodiversity is an important characteristic when assessing sustainability of agricultural
practices and is of major international concern as shown by the Convention on Biodiversity (CBD) and
the various decisions since then. Scientific data indicate that agricultural intensification and pesticide
use are among the main drivers of biodiversity loss. Given the actual trends in cultivation of
herbicide-resistant (HR) crops, the HR crop system did not increase yields significantly and could not
reduce herbicide use. Glyphosate-based herbicides have been shown to be toxic to a range of
organisms and to adversely affect soil and intestinal microflora and plant resistance to disease.
Glufosinate exhibits reproductive toxicity to mammals and will be phased out in the EU in 2017.
Continuous HR cropping and the intensive use of glyphosate over the last 20 years has led to the
appearance of at least 34 glyphosate-resistant weed species infesting millions of farmland hectares
worldwide. To avoid resistance development in weeds, integrated weed management has been
recommended. Conversely, companies develop transgenic crops carrying multiple HR genes,
including genes that confer resistance to other herbicides, e.g. synthetic auxins or ALS-inhibitors.
However, a number of hard to control weeds is already resistant to these herbicides. Experience with
HR crop systems over several years shows that broad-spectrum herbicide application further
decreases diversity and abundance of wild plants, in particular of broad-leaf plants, and impacts
arthropod fauna and other farmland animals. Thus, adverse impacts of HR crops on biodiversity
should be expected and are indeed very hard to avoid. For that reason, and in order to comply with
international agreements to protect and enhance biodiversity, agriculture needs to focus on
practices that are more environmentally friendly, including a reduction in pesticide use.

The present review is a condensation and update of a comprehensive technical report which was
previously published by the German Federal Agency for Nature Conservation BfN, the Austrian
Environment Agency EAA, and the Swiss Federal Office for the Environment FOEN (Tappeser et al.
2014). Further on and based on the technical report, a subset of members of the Interest Group
GMO within the EPA- and ENCA networks', drafted a position paper which contains key messages
regarding environmental impacts of the cultivation of genetically modified herbicide-resistant
plants®. Acting upon the key messages should improve the scope of the current environmental risk
assessment of these plants. The position paper was recently addressed to relevant EU bodies with
the aim to ensure adequate protection of the environment in the future.

! The European Networks of the Heads of Environment Protection Agencies EPA and European Nature
Conservation Agencies ENCA. The subset of the Interest Group GMO consisted of the Environment Agency
Austria EAA, the Finnish Environment Institute SYKE, the German Federal Agency for Nature Conservation BfN,
the Institute for Environmental Protection and Research ISPRA, and the Swiss Federal Office for the
Environment FOEN.
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REVIEW
Introduction

There is scientific consent that biodiversity is endangered and its protection is urgent (e.g. Rockstréom
et al. 2009). For this reason, conservation of biodiversity has received increased attention and has
become an important issue of international and environmental policies. The term biodiversity, used
for the variability among living organisms from all sources including terrestrial, marine and other
aquatic ecosystems, and the ecological complexes of which they are part, includes diversity within
species, between species, and of ecosystems (CBD, Article 2. Use of Terms)®.

Biodiversity in agricultural landscapes can be characterized by composition (which and how many
species/genotypes), structure (dominance), and function, where composition and structure can both
affect its function (Duelli 1997, Biichs et al. 2003). Intensive high-input farming affects the diversity
and abundance of the within-field weed flora (Hawes et al. 2010) and is one of the drivers of ongoing
biodiversity losses in agricultural landscapes (Krebs et al. 1999, Robinson and Sutherland 2002, Foley
et al. 2011).

Agreements and regulations covering biodiversity protection

The protection and conservation of biodiversity has become an important issue of international and
environmental policies for more than two decades. In 1992, the Rio Earth Summit agreed on the
Convention on Biological Diversity (CBD) that aims at conservation of biodiversity, sustainable use of
its components, and both access to genetic resources and sharing of the benefits arising out of their
utilization (the Convention entered into force in 1993). In 2000, all United Nations (UN) member
states and important international organizations agreed on 8 Millennium Development Goals (MDG)
to be achieved by 2015, among them the goal No. 7 “to ensure environmental sustainability and to
reduce biodiversity loss”. The TEEB (The Economics of Ecosystems and Biodiversity) initiative of the
G8+5 Group from 2007 sought to promote a better understanding of the true economic value of
ecosystem services and to contribute to more effective policies for biodiversity protection (TEEB
2008). In 2010, the UN General Assembly declared 2011-2020 the United Nations Decade on
Biodiversity and released the Strategic Plan for Biodiversity 2011-2020 which aims at stopping the
loss of biodiversity, while finding out the underlying causes for it, including production and
consumption patterns. To achieve these goals, countries should develop national strategies and
action plans. Such action plans have been implemented in a range of countries (EC 2012).

A supplementary agreement to the CBD is the Cartagena Protocol on Biosafety (CPB), adopted by the
Parties to the CBD in 2000 and entering into force in 2003, with the aim to protect biological diversity
from the potential risks posed by living modified organisms (LMOs)*. The Protocol established a
Biosafety Clearing House to facilitate information exchange on LMOs and procedures to ensure that
countries can make informed decisions before they agree to the import of LMOs (advance informed
agreement AlA). Actually, 195 nations plus the EU are Parties to the CBD and 169 plus the EU to the
Cartagena Protocol.

3 http://www.cbd.int
* The CPB uses LMO instead of GMO, restricting the scope to only living modified organisms
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In the EU, the deliberate release into the environment of genetically modified organisms (GMOs) is
regulated by the Directive 2001/18/EC and its amendment, the Directive (EU) 2015/412. Referring to
the precautionary principle, the Directive 2001/18/EC aims at the protection of human and animal
health and the environment and at control of risks from such releases. According to this Directive,
potential cumulative long-term effects of GMO releases have to be monitored and the diversity of
European ecosystems has to be taken into account. In the course of the environmental risk
assessment (Annex Il), intended and unintended as well as cumulative long-term effects relevant to
the release and the placing on the market of GMOs have to be considered comprehensively. This is in
terms of human health and the environment, including inter alia flora and fauna, soil fertility, soil
degradation of organic material, the feed/food chain, biological diversity, animal health, and
resistance problems in relation to antibiotics.

Herbicide-resistant crops

Herbicide-resistant (HR)> crops will help to further intensify farming and increase pressure on
biodiversity. Although effects of genetically modified (GM) HR plants may apply also to non-GM HR
plants, such as Clearfield® crops (Tan et al. 2005), and impacts on biodiversity are linked to the
introduction of new crops for intensive management (Sutherland et al. 2006), the wide in-crop use of
broad-spectrum herbicides such as glyphosate and glufosinate was only made possible by genetic
engineering. GM crops resistant to these herbicides have first been cultivated commercially in the
1990’s (Green and Castle 2010). HR crop technology comes as a package consisting of the HR crop
plus at least one complementary herbicide. The technology allows for a changed herbicide use in
terms of application rate, dosage and/or crop life stage, compared to other cropping systems.
According to the Council of the European Union (2008), the potential consequences for the
environment of changes in the use of herbicides caused by transgenic HR plants have to be studied
and the competent authorities involved in the implementation of the Directive 2001/18/EC and of
the Directive on pesticides 91/414/EC (replaced by Regulation (EC) 1107/2009) should co-ordinate
their action as far as possible.

Most HR crops placed on the market are resistant to either glyphosate (often called RoundupReady
RR-crops) or glufosinate (also known as LibertylLink LL-crops), and increasingly both traits are
combined in one crop, especially in maize and cotton®. GM crops with resistance to other herbicides
such as imidazolinone, sulfonylurea, dicamba, 2,4-D’, HPPD®- and ALS’-inhibitors are under
development (Green 2014) or already on the market, and quite often these traits are stacked with
glyphosate and/or glufosinate resistance™. Various cotton, maize, and soybean stacks are no longer
considered a regulated article under USDA regulations (USDA 2015). Another strategy that is pursued
for HR crops is the development of plants which are highly resistant towards glyphosate (see below).

The organic acid glyphosate inhibits 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), an
enzyme of the shikimate pathway for biosynthesis of aromatic amino acids (phenylalanine,

> Throughout this document the terms "herbicide resistance" and "herbicide tolerance" are used as defined by the Weed Science Society of
America (WSSA 1998); both terms are not used synonymously with respect to a particular response to a herbicide, they rather distinguish
naturally occurring "tolerance" from engineered "resistance".

® e.g. maize Bt11xGA21, MON 89034x1507xNK603, cotton GHB614xLL25xMON15985

7 2,4-dichlorphenoxyacetic acid

& hydroxyphenylpyruvate dioxygenase

acetolactate synthase (ALS)
0 e.g. soybean DAS-44406-6, cotton DAS-81910-7
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tryptophan and tyrosine) and phenolics. The enzyme is present in plants and microorganisms, but
not in human or animal cells (OECD 1999a). Glufosinate ammonium is an equimolar, racemic mixture
of the D- and L-isomers of phosphinothricin (PPT). L-PPT glufosinate inhibits plant glutamine
synthetase, leading to the accumulation of lethal levels of ammonia (OECD 1999b). Glyphosate and
glufosinate use are not unique to HR cropping systems, but they can be used in HR-crops at other
application rates, dosages, and/or crop life stages, compared to other cropping systems.

Most glyphosate-resistant crops contain epsps genes from Agrobacterium spp. encoding an EPSPS
protein that is insensitive to glyphosate. Others contain additionally the gox gene from
Ochrobactrum anthropi encoding the glyphosate-degrading enzyme glyphosate oxidoreductase
(GOX). The more recently used gat gene confers glyphosate resistance by expression of glyphosate
acetyltransferase (GAT), an enzyme that modifies glyphosate. Another recent strategy to fight
glyphosate-resistant weeds is the development of plants that are highly resistant to glyphosate due
to the co-expression of gat and epsps genes (Dun et al. 2014, Guo et al. 2015).

The glufosinate-resistant crops have been transformed with one of the two bacterial genes pat or bar
from Streptomyces spp. Both genes encode the enzyme phosphinothricin acetyl transferase (PAT)
which detoxifies L-PPT thereby conferring resistance to glufosinate (L-PPT).

HR GM crops with resistance to further herbicides were developed. The gm-hra gene is a modified
soybean als gene and confers resistance to ALS-inhibitors (USDA 2007). The aad-1 and aad-12 genes,
expressed in corn, cotton, and soybean (USDA 2014), encode aryloxyalkanoate dioxygenase (AAD)
proteins that degrade 2,4-D and can act on other herbicides as well, such as ACCase inhibitors™ or
other synthetic auxins (Wright et al. 2010). The dicamba mono-oxygenase (DMO) derived from the
bacterium Stenotrophomonas maltophilia demethylates dicamba, rendering it inactive in GM
soybean and GM cotton (APHIS 2014).

Many transgenic HR crop species have been globally tested in field experiments, but to date only four
are widely grown commercially since the late 1990s: maize, cotton, canola, and soybean (Brookes
and Barfoot 2015a). In 2013, of the 175.2 million ha global GM crop area, about 57% (99.4 million ha)
were planted with HR varieties and another 27% (47 million ha) with crops with stacked traits
(basically HR/insect resistance stacks) (James 2013). Hence, 84% of the GM crops carried herbicide
resistance genes (146.4 million ha). This amounts to 45.7% of the global area of these four crops (320
million ha).

In 2013, HR soybean was grown on 78.7 million ha (Brookes and Barfoot 2015a), making up about
four fifths of the global soybean area and 46.1% of the global GM crop area. It is the dominant GM
crop grown commercially in countries such as USA (>90% of all soybean is HR), Argentina, Brazil,
Paraguay, Canada, Uruguay, Bolivia, South Africa, Mexico, Chile, and Costa Rica. All GM canola is
herbicide-resistant, and in 2013 it represented about 24% of the global canola area (34 million ha)*.
Herbicide resistance is also an important trait in cotton and maize, where it is often combined with
insect resistance genes. In the US, HR crops such as alfalfa, sugar beet, creeping bentgrass, and rice
are already deregulated and on the market or pending for deregulation (USDA 2015).

™ Inhibitor of acetyl CoA carboxylase (ACCase)
2
http://www.gmo-
compass.org/eng/agri_biotechnology/gmo_planting/344.genetically modified rapeseed global area under_cultivation.html
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Yields of HR crops

Yield differences of HR relative to conventional crops may be due to various reasons, such as scale
and region of growing, site and size of farms, soil, climate, tillage system, weed abundance, varieties,
crop management, weed control practice, farmer skills, and the education of the farm operators
(Zentner et al. 2002). When comparing vyields between HR and conventional varieties, their
respective genetic backgrounds have to be taken into account (Holtzapffel et al. 2008). In some
cases, herbicide-resistance genes may exert pleiotropic harmful effects on yield (Darmency 2012).
Reviewing data about the agronomic performance of GM crops, Areal et al. (2013) concluded that
although GM crops, in general, perform better than conventional counterparts in agronomic and
economic (gross margin) terms, results on the yield performance of HR crops vary. While, in general,
the effect of HR seeds on vyields is mixed, HR traits stacked with insect resistance are reported to
have higher yields (Fernandez-Cornjeo et al. 2014).

In comparison to conventional varieties, yields of Canadian HR canola varieties were lower, the same,
or higher (Phillips 2003, Cathcart et al. 2006), so it seems that there is no direct correlation between
the HR trait and yield. Glyphosate-resistant canola lines may show a slight yield penalty, whereas
glufosinate-resistant canola cultivars were amongst the highest yielding due to intensive breeding
efforts in the past two decades (Beckie 2013).

In glyphosate-resistant soybean, earlier studies have repeatedly found a yield reduction, but more
recent studies show little yield difference, although subtle differences in quality-related traits may be
observed (Beckie 2013). The yield drag that has been observed (Elmore et al. 2001) might be due to
(i) the present resistance gene in first generation HR lines RR 40-3-2, (ii) reduced nodular nitrogen
fixation upon glyphosate application and/or (iii) a weaker defence response (King et al. 2001). The
applied glyphosate rather than the genetic modification affected nodule number and mass which
have been correlated with nitrogen fixation (King and Purcell 2001, Powell et al. 2007).

The second generation HR soybean (RR2Y, MON 89788) is claimed to have a yield increase, compared
to line RR 40-3-2, likely due to a superior recipient line plus a newer insertion method to avoid the
yield drag (Gurian-Sherman 2009). However, when tested in the greenhouse, different cultivars of
RR2Y performed less well than RR 40-3-2 (Zobiole et al. 2010). Data from more than 10 years of US
HR soybean production show that HR crop yields are, on average, not higher and sometimes lower
than yields of conventional varieties (Gurian-Sherman 2009). Different cultivars of first and second
generation RoundupReady soybean have been reported to exhibit the symptom of “yellow flashing”,
which is a bleaching of leaves that occurs when plants are treated with Roundup, even at labelled
rates (Guo et al. 2015). “Yellow flashing” is thought to derive from the increase of shikimic acid in
plants and accompanied by a decreased chlorophyll content and reduced photosynthesis. It affects
nutrient uptake and results in reduced grain yield (Zobiole et al. 2012, Guo et al. 2015).

Genotype by environment interactions may explain contradictory results for glyphosate-resistant
corn cultivars (Beckie 2013). Under average- to low-yield environments, glyphosate-resistant corn
yielded more than conventional systems, but less under high-yield environments (Thelen and Penner
2007). Reviewing data of one or two year field studies in five states of the USA, Gurian-Sherman
(2009) did not find a consistent yield advantage over conventional systems for HR corn, a finding that
was confirmed by Heinemann et al. (2014) who compared GM corn in the US (where 85% of corn
carry HR traits, Fernandez-Cornejo et al. 2014) with conventional varieties in Europe.

5
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According to Khan (2015), who reviewed the adoption of glyphosate-resistant sugar beet in the USA
since 2008, conventional and glyphosate-resistant sugar beet varieties produced yields that resulted
in similar recoverable sucrose in Minnesota and North Dakota. This came unexpected since research
studies indicated otherwise because of better weed control in GM sugar beet. Further yield
comparisons in the field were not possible because nearly 100% of fields were planted to HR sugar
beet after 2008. During the last years, sugar beet yields increased slowly both in the USA and in
Europe, where only conventional sugar beet varieties are grown, possibly due to favourable
environmental conditions. Therefore, yield increase in the USA should not be attributed to the HR
trait.

Eco-toxicological attributes of complementary herbicides

For herbicides, specific legal frameworks regulating the approval procedures and assessment criteria
are established, varying to some degree in different countries (e.g. Regulation (EC) 1107/2009 and
Regulation 540/2011). While glufosinate, due to its reproductive toxicity, is expected to be phased
out in the EU in 2017 (EC 2011), glyphosate, authorized in 2002, is in the process of re-evaluation (EC
2010). Due to the adoption of HR crops, glyphosate is today the herbicide most widely used in the
world, applied on millions of hectares of glyphosate-resistant crops and increasingly on non-HR crops
(e.g. for desiccation purposes) and in non-agricultural settings. In light of the great number of
glyphosate-resistant crops that are authorized or in the pipeline, glyphosate most likely will remain
one of the most used herbicides.

Glyphosate

Glyphosate (C3HsNOsP; N-(phosphonomethyl)glycine), a polar, water soluble organic acid, is a potent
chelator that easily binds divalent cations (e.g. Ca, Mg, Mn, Fe) and forms stable complexes (Toy and
Uhing 1964, Cakmak et al. 2009). In addition to the active ingredient (a.i.) that can be present in
various concentrations, herbicides usually contain adjuvants or surfactants that facilitate penetration
of the active ingredient through the waxy surfaces of the treated plants. The best known glyphosate
containing herbicides, the Roundup product line, often contain as a surfactant polyethoxylated
tallow amine (POEA), a complex mixture of di-ethoxylates of tallow amines characterized by their
oxide/tallow amine ratio (typically 15% or less of the final formulation). POEA is significantly more
toxic than glyphosate (Cox and Surgan 2006) and more so in alkaline than in acid water (Diamond
and Durkin 1997). The toxicity of formulations to human cells varies considerably, depending on the
concentration (and homologue) of POEA (Mesnage et al. 2013). Data from toxicity studies performed
with glyphosate alone over short periods of time may thus conceal adverse effects of the herbicides.
In addition, toxicology studies involving one pesticide at a time may not be appropriate to detect
combined effects of exposure to multiple pesticides (Relyea and Hoverman 2006) and may miss
indirect effects (Preston 2002).

Glyphosate degradation is reported to be rapid (half-lives up to 130 days, sometimes 240 days)
(Borggard and Gimsing 2008), its main metabolite aminomethylphosphonic acid (AMPA) degrades
more slowly. Although thought to be non-mobile, due to the strong adsorption to soil particles (Giesy
et al. 2000), glyphosate and AMPA reach aquatic systems, resulting in surface water concentrations
in the pg/L to mg/L range (up to 1700 pg/L glyphosate and 35 pg/L AMPA, respectively, in US pond
water) (WHO 2005). Both substances are frequently and widely found in US soils, surface water, and
precipitation (Battaglin et al. 2014) and are transported to marine systems, as shown by Skeff et al.

6
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(2015). Groundwater can be reached too (Sanchis et al. 2011). Recently, the widespread occurrence
of POEA and the persistence of POEA homologues in US agricultural soils have been reported (Tush
and Meyer 2016).

As mentioned before, glyphosate inhibits the enzyme EPSPS of the shikimate pathway. Disruption of
this pathway inhibits the biosynthesis of aromatic amino acids and thereby proteins, which leads
ultimately to the plant’s death (OECD 1999a). It also leads to a lack of phenolics, including defence
molecules (e.g. phytoalexins), lignin derivatives, and salicylic acid that functions as signal molecule
(Powell and Swanton 2008). In addition, glyphosate impacts micronutrient uptake and transport in
plants (Eker et al. 2006, Cakmak et al. 2009). Even low levels of residual glyphosate in soil impede the
availability and uptake of Mn, Fe, Cu, and Zn by plants. An undersupply of nutrients can reduce
disease resistance and plant growth, thus increasing the herbicidal activity (Johal and Huber 2009).

In soils where RoundupReady crops are grown, high concentrations of glyphosate have been
recorded, up to 1500 pg/kg (1.5 ppm) glyphosate and 2250 pg/kg (2.25 ppm) AMPA in Argentina
(Aparicio et al. 2013). Glyphosate impacts the composition of the soil microflora, suppressing some
soil microorganisms while favouring others (Roslycky 1982, Kremer and Means 2009). This is likely
linked to varying sensitivities of bacterial EPSPS enzymes to glyphosate (Clair et al. 2012). Studies
based on standardised tests found no long-term effects on soil microorganisms, even if exceeding
maximum application rates (Cerdeira and Duke 2006), whereas in long-term studies shifts in
composition and activity of microorganism populations have been observed (Kremer and Means
2009, Zobiole et al. 2011a). For instance, beneficial fluorescent pseudomonads, associated with
antagonism of fungal pathogens and manganese reduction (to Mn2+ that is taken up by plants) were
reduced in the rhizosphere of RoundupReady crops. In the RoundupReady soybean system, nitrogen
fixation and/or assimilation can potentially be reduced (Means et al. 2007), in particular at above
label use rates and under soil moisture stress (Zablotowicz and Reddy 2007). Negative impacts of
increasing glyphosate rates on nodulation, nutrient accumulation and other growth characteristics of
first and second generation RR soybean® have been reported (Zobiole et al. 2011b, Zobiole et al.
2012, Guo et al. 2015).

Glyphosate impacts on fungi vary, depending on study sites, species, pathogen inoculum, the timing
of herbicide application, soil properties, and tillage (Powell and Swanton 2008, Sanyal and Shrestha
2008, Kortekamp 2011). Some fungi seem to be sensitive, e.g. mycorrhizal fungi (Kremer and Means
2009, Druille et al. 2013), others, including rust and blight fungi, can increase under glyphosate
application. Root exudates of glyphosate-treated RR soybeans may favour growth of pathogenic
Fusarium fungi (Kremer et al. 2005). Roots of glyphosate-treated RR soybeans and RR maize had from
two to ten times higher Fusarium numbers, compared to untreated plants or plants treated with
conventional herbicides (Kremer and Means (2009). Roundup may affect entomopathogenic fungi
that combat harmful insects (Morjan et al. 2002).

Glyphosate (without surfactants) and the metabolite AMPA are said to be of low toxicity to aquatic
organisms such as invertebrates and fish (WHO 1994, Giesy et al. 2000). Phytoplankton, however,
may be affected by glyphosate/Roundup, as total phytoplankton decreased and cyanobacteria
increased in abundance (Pérez et al. 2007, Vera et al. 2010). Cyanobacteria are remarkably tolerant
to glyphosate, possibly due to an insensitive form of EPSPS and/or the ability to metabolize it (Forlani

 First generation RR soybean is RR 40-3-2 and second generation RR soybean is MON 89788

7
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et al. 2008). Should phosphate containing glyphosate add to the phosphorous load of surface waters,
harmful cyanobacteria blooms might be favoured. The natural nitrifying community may be affected
if glyphosate concentrations in the water column increase, especially during bacterial growth
(Sanders and Lassen 2015).

Some of the surfactants used in glyphosate formulations are significantly more toxic than the active
ingredient, in particular for aquatic organisms (Brausch and Smith 2007). The toxicity of formulated
products to aquatic organisms differs, due also to highly variable sensitivity of individual species (Tsui
and Chu 2004). Reported LC50 values for glyphosate formulations (in the mg/L range) for a green
alga, Daphnia magna, and carp vary considerably (up to 370 fold) (WHO 1994, Durkin 2003). In
studies where D. magna were fed glyphosate residues for their whole life cycle, growth, reproductive
maturity and offspring number were impaired (Cuhra et al. 2015). Environmentally relevant levels of
exposure to both glyphosate and Roundup have led to major changes in the liver transcriptome of
brown trout, reflective of oxidative stress and cellular stress (Uren Webster and Santos 2015).
Simultaneous exposure to glyphosate-based herbicides and other stressors, not uncommon in nature
(Relyea 2005), can induce or increase adverse impacts on fish (Kelly et al. 2010) and amphibians
(Jones et al. 2011).

Amphibians are particularly at risk to be exposed to glyphosate-based products, since shallow
temporary ponds, often essential to their life cycles, are areas where pollutants can accumulate
without substantial dilution (Mann et al. 2003). Early data suggested that Roundup is at best
moderately toxic to amphibians and glyphosate non-toxic to slightly toxic (Giesy et al. 2000). More
recent data led Pl6tner and Matschke (2012) to conclude that glyphosate is itself toxic to amphibians,
and surfactants such as POEA are even more so: sub-lethal concentrations of glyphosate and
glyphosate-based herbicides can cause abnormal behaviour, teratogenic effects and developmental
failures. In addition, reduced growth of algae and aquatic plants could limit the food supply for
tadpoles. In case glyphosate impairs the microbial communities of their skin, amphibians may
become more susceptible to parasites and pathogens. Adult and juvenile amphibians may also come
into contact with glyphosate-based herbicides, e.g. when there is a temporal coincidence of
glyphosate application and migration (Wagner and Lotters 2013). As virtually nothing is known about
environmental concentrations of the surfactants, glyphosate levels can only be seen as
approximations for contamination with glyphosate-based herbicides. Therefore, better monitoring of
both amphibian populations and contamination of habitats with glyphosate-based herbicides is
important (Wagner and Létters 2013, Wagner et al. 2013).

In laboratory studies, Roundup was found to be harmless to most of the tested arthropods, among
them beneficial land predators and parasites, but harmful to others (Hassan et al. 1988, EC 2002).
The mortality was reduced when exposed to the glyphosate salt only. Formulated products have
been reported to be toxic to predatory mites, moderately toxic to some beneficial spiders and
(parasitic) wasps, and of low toxicity to earthworms (CTB 2002). When exposed to glyphosate for a
longer time (100 days), the growth of an earthworm species was severely affected (Springett and
Gray 1992). Locomotor activity of earthworms might be altered, too, potentially compromising their
survival (Verrell and Buskirk 2004). In addition, glyphosate application reduced the number and mass
of casts and reproductive success of earthworm species that inhabit agroecosystems (Gaupp-
Berghausen et al. 2015).
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Although glyphosate is supposed to be practically non-toxic to honeybees (Monsanto Canada 2002),
Herbert et al. (2014) observed negative effects of sub-lethal concentrations on honeybee appetite
behaviour and learning. Exposure to glyphosate doses commonly found in agriculture also impairs
the cognitive capacities of forager bees needed to retrieve and integrate spatial information for a
successful return to the hive (Balbuena et al. 2015).

Acute toxicity of glyphosate to mammals is lower relative to other herbicides. HR soybean cropping is
therefore supposed to be more environmentally friendly than conventional systems, based on LD50
indicators (Nelson and Bullock 2003). Glyphosate-based herbicides, however, have been reported to
be toxic to human and rat cells, impact chromosomes and organelle membranes, act as endocrine
disruptors, and lead to significant changes in the transcriptome of rat liver and kidney cells (Mesnage
et al. 2013, 2015, Malatesta et al. 2008, Monroy et al. 2005), sometimes in concentrations at or
below the recommended values for agricultural use (Benachour and Séralini 2009). Séralini et al.
(2012) reported that in a 2-year study rats fed with Roundup-treated HR maize (event NK603),
untreated NK603 maize, or Roundup-containing drinking water, showed more severe effects than
control animals fed with the nearest isogenic non-GM maize line. In the course of the scientific
debate about the significance of these findings (Hammond et al. 2013, Séralini et al. 2013 and
others') the journal editor retracted the study referring to inconclusive data (Hayes 2013a, b). The
scientific debate, however, is still going on (Meyer and Hilbeck 2013, Loening 2015) and the original
study has been republished (Séralini et al. 2014).

The susceptibility of bacteria (Escherichia coli and Salmonella enterica serovar Typhimurium) to
antibiotics has been decreased, if simultaneously exposed to the herbicides glyphosate, dicamba or
2,4-D (Kurenbach et al. 2015). As glyphosate may impact microorganisms in the human and animal
gastrointestinal tract differently, with pathogenic bacteria species (e.g. Salmonella and Clostridium)
being less sensitive to glyphosate than beneficial bacteria (e.g. lactic acid bacteria like lactobacilli,
lactococci and enterococci), as shown for poultry microbiota in vitro, the microbial community in the
gastrointestinal tract could be negatively affected (Shehata et al. 2013). In addition, an astoundingly
correlated increase of the cultivation of herbicide resistant crops and diseases related to the
digestive system in humans was shown by Swanson et al. (2014). For this reason, studies on
glyphosate effects on the gut microbiome of other species are needed.

Studying potential effects of very low amounts of Roundup Original® on embryos of the African
clawed frog Xenopus laevis and chicken, Paganelli et al. (2010) reported they had found direct
negative effects on embryonic development (mainly eye and head defects), presumably caused by
glyphosate itself, rather than by a surfactant or other components of the commercial formulation.
The teratogenic effects observed after injection have been linked to interference of glyphosate with
retinoic acid signalling that plays an important role in gene regulation during early vertebrate
development. After reviewing data about potential health effects, Antoniou et al. (2012) called for a
new and transparent re-examination of toxicity data of glyphosate and its commercial formulations.
The German competent authority, in charge of writing the report on glyphosate in the course of the
EU renewal process, did not find indications for risks to human health, but suggested to improve risk
management for the protection of biodiversity (BVL 2014). In contrast, the International Agency for
Research on Cancer (IARC) concluded in a recent report that glyphosate is probably carcinogenic to

" http://www.sciencedirect.com/science/journal/02786915/open-access
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humans (IARC 2015). When mandated by the European Commission to consider IARC’s conclusion,
EFSA (2015) identified some data gaps but argued that, based on its own calculations about
glyphosate doses humans may be exposed to, glyphosate is unlikely to pose a carcinogenic hazard to
humans. The current concerns over the use of glyphosate-based herbicides are summarised in a
recent paper (Myers et al. 2016), which concludes that glyphosate-based herbicides should be
prioritised for further toxicological evaluation and for biomonitoring studies.

Glufosinate ammonium

Glufosinate ammonium is an equimolar, racemic mixture of the D- and L-isomers of phosphinothricin
(PPT). L-PPT Glufosinate inhibits glutamine synthetase of susceptible plants and results in the
accumulation of lethal levels of ammonia (OECD 1999b). Less data on eco-toxicity of glufosinate is
available compared to glyphosate, presumably due to the significantly lower use of glufosinate.
Glufosinate, as formulated product, is known to be (slightly) toxic to fish and aquatic invertebrates.
Published EC50 values for formula (the same or different products) vary from 0.5 - 78 mg/| (Dorn et
al. 1992). In field experiments, concentrations inducing a 20% (EC20) and 50% (EC50) reduction in
abundance of various zooplankton taxa ranged from 0.03 - 0.16 mg/L and from 0.12 - 0.5 mg/L
glufosinate, respectively (Faber et al. 1998). As drift events can lead to 0.25 mg/L glufosinate
(formulated product) (Dorn et al. 1992), significant negative effects can be anticipated at
environmentally relevant concentrations.

Glufosinate has been shown to suppress some soil microorganisms, whereas others exhibited
tolerance (Ahmad and Malloch 1995). Of fungal isolates, the plant pathogen Verticilium alboatrum
was among the most resistant, while mycoparasitic Trichoderma species were among the most
sensitive. Some fungal pathogens seem to be reduced by glufosinate, potentially due to inhibition of
glutamine synthetase, similar to the inhibition in plants (Kortekamp 2011). Glufosinate is harmful to
spiders (Dorn et al. 1992) and may also impact predatory insects and mites (Ahn et al. 2001).
Insecticidal activity on a skipper butterfly through glutamine depletion has been described (Kutlesa
and Caveney 2001).

Glufosinate ammonium has the potential to induce severe reproductive and developmental toxicity
seen as pre- and post-implantation losses, vaginal bleedings, abortions, and dead foetuses in rats and
premature deliveries, abortions, and dead foetuses in rabbits (EFSA 2005). Because of its
reproductive toxicity, use of glufosinate will be phased out in the EU by September 2017 (EC 2011). In
other countries, however, glufosinate use may not be discontinued as glufosinate-resistant crops are
increasingly grown in reaction to the ever greater number of glyphosate-resistant weeds. In the US
for instance, the area of glufosinate-resistant soybean has increased three-fold, to a still low 3.9
percentage of HR crops (USDA 2014). More recently, several glufosinate-resistant crop lines have
been deregulated in the US (USDA 2015).

Other herbicides

The increasing use of “old” herbicides such as synthetic auxins, expected in the course ofUS

deregulation of corn and soybean resistant to 2,4-D or dicamba, raises serious concerns. Synthetic

analogues of the plant hormone auxin cause uncontrolled and disorganized plant growth finally

killing sensitive plants, e.g. broad-leaf weeds. The herbicide 2,4-D is 75 times and dicamba 400 times

more toxic to broadleaf plants than glyphosate (Mortensen et al. 2012). As both herbicides are highly

volatile, the potential for damage to non-target organisms due to spray drift would increase
10
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significantly. Sensitive crops, vegetables, ornamentals, and plants in home gardens could be
damaged (Johnson et al. 2012) and both plant and arthropod communities in field edges and semi-
natural habitats affected (Egan et al. 2014). With transgenic plants, the risk of non-target damage
may increase since a new timing window for post-emergence application is opened in late spring to
midsummer when temperatures are higher and plants are actively growing (Mortensen et al. 2012).
Even sub-lethal damage of non-target plants could impact arthropods and pollinators, e.g. by altering
plant nutritional content or delayed flowering onset and a reduced number of flowers (Bohnenblust
et al. 2013, 2015).

A new 2,4-D formulation (choline) is reported to offer ultra-low volatility, reduced drift, decreased
odour, and improved handling. It is used e.g. in the product Enlist Duo that comprises both 2,4-D and
glyphosate. A dicamba formulation with lower volatility, called Engenia, to be used in crops resistant
to glyphosate and dicamba, is under development, too (Lingenfelter and Curran 2013). But as long as
low-cost generic formulations of both 2,4-D and dicamba are available, farmers may turn to these
more volatile versions for economic reasons (Johnson et al. 2012). Whether special stewardship
guidelines on nozzle type, spray boom height, ground speed, wind speed, and sensitive crop buffers,
among others, will help reduce adverse herbicide effects, is highly questionable (Mortensen et al.
2012), since lower volatility of a substance may reduce exposure but not toxicity and stewardship
programs address resistance issues in the target organisms and not toxicity issues. Due to potential
synergistic effects between the two ingredients in Enlist Duo on non-target plants, the US
Environmental Protection Agency has considered taking legal action to revoke registration of this
herbicide mix™.

2,4-D, one of the oldest herbicides, controls broad-leaf weeds, while monocotyledonous plants such
as cereals remain mostly unaffected. It is often mixed with other active ingredients and used not only
on crops but also on turf and ornamentals, and other areas. It acts as a synthetic analogue of the
plant hormone auxin and causes uncontrolled and disorganized plant growth finally killing sensitive
plants. 2,4-D and 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) each accounted for about 50% of Agent
Orange, the herbicide product sprayed by the US military in the jungle in Vietnam. Agent Orange
contained highly toxic impurities, includingdioxins and furans. Such impurities in actual 2,4-D
containing herbicides may still be a concern, especially in herbicides manufactured outside the EU
and US (Holt et al. 2010). Recently, IARC (Loomis et al. 2015) classified 2,4-D as a “possible human
carcinogen”, a classification which is not shared by EFSA (2014).

Impacts of HR crops on agricultural practice and agronomy

HR crops are often linked to reduced tillage, but adoption of conservation tillage (that can help to
prevent soil erosion, reduce soil compaction and save fuel) is influenced by other factors too, such as
government programs, declining costs of pre-emergence herbicides, and improvements in seeding
technologies (Zentner 2002). Between 1996 and 2008, adoption of conservation tillage in soybean
increased from 51% to 63%, while no-till increased by a third to 41% (USDA 2014). In Argentina,
many farmers who adopted HR soybean also reduced tillage, with 42% of conventional fields and
80% of HR fields practicing reduced tillage (Qaim and Traxler 2005).

15http://www.panna.org/sites/defau|t/fi|es/2015-1 1-24%20EPA%20Voluntary%20Vacatur.pdf,
http://www.reuters.com/article/us-agriculture-dow-enlist-idUSKBNOTE25420151125.
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Surveys revealed that HR transgenic crops are adopted mainly as a component of agricultural
practices and weed management methods. In the US, in the first years of their adoption, improved
and simplified weed control was most often stated as reason, followed by cost reduction, labor
reduction, no-till planting/planting flexibility, yield increase, and in some cases decreased pesticide
input (Sankula et al. 2005). Price reductions for glyphosate, reduced dockage in canola, and increased
flexibility, e.g. by extending the time window for spraying, were further reasons (Mauro and
McLachlan 2003, EC 2000, Firbank and Forcella 2000). Labor reduction may allow generating off-farm
income (Fernandez-Cornejo et al. 2014). In general, there is a strong desire to reduce production
risks (Fernandez-Cornejo and Caswell 2006). In contrast, neither biodiversity nor weed resistance
management have been significant considerations to farmers (EC 2000), although soybean producers
also switched to HR varieties due to problems with resistant weeds (Shaner 2000). According to
Green (2014), growers urgently needed glyphosate when resistant crops became available because
weeds were becoming widely resistant to most commonly used selective herbicides, making weed
management too complex and time consuming for large farm operations. Reasons for adoption of HR
crops in South America were similar to those mentioned above (Pengue 2004). Moreover, lack of
patent protection of GM seeds seems to have made the introduction of HR soybean in Argentina
easier and cheaper, as seeds could be saved for planting and resale and could also enter the black
market from where they were smuggled into Brazil (Schnepf 2003).

Crop rotation helps to maintain high productivity by reducing pesticide use and fertilizer input, it also
can reduce pest incidence, weed infestations, and selection pressure for weed resistance to
herbicides (USDA 2014). It reduces the inoculum for diseases such as grey leaf spot (Cercospora zeae-
maydis), which can be severe in continuous no-till maize, and allows to distribute farm work more
evenly than without. As glyphosate and glufosinate are perceived to have a low residual activity,
carryover restrictions are low with these two herbicides. Thus in HR crops, rotation options are
increased in principle, but the experience of the last years shows otherwise (Mortensen et al. 2012).
In the US, soybean is most often rotated to corn, on up to 80% of acreage (USDA 2014). This implies
that on very large areas rotation comprises only HR crops, with, in 2013, 93% of US soybean and 85%
of US corn being herbicide-resistant (Fernandez-Cornejo et al. 2014). In Argentina, continuous HR
soybean replaced about 4.6 million ha of land initially dedicated to cotton, maize, orchards,
sunflower, horticulture, as well as fallow and pasture land within the first five years, leading to a
noticeable homogenisation of production and landscapes (Pengue 2004).

Weed control patterns and herbicide use

In non-HR farming with crop rotation, usually a sequence of herbicides with different modes of
action or tank mixtures are applied, some of them in pre-emergence. However, HR crops allow the
post-emergence application of a single herbicide with a broad activity spectrum. Whereas post-
emergence weed control in conventional farming is usually 3-5 weeks after crop emergence, it can be
delayed in HR crop farming (Kalaitzandonakes and Suntornpithug 2001, Dewar et al. 2000). This
increases management flexibility.

Changes in overall amount of herbicides used are difficult to assess since different herbicides are
applied at different rates. Also, a change in amounts does not necessarily imply a change in side-
effects or number of applications (Kleter et al. 2008). Within the first years of HR crop adoption in
the US, not the application frequency but the number of different herbicides (active ingredients a.i.)

12



N

O 00 N O U b W

10
11
12

13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30

31
32
33
34
35
36
37
38
39
40
41

has been reduced, as glyphosate was frequently applied at pre- and post-emergence in HR crops
replacing other herbicides (Gianessi 2008).

Brookes and Barfoot (2015b) reported that, in the US, the overall herbicide use in HR soybean has
been fairly stable for the period up to 2006, but has increased since then. From 1998 to 2013, the
average active ingredient (a.i.) use (kg/ha) in HR and conventional soybean, respectively, has
increased by 64% and 19%, respectively. Benbrook (2009) also found that more herbicides were
applied to HR crops than to conventional crops. Between 1996 and 2008 the average amount of
herbicides applied to HR soybean hectares increased almost two-fold from 0.99 to 1.84 kg a.i./ha,
while in conventional soybean it dropped by 60% from 1.33 to 0.54 kg a.i./ha. Mainly due to the
rising reliance on glyphosate, the HR crops soybean, maize, and cotton increased herbicide use in the
US by an estimated 239 million kg in the 1996-2011 period compared to what would have been used
on non-HR crops, with HR soybean accounting for 70% of the total increase (Benbrook 2012a).

Global glyphosate use increased too. While from 1995 to 2014 US agricultural use of glyphosate rose
nine-fold to 113.4 million kg, global use rose almost 15-fold to 747 million kg, with more than 50%
accounted for by HR crops (Benbrook 2016). In Argentina, from 1996 to 2007, the number of
herbicide sprays and the amounts applied per hectare increased in reduced tillage systems planted
with HR soybean four-fold to 12 L/ha'®. Overall, 20 to 26 million L glyphosate were applied on
RoundupReady soybean between 1996 to 1999, rising to 100 million L in 2000, 200 million L in 2007
and up to nearly 240 million L in 2011 on an area that steadily increased within the last years
(Catacora-Vargas et al. 2012).

Based on early EU field trials, several authors deduced that in HR oilseed rape, maize, and
sugar/fodder beet the number and amount of active ingredients per ha may be reduced and that
later and fewer sprays than in the conventional treatments would be necessary (Phipps and Park,
2002, Dewar et al. 2005, Champion et al. 2003). Benbrook (2012b) however, projected a significant
rise in total herbicide use if HR maize, HR soybean, and HR sugar beets would be grown in the EU:
after fourteen years, total herbicide use (i) remains stable (i.e. 1% reduction) without HR crop
adoption, (ii) increases by 72% with an unlimited HR crop adoption similar to the US and (iii) rises by
25% with targeted adoption (i.e. accompanied by resistance management commitments). With
unlimited adoption, the 31% fall in use of other herbicides would be surmounted by the explosive
824% growth of glyphosate, accounting for 65% of total herbicides.

Increased weed resistance to glyphosate leads to changes in the mix, total amount, cost, and overall
profile of herbicides applied to HR crops (Brookes and Barfoot 2015b). With regard to weed control,
interactions between herbicides are possible: they may be both synergistic and antagonistic (Bethke
et al. 2013). To control weeds, tank mixtures of glyphosate with other herbicides have been
recommended (Waggoner et al. 2011) and herbicides such as atrazine, acetoclor, dicamba, 2,4-D or
mixtures of them have been added to glyphosate or glufosinate-based weed control programs
(Shaner 2000). In the US, in 2013 almost two thirds of RoundupReady soybean crops received an
additional herbicide treatment, compared to 14% in 2006 (Brookes and Barfoot 2015b). Use of 2,4-D,
for instance, increased from 2002 to 2011 by almost 40% to 29 million kg (USDA 2014). Pre-mixed
formulations and new formulation technologies shall help growers to select the optimum herbicide
mixtures with diverse mode of actions (Green 2014). With the advent of stacked herbicide resistance

®see Figure 20 in Catacora-Vargas et al. 2012
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traits in transgenic crops, “old” herbicides such as 2,4-D, dicamba, ACCase- and ALS-inhibitors are
coming back. USDA (2014) expects that in the US after deregulation of 2,4-D resistant soybean and
corn 2,4-D amounts applied could triple by 2020, compared to 2011 levels, whereas glyphosate use
would remain stable. Benbrook (2012a) even estimates 2,4-D use on corn would increase by 2019
over 30-fold from 2010 levels.

Changes in weed susceptibility

Both non-selective herbicides glyphosate and glufosinate are effective on a wide range of annual
grass and broadleaf weed species, with glyphosate showing the broader spectrum. Glyphosate is said
to control over 100 weed species, glufosinate has a somewhat smaller range. As glufosinate, contrary
to glyphosate, is not translocated into the root system, it is not active on perennial structures of
weeds.

The simplicity and effectiveness of weed control in HR cropping systems is a main reason for
adopting this technology. It can be undermined in several ways: (i) by shifts in weed communities
and populations resulting from the selection pressure of the applied herbicides, (ii) by escape and
proliferation of transgenic plants as weedy volunteers, and (iii) by hybridization with — and HR-gene
introgression into — related weedy species.

Selection of resistance and weed shifts

Due to the reliance on herbicides for weed control and their increased use, the number of weeds
resistant to various modes of action rose steeply within the last decades. HR cropping is no exception
to this rule, as weeds will be under higher selection pressure from fewer herbicidal modes of action
applied several times during the growing season, in contrast to the previous situation when growers
used selective herbicides.

In early 2016 a total of 249 herbicide-resistant weed species with 464 biotypes have been recorded.
These resistant weed biotypes occupy hundreds of thousands of fields worldwide, and many of them
are resistant to more than one herbicide mode of action (Heap 2016), with some being resistant to
more than five (Anonymous 2014). Weeds can resist herbicides through several mechanisms,
including target site insensitivity, overproduction of the target protein, herbicide detoxification,
reduced herbicide entry and translocation, and changes in their intracellular accumulation. Herbicide
resistance in different weed populations may occur due to spread from a few initial sites, through
outcrossing or because it evolved independently several times (McNaughton et al. 2005, Zelaya et al.
2007). Also, resistant seeds can be transported over large distances, through e.g. farm equipment,
cars, animals, wind, and floods (Norsworthy et al. 2008, Ansong and Pickering 2013).

Weeds can exhibit cross resistance, i.e. one genetically-endowed mechanism conferring the ability to
resist herbicides from different chemical classes, and multiple-resistance, i.e. expression of several
resistance mechanisms within individuals or populations (Parrish 2015). The latter is presumed to
develop through accumulation of resistance mechanisms as a result of gene flow between individuals
with different resistance mechanisms or by selection following extensive use of two or more
herbicides with different modes of action.

Glyphosate (and glufosinate) have long been considered to be low risk herbicides in terms of the
evolution of resistant weed populations (Beckie 2006). This was attributed to the timing of
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application, the low occurrence of mutants, and the genetic background for glyphosate resistance
(Neve et al. 2003). Other cited reasons were the chemical structure of glyphosate, its particular mode
of action, its limited metabolism in plants, its fast degradation, its limited adsorption to and limited
uptake from the soil, the perceived lack of soil persistence and residual activity, and its application
pattern (Jasieniuk 1995, Johnson et al. 2009). Furthermore, before HR crops were introduced,
glyphosate was mostly used in alternation or in combination with other herbicides reducing selection
pressure to some extent (VanGessel 2001). It was regarded as a once in a life-time herbicide.

The first case of a glyphosate-resistant weed in conventional cropping system (rigid ryegrass, Lolium
rigidum) was reported in 1996 after about 15 years of glyphosate use (Pratley et al. 1999). Already
four years on, the first glyphosate-resistant weed (horseweed Conyza canadensis) was found in HR
crops, in RoundupReady soybean in Delaware. To date, at least 34 cases of glyphosate-resistant weed
species (more than 240 populations) have been confirmed, observed on millions of hectares, at many
different locations and in various countries, and increasingly associated with HR crop cultivation
(Heap 2016). In the US, the area infested likely exceeds 28 million ha by a sizable margin’.
Glyphosate-resistant palmer amaranth (Amaranthus palmeri), confirmed first in 2005, increasingly
creates control problems and poses a major economic threat to US cotton production. The problem
is worst in the Southern US states, with Mississippi having 7 glyphosate-resistant weed species (USDA
2014). In Argentina and Brazil, numbers of glyphosate-resistant weeds are also rising (Vila-Aiub et al.
2008, Heap 2016).

Over 50 glyphosate-resistant weed populations, belonging to 16 species, express resistance to other
herbicide classes as well, e.g. to ALS inhibitors, ACCase inhibitors, PPO inhibitors, trifluralin or
paraquat. Up to five resistances can be combined (Heap 2016). In 2010, the first weed population
resistant to both glyphosate and glufosinate (Italian ryegrass) has been confirmed in Oregon

In Europe, although no glyphosate-resistant crops are authorized for cultivation, glyphosate use has
increased significantly (e.g. in low-till agriculture and for desiccation) triggering a rise in the number
of resistant weeds. 19 resistant biotypes, belonging to six species, have been found in the following
EU countries: Spain, Greece, Italy, Portugal, France, the Czech Republic, and Poland. Spain is the most
afflicted country, where horseweed (C. canadensis), Italian ryegrass (Lolium multiflorum), rigid
ryegrass (Lolium rigidum), hairy fleabane (C. bonariensis), and Sumatran fleabane (C. sumatrensis)
have infested hundreds of hectares (Heap 2016).

Resistant weeds can withstand up to 19-fold the glyphosate dose tolerated by herbicide sensitive
plants (VanGessel 2001, Legleiter and Bradley 2008). Palmer amaranth was shown to have an LD50
(lethal dose to kill 50% of plants) up to 115-fold greater than that of sensitive biotypes (Norsworthy
et al. 2008). The molecular and genetic mechanisms of resistance to glyphosate are very diverse and
can co-occur (Perez-Jones and Mallory-Smith 2010, Zelaya et al. 2007, Bostamam et al. 2012,
Sammons and Gaines 2014). The following mechanisms have been described: mutations in the
critical amino acid sequence (target site) of the EPSPS enzyme (Kaundun et al. 2008, Simarmata and
Penner 2008), increased EPSPS mRNA levels (Dinelli et al. 2008), and amplification (up to 160-fold) of
the epsps gene (Gaines et al. 2010). Resistance may also be conferred by delayed translocation of
glyphosate from the leaves to other plant parts (Preston and Wakelin 2008, Shaner 2009), by
sequestration of glyphosate in plant cell vacuoles (Ge et al. 2010) or by degradation in the plant (de

Y http://stratusresearch.com/blog/glyphosate-resistant-weeds-intensifying
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Carvalho et al. 2013). Glyphosate resistance in the French resistant Lolium rigidum population, for
instance, is based on three different mechanisms: reduced absorption, reduced mobility in the plant,
and a mutation in the epsps gene (Fernandez et al. 2015). Resistance mechanisms not based on
target site mutations are considered particularly problematic, as they could favour evolution of
resistance to other herbicidal modes of action (Yuan et al. 2007). The evolution of resistance may
also be influenced by rhizosphere interactions (Schafer et al. 2012).

Herbicide resistance is mainly propagated by semi-dominant or dominant inheritance of single-gene
mutation, but sometimes multiple genes are involved (Christoffers and Varanasi 2010). Hybridization
between related weed species can help to spread resistance genes (Zelaya et al. 2007, Nandula et al.
2014). Fitness penalties may and may not occur in resistant weeds (Pedersen et al. 2007), but their
probability, frequency and significance are not well understood. Target site overexpression (EPSPS
overproduction in case of glyphosate) or detoxification likely has a significant cost of resistance,
especially when extra gene expression is involved and constant. Such biotypes might disappear when
the herbicide is changed.

As only a small share of cultivated HR crops is resistant to glufosinate, selection for glufosinate
resistance seems to be low. Although weed species with lower sensitivity to glufosinate are known
(Jansen et al. 2000, Champion et al. 2003, Heard et al. 2003b), glufosinate-resistant weed biotypes
have been recorded only recently. The first two species are goosegrass (Eleusine indica, 2 biotypes) in
Malaysia (2009) and Italian ryegrass (Lolium multiflorum) in Oregon (2010), the latter and one
goosegrass biotype are also resistant to glyphosate (Heap 2016). The Oregon biotype requires 2.8-
times higher glufosinate rates to reduce growth by 50%, caused by a single amino acid exchange in
the target enzyme glutamine synthetase (Avila-Garcia et al. 2012).

The increased glyphosate use in farming has promoted species shift among the weed flora (Reddy
and Norsworthy 2010), since less sensitive species and populations can survive sprayings and
subsequently grow and spread, whereas more sensitive species disappear. Weed species may also
avoid glyphosate by late-season or continual emergence. The soil nitrogen status could impair
glyphosate’s effectiveness, too: under low nitrogen, survival rates of velvetleaf (Abutilon theophrasti)
and common lambsquarter (C. album) remained relatively high (Mithila et al. 2008).

In the Southern US, a major change in the prevalence of the most troublesome weed species in
cotton and soybean has occurred from 1994/1995 to 2008/2009, parallel to the rapid adoption of HR
crops (Webster and Nichols 2012). Several grass and broadleaf weeds are becoming problematic
weeds in glyphosate-resistant crops (Johnson et al. 2009, Reddy and Norsworthy 2010). Waterhemp
is not only favoured through the herbicide management in HR cropping, but also through increased
no-tillage and reduced tillage practices (Nordby et al. 2007). Weed species shift has also been
observed in Argentina, where after a few years of RoundupReady soybean cultivation 37 weed
species have gained in significance, while only 18 species have decreased (Vitta et al. 2004).

Resistance management

In the beginning of HR crop cultivation, resistance management was not considered to be an issue
(Bradshaw et al. 1997, Ghersa et al. 2000), but this has changed later (Buhler 2002, Powles 2008). For
more than a decade now, weed scientists are recommending that farmers should implement an
integrated weed management approach that reduces the selection pressure placed on weeds by

glyphosate. The simplest way to do so is to avoid using glyphosate as the only weed management
16
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tool and to combine and rotate a number of weed management methods from crop rotation,
mechanical weeding to cover crops, intercropping, and mulching (e.g. Wolfe 2000, Buhler 2002,
Beckie 2006, Vencill et al. 2012, Norsworthy et al. 2012). Total control is not required either to
prevent that weeds, non-target or beneficial wild plants compete with crops for nutrient or water
(Korr et al. 1996, Werner and Garbe 1998).

Despite these recommendations, continuous glyphosate-resistant cropping is common in the
Americas, and farmers often simply resort to increased herbicide doses, additional applications
(often both), and other herbicides (Prince et al. 2012c). They focus rather on short-term weed
control than on preventive integrated pest management practices (Wilson et al. 2008, Sanyal et al.
2008, Norsworthy et al. 2012) and do not scout their fields for problematic weeds (Johnson et al.
2009). The situation has quite changed in the last years, as more farmers surveyed in 2010,
compared to 2005, recognized the importance to manage glyphosate-resistant weeds. But 30% of
them still did not consider such weeds to be a problem on-farm yet (Prince et al. 2012a, Prince et al.
2012b, Prince et al. 2012d). A recent questionnaire revealed that about half (49 %) of the US farmers
surveyed had problems with glyphosate-resistant weeds (Fraser 2013), while in numerous southern
cotton-producing states no less than two-thirds reported herbicide-resistant weeds (Zhou et al.
2015).

In soybean, among others, paraquat and synthetic auxins are recommended in tank mixtures or in
rotation with glyphosate (Beckie 2006). However, more than 30 and 32 weed species, respectively,
have already populations resistant to paraquat (sometimes also resistant to glyphosate) and to
synthetic auxins, respectively (Heap 2016). Merely rotating herbicides for weed control may
exacerbate rather than diminish resistance problems by selecting for more generalist resistance
mechanisms in weeds (Neve 2007). According to experts, new herbicides will not be developed
within the next few years, due to the increased development costs and the challenge to find suitable
substances that comply with the stricter standards that must be met for weed efficacy and
environmental and toxicological safety (Vencill et al. 2012, Service 2013, Green 2014). Industry rather
tends to modify well-known active ingredients and to stay, for instance, in the class of the ALS- or
ACCase-inhibitors and to recommend use of new seed free from weed seeds, rotation to other
RoundupReady crops, and the occasional use of other herbicides in RoundupReady crops (Gustafson
2008). The global market for glyphosate herbicides looks very promising at least up to 2019,

As mentioned earlier, new solutions to control herbicide-resistant weeds shall be provided by
transgenic crops that resist higher glyphosate doses or that have stacked HR traits, such as GM
maize, soybean and cotton not only resistant to glyphosate and/or glufosinate, but also to 2,4-D,
dicamba, ACCase inhibitors or HPPD inhibitors (Behrens et al. 2007, Bomgardner 2012, USDA 2015,
Green 2014)". But as resistance to these herbicides is already common among weed populations
(e.g. 158 weed species have populations resistant to ALS-inhibitors, Heap 2016), stacking of HR traits
in transgenic crops and increased use of herbicides other than glyphosate will not reduce the
selection pressure on weeds or decrease overall herbicide amounts applied.

'8 http://sustainablepulse.com/2014/08/21/glyphosate-sales-boom-powers-global-biotech-
industry/#.VYF1WPntIBf

' http://www.agriculture.com/crops/soybeans/technology/whats-coming-in-herbicidetolert-trait_143-
ar43556
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Against this background, integrated weed management, including crop rotation, is strongly
recommended and seems to be the only sensible strategy in the long-term. In a long-term
comparative field evaluation, Davis et al. (2012) showed that a four year crop rotation scheme
(maize-soybean-small grain + alfalfa-alfalfa) not only helped to reduce herbicide applications and
fertilizer input, but also provided similar or even better yields and economic output, compared to the
two-year maize-soybean rotation. Cropping systems that apply an integrated weed management
(IWM) approach, including crop rotation, cover crops, competitive crop cultivars, the judicious use of
tillage, and targeted herbicide applications, are indeed competitive with regard to yields and profit to
systems that rely chiefly on herbicides (Mortensen et al. 2012, Schiitte et al. 2004).

However, in the US, the infrastructure (i.e. experts to conduct and teach field specific integrated pest
management) is diminished over the years by the widespread adoption of preventative pest
management technologies such as GMO technology (Allen 2015). Examining papers published from
1995 to 2012, Harker and O’Donnovan (2013) found that although articles on non-herbicidal weed
management strategies have increased, those published on chemical control still eclipse those on
any other weed management method. Effectiveness and long-run economic benefits of using best
management practices depend also on the adoption by nearby farmers, but incentives to better
implement IWM are still lacking (Fernandez et al. 2015). In the EU, strategies for non-herbicidal weed
control are funded within the 7th Framework Programme for Research (Fontanelli et al. 2015).

Seed escape and proliferation of HR plants

Volunteers, that is to say crop plants in the field emerging from the previous crop, create problems
when the following crop is a different species or a different variety of the same species. If volunteers
and crops resist the same herbicide, alternative herbicides or mixtures are needed. The advent of GM
crops with stacked herbicide resistance traits will make management of volunteers in rotational
crops more complex (Lingenfelter and Curran 2013). While some crops are ready volunteers and
easily build up feral populations in off-field habitats, others hardly act as volunteers at all
(Bjerregaard et al. 1997). In general, volunteers and feral populations of non-native crops tend to
have a lower chance of surviving and cause fewer problems.

Oilseed rape readily produces volunteers and feral plants, due to its high seed production, high seed
losses during harvest and along transport routes, and its secondary dormancy (Théle and Dietz-
Pfeilstetter 2012). In Canada, about 6% of the crop seed yield is lost on average, which is about 20
times the normal seeding rate of 4-5 kg/ha (Gulden et al. 2003). Feral populations may result from
seed immigration from neighboring fields, from seed transport or from the seed bank (Pivard et al.
2008). Knispel and Mclachlan (2009) found that escaped populations persist at large spatial and
temporal scales and that anthropogenic dispersal processes play an important role. HR feral oilseed
rape plants have been found along transport routes in the US (Schafer et al. 2011) and also in
Switzerland and Japan, although GM plants had never been grown there (Schoenenberger and
D’Andrea 2012, Schulze et al. 2014, Kawata et al. 2009). HR oilseed rape plants have been found 10
years after an experimental release, although the field had been checked regularly for volunteers to
prevent seed return (D’Hertefeldt et al. 2008). The recently reported incidence of oilseed rape seed
contamination by the non-approved OXY-235 variety (resistant to oxynil herbicides) in the EU might
be traced back to field trials in France in the 1990’s (Devaux et al. 2008), indicating that volunteers
may emerge even after almost 20 years. Volunteer and feral management should therefore be a
multi-scale approach and has to extend over considerable time spans.
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HR-gene flow to volunteers, neighbouring crops or interfertile weeds

The frequency of outcrossing depends on the crop species in question and its pollination system, the
distance to simultaneously flowering volunteers or relatives. Further variables are genotype,
abundance and foraging behavior of pollinators, weather conditions, time of the day, and the size of
pollen donor and receiving populations. Several reviews have been published, focusing on the main
GM crops (Andersson and de Vicente 2010, Mallory-Smith and Zapiola 2008) or on single crop
species such as oilseed rape (Husken and Dietz-Pfleilstetter 2007, Jgrgensen et al. 2009), maize
(Czarnak-Klos and Rodriguez-Cerezo 2010), rice (Lu and Snow (2005), sugar beet (Darmency et al.
2009), and soybean (Lu 2005).

Pollen flow can extend to distances over several kilometers (Rieger et al. 2002) and was found up to
26 km for oilseed rape, perhaps due to far-flying pollen beetles (Ramsay et al. 2003). As large pollen
sources, such as crop fields, interact on a regional scale and tend to increase gene flow, isolation
distances have to be adjusted for this factor (Shaw et al. 2006).

Novel combinations of transgenic events can be formed in the wild, as shown in Canada and the US,
where HR oilseed rape volunteers have been found that most probably resulted from pollen flow
between adjacently-planted resistant varieties, since they carried resistances not commercially
planted (Hall et al. 2000, Knispel et al. 2008, Schafer et al. 2011).

Gene flow can also extend to weeds if they can cross with the related crop. In centres of crop origin
and regions where interfertile weeds (sexually compatible weeds) are present, gene flow from crop
to weeds should be taken into account. This is of particular relevance for oilseed rape (Brassica
napus) and its close relative field mustard (Brassica rapa) in many regions of Europe (Jgrgensen et al.
2009). As spontaneous hybridizations occurring in nature are difficult to detect and reliable data is
lacking, the number of hybrids within an area can only be estimated.

Once (trans-)genes conferring herbicide resistance move into weeds, their frequency within local
weed populations will increase, if selection pressure is exerted by the corresponding herbicide.
Hybrids do not need to be particularly fit as long as they are able to backcross with the weedy
relative, a capacity which is characteristic for many interspecific hybrids. The fitness of hybrids should
be assessed species by species. But even genotypes with a lower fitness may survive if the pollen
flow is steady and the pollen source is large (Gliddon 1999). Contrary to a common view, application
of the complementary herbicide is not a condition for an escaped herbicide transgene to persist in
nature, e.g. in wild soybeans (Guan et al. 2015). Wang et al. (2014) found that overexpression of a
native EPSPS protein in rice to make crops herbicide-resistant was advantageous for weedy rice, even
in the absence of the herbicide. Therefore, the new trait should also be carefully considered when
assessing the fitness of hybrids.

Agriculture and biodiversity

Agriculture both impacts biodiversity and depends on biodiversity. In particular high-input farming is
a major force driving biodiversity loss and other environmental impacts beyond the “planetary
boundaries” (Firbank et al. 2008, Rockstrom et al. 2009, Foley et al. 2011). Drivers are, among others,
the low number of cropped species, reduced rotation, limited seed exchange between farms,
drainage, and landscape-consolidation, and not the least, increased use of pesticides. In regions such
as Europe, where a good portion of the land is farmed, it is especially important to farm in a way that
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allows biodiversity to thrive within farmland alongside or within crops. Agriculture also relies on
ecosystem functions and services and on biodiversity. This includes pollination, biological pest
control, maintenance of soil structure and fertility, nutrient cycling and hydrological services
(Tscharntke et al. 2005, Power 2010, Garibaldi et al. 2011, Foley et al. 2011). Reduced biological
complexity is associated with increased pest populations (Lundgren and Fausti 2015).

Weeds are commonly regarded as pests because they compete with the crop for water, light, and
nutrient resources and can cause harvest or quality problems. But weeds offer considerable benefits
for the agroecosystem as well: they support a range of organisms, in particular arthropods, among
them decomposers, predators, pollinators, and parasitoids, providing food and shelter for them
(Marshall et al. 2003). Decreasing the antagonists of pests could increase pesticide inputs to
substitute them, as demonstrated by exclusion experiments (Edwards et al. 1979, Thies et al. 2011).
The decline in pollinator abundance and diversity also reduces yield and quality in crops that depend
on animal pollination (Nicholls and Altieri 2013, Vanbergen and The Insect Pollinators Initiative
2013). Weed diversity and abundance is strongly influenced by management practices (Hawes et al.
2010). Reduced tillage not only lowers soil erosion, but also impacts the abundance and composition
of weed populations (Swanton et al. 1993). This also refers to soil-dwelling arthropod species which
partly prefer less disturbance but strongly depend on dead or living plant material for food and
coverage (Wardle et al. 1999, Kromp 1999, Stinner and House 1990). Herbicides reduce the density
and diversity of the weed flora more effectively than mechanical weeding, though the latter is more
labour intensive (Schiitte 2002). Non-target impacts on plants in hedgerows and woodlots close to
agricultural fields have also been observed, leading to delayed flowering and reduced seed set
(Boutin et al. 2014).

Within the last decades, the diversity of associated agricultural flora and the reservoir of viable seeds
in arable soils has been reduced significantly, with losses of >90% for some species (Robinson and
Sutherland 2002, Marshall et al. 2003). As insects often depend on certain plants during early larval
stages, each plant species may be essential for, on average, 10 - 12 insect species in northern Europe
(Heydemann 1983). A decrease in associated flora and arthropod abundance and diversity affects the
whole food chain including small mammals and farmland birds, the latter being major targets and
important indicators of agricultural change (Ormerod and Watkinson 2000). In many countries, a
massive decline of abundance and diversity of birds, in particular farmland birds, has been observed
(Krebs et al. 1999, Leech 2002, Marshall et al. 2003, Guerrero et al. 2012). A time lag of about 6 years
between agricultural change and the decline of farmland bird population indicates that effects of
agricultural intensification on habitat quality may not become apparent for several vyears
(Chamberlain et al. 2000).

Organic farming has a large positive effect on biodiversity with plants benefiting the most among
taxonomic groups (Tuck et al. 2014). It increases abundance and diversity of the weed flora (Schitte
2003) and may support rare species (Marshall et al. 2003). Results vary (Hawes et al. 2010) and are
less pronounced on locations with an already depleted soil seed bank due to long-lasting former
herbicide usage. Organic wheat production, for instance, favoured broad-leaf, insect-pollinated, and
legume weeds and led to similar diversity of weed species between crop fields and edges, whereas
herbicide treatment particularly affected the inner-field (Romero et al. 2008). In hedgerows adjacent
to organic fields, the number of flowering plant species was higher and they flowered earlier and for
longer periods of time, compared to the same plants adjacent to conventional fields, providing better
conditions for pollinators (Boutin et al. 2014).
20
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Indirect effects of HR agriculture on biodiversity

HR crop cultivation can change farming practices, e.g. crop rotation, crop planting and spacing, soil
tillage, pesticide application, and use of fertilisers and thus affects the environment. Potential
environmental impacts of HR cropping, be they direct or indirect, have been assessed by life-cycle
assessment (Bennet et al. 2006) or bow-tie risk management (Pidgeon et al. 2007). But, as these
techniques necessarily involve a certain amount of subjectivity, assumptions involved and decisions
taken should be made transparent.

The broad-spectrum herbicides glyphosate and glufosinate are effective on more weed species than
other currently used herbicides, and mechanical weeding, and that is necessary for crop protection
and productivity. Targets of so called “improved” weed control are usually a few highly damaging
weeds, but many harmless and benign wild plants are killed by the non-selective herbicides, too.
Therefore, weed suppression is intensified in most crops and regions where HR crops are planted.
For this reason, HR crops will likely drive agriculture farther towards monoculture and excessive
weed control in agricultural environments (Dale et al. 2002). Even if highly effective, broad-spectrum
herbicides were applied in lower amounts or fewer applications, as often described for the first years
of HR crop adoption, there is not necessarily less damage to biodiversity.

Indications of increased loss of biodiversity have been found in the three-year Farm Scale Evaluations
(FSE), where the effects of the HR cropping system on abundance and species diversity were
investigated in over 60 fields split in half, selected to represent the variation of geography and
intensity of management across Britain (Firbank et al. 2003a, Squire et al. 2003). The results of the
FSE trials have been published in numerous peer-reviewed articles. Differences were found in weed
flora between different weed management regimes (Heard et al. 2003a, Heard et al. 2003b, Firbank
et al. 2003b). In HR sugar beet, HR fodder beet (both glyphosate-resistant) and HR summer oilseed
rape (glufosinate-resistant), the density, biomass and seed rain were between one-third and one-
sixth lower, compared to conventional management. The seed bank abundance (for 19 out of 24
species) was overall 20% lower in the three HR crops (Heard et al. 2003a, 2003b). In HR beets and
oilseed rape, less species emerged than in conventional crops. Compounded over time, population
densities of the field flora would be largely decreased (Heard et al. 2003b). Similar results have been
found by Bohan et al. (2005), studying glufosinate application in HR winter oilseed rape. FSE findings
with glufosinate-resistant maize showed more diverse weed species, compared to conventional
maize sprayed with atrazine, which is highly effective on a broad range of plants. However, since
2004 atrazine is no longer approved in the EU because of groundwater contamination®.

Sweet et al. (2004) deduced from the BRIGHT study that the changed herbicide management of
transgenic crops did not significantly decrease plant species diversity. However, the BRIGHT study
was designed to explore practical issues for farmers of growing GM crops, but not the effects on
wildlife. Dewar et al. (2003) and Strandberg and Pedersen (2002) reported that weed diversity in HR
crops was higher in the early season, compared to conventional management. However, as weeds
hardly produced seed due to late herbicide application, the long-term effects on diversity would be
negative. In a one year Canadian canola field study of different rotations with high frequencies of HR
crops, the overall species diversity of weeds declined by 26% and their density was reduced by 66%
(Harker et al. 2004, cited in Schiitte 2005).

2 http://ec.europa.eu/food/plant/protection/evaluation/existactive/oj atrazine.pdf
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Drift of herbicides, in particular of non-selective herbicides, to field margins is a concern to nature
conservation and biodiversity of many agricultural landscapes (Boutin et al. 2014, Orson 2002, de
Snoo and van der Poll 1999, Schmitz et al. 2013, Schmitz et al. 2014a, Schmitz et al. 2014b). As field
margins often harbour rare plant species, the impact of non-selective herbicides on them and on the
associated fauna is of particular significance. Spray drift can also damage hedgerows and trees
growing close to arable fields, these habitats being very important for arthropods and birds for food,
shelter, and nesting (Roy et al. 2003). The FSE trials considered some of these habitats as well: cover
of HR oilseed rape and beet crop margins was reduced significantly, compared to conventional crops,
impacting seeding and flowering of wild plants. Seeding was 39% lower and flowering was reduced
by 44% and 34%, respectively, whereas in HR maize cover and flowering in margins was higher,
compared to atrazine-treated non-GM maize (Roy et al. 2003).

The indirect effects of plant suppression and habitat destruction are the key to invertebrate and
vertebrate biodiversity. In the FSE trials, the abundance of arthropods changed in the same direction
as their resources (Hawes et al. 2003). In HR-beet and oilseed rape, numbers of within-field epigeal
and aerial arthropods were smaller, due to forage reductions (Haughton et al. 2003, Brooks et al.
2003), and herbivores, pollinators, and beneficial natural enemies of pests were reduced (Hawes et
al. 2003). In HR soybean, less canopy arthropods and significantly less spiders and green lacewings
than in conventional soybean have been observed (Buckelew et al. 2000, Jasinski et al. 2004). Other
studies found no significant differences between both types of crops for pest and beneficial insects
(Jackson and Pitre 2004, Morjan and Pedigo 2000). Short-term differences on collembola were
attributed to resultant differences in weed cover and soil disturbance (indirect effects) but not to the
use of herbicides themselves (Bitzer et al. 2002). In Canadian canola fields, wild bee abundance was
highest in organic fields, followed by conventional fields and lowest in HR crops (Morandin and
Winston 2005), pollination decreased with bee abundance.

Models simulating effects of planting of HR crops on a larger scale came to different results: Butler et
al. (2007) predicted only limited effects on farmland birds after nationwide replacement of
conventional crops by HR crops in the UK. They reasoned that species relying solely on cropped areas
likely decline at their current rate, regardless of whether HR or conventional crops are grown (only
improving the value of cropped areas would help). Other models predicted that HR cropping will
cause a major loss of food sources for animal populations on farmland and on seed consuming
farmland birds (Watkinson et al. 2000, Heard et al. 2005, Bohan et al. 2005, Gibbons et al. 2006).
Amphibians may also be affected, if broad-spectrum herbicide use diminishes weed abundance and
spectra, because migrating adults may have difficulties finding enough invertebrates for food
(Plotner and Matschke 2012, Wagner and Lotters 2013).

Recent data from the US and Mexico indicate that, within the last decade, and in parallel to the
widespread and increased adoption of HR crops, the size of the Mexican overwintering population of
the migratory monarch butterfly (Danaus plexippus) has declined significantly (Brower et al. 2012).
The rapid adoption of HR crops has led to a drastic reduction of milkweed (Asclepias syriaca)
populations, the main food plant of monarch larvae (Pleasants et al. 2016). Milkweed plants in the
Midwest, the main breeding ground of monarchs, may have declined by up to 60% (some say even
90%, Hartzler 2010) and monarch propagation by about 80% (Pleasants and Oberhauser 2013). In
December 2013, an all-time low of monarchs was recorded in Mexico (Wade 2014). Lincoln Brower is
cited as saying “The monarch may also be the first sign that food webs in the U.S. Midwest are being
irrevocably disrupted as a side effect of widespread planting of herbicide-tolerant crops. Monarchs
22
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are “the canary in the cornfield.” In case HR maize and HR oilseed rape crops would be widely grown
in Europe, a similar scenario has been predicted for the European butterfly Queen of Spain fritillary
(Issoria lathonia) (Hilbeck et al. 2008).

Aspects of sustainable agriculture

Measures to mitigate environmental effects of herbicides in conventional systems have been
developed in some countries. The promotion of unsprayed field margins and in-field areas and the
reduction of number and doses of applications have allowed weeds and associated biota to develop,
when the seed bank is not already depleted. Similar measures have been proposed for HR crops
(Pidgeon et al. 2007). But in HR beet, delayed spraying within a single season increased weed
biomass only transiently and only in soils which already had a rich seed bank (Dewar et al. 2000,
Strandberg and Pedersen 2002). In the long-term, the seed bank will be reduced (Freckleton et al.
2004). Although low-dose post-emergence application has been suggested to reduce negative
impacts on weed and insect biomass (Dewar et al. 2002), patchy weed control with selective
herbicides may be better for biodiversity than spraying of non-selective ones (Dzinaj et al. 1998,
Lettner et al. 2001).

Farmers often rely heavily on herbicides, and do not accept other management measures readily. But
to avoid evolution of resistant weeds and reduce the impact of herbicides on biodiversity, the focus
should change from weed control by herbicides to integrated weed management (IWM) that uses a
range of measures and does not consider a clean field to be of utmost importance. Weed research
should not only address relatively quick prescriptive solutions for weed problems, such as herbicide
application, but develop real IWM that integrates weed biology and ecology and implements diverse
combinations of IWM systems (Harker and O’Donnovan 2013, Mulik 2015).

The overreliance of HR cropping systems on chemical weed control, often benefitting from subsidies,
creates a type of farming that is suited towards low biodiversity (mono cropping) and that is most
economical when herbicides can be sprayed in great quantities using specialised machinery. It
discourages the use and retention of existing alternative weed management skills and is not
compatible with mixed cropping systems (Quist et al. 2013). Diversification practices, however, such
as cover crops, mixed cropping, intercropping, and agroforestry, help retain soil and soil moisture
better than intensive cropping and improve resiliency to climate disasters (Altieri et al. 2012). In
addition, integrated farming systems in which a variety of products, such as grains, fruits, vegetables,
fodder and livestock, are simultaneously produced, are more productive than large conventional
farms, if total output, including energy input/output, is considered rather than single crop yield per
hectare (Chapell and LaValle 2011). Such yield advantages can be considerable, since polycultures,
often relying on high genetic diversity, reduce losses due to weeds, insects, and diseases and make a
more efficient use of water, light, and nutrients and also increase soil organic matter (Altieri et al.
2012).

Development of ecosystem services in more diverse rotations displaces the need for external
synthetic inputs such as N fertilizer and herbicides to maintain crop productivity, as shown in a nine-
year field study in the Central US maize production region (Davis et al. 2012). Changing the cropping
system from a 2-year rotation of corn and soybean to 3-year and 4-year rotations (including forage
legumes), enhanced yields of corn and soybean grain by up to 9% and reduced fertilizer application,
energy use, and herbicide input significantly (88% less herbicides leading to a two hundred-fold lower
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freshwater toxicity). Weed control and profitability remained the same, whereas labour demand was
higher. Reintegration of crop and livestock production was seen as an important principle in
sustainable agriculture where system boundaries should be drawn to minimize external costs.

As pointed out by the International Assessment of Agricultural Knowledge, Science and Technology
for Development (IAASTD 2009), agriculture is multifunctional®* and serves diverse needs. But for
many years, agricultural science and development have focused on delivering technologies to
increase farm-level productivity rather than integrating externalities such as impacts on biodiversity
and the relationship between agriculture and climate change. In view of the current challenges
IAASTD concludes: Business as usual is not an option, and, in the brief report “Towards
multifunctional agriculture for social, environmental and economic sustainability”: “Thus, increased
attention needs to be directed towards new and successful existing approaches to maintain and
restore soil fertility and to maintain sustainable production through practices such as low-input
resource-conserving technologies based on integrated management systems and an understanding of
agro-ecology and soil science (e.g. agroforestry, conservation agriculture, organic agriculture and
permaculture.”

From the data collected and assessed, HR cropping systems seem to be no option for a sustainable
agriculture that focuses also on protection of biodiversity. On the contrary, HR crops rather seem to
be part of the problem.

CONCLUSIONS

The need to protect biodiversity and stop its loss is an internationally agreed goal. Scientific data give
evidence that intensive high-input farming is one of the main drivers of ongoing biodiversity loss in
agricultural landscapes. Diversity and abundance of the weed flora provide relevant indicators for
farmland biodiversity.

HR crops, introduced in the 1990’s, facilitate weed control for farmers and make chemical weed
management more flexible. Yield increase is not the main reason for adoption of HR crops, as there
has been little, if any, contribution of HR crops to increase yield. HR crops are adopted primarily due
to the expected lower costs, less labour and fuel consumption.

HR cropping is associated with the use of broad-spectrum herbicides. While glufosinate, due to its
reproductive toxicity, is expected to be phased out in the EU in 2017, glyphosate is presently
evaluated for renewed approval in the EU. It is today the most widely used herbicide in the world. In
general, eco-toxicity of glyphosate has been considered to be low, compared to some other
herbicides, but data collected within the last years indicate that glyphosate-based herbicides can be
toxic not only to plants, but also to other life forms, in particular to aquatic species and to
amphibians. Adverse effects on the soil microflora and fauna and on plant disease resistance have
been reported.

Lower herbicide use may have been a benefit in the first years of HR cropping in the US, but the
trend turned around 2000 and since then, herbicide use, in particular of glyphosate, increased almost
steadily. The trends are similar in other countries with HR crop cultivation, such as Argentina. Should

! Multifunctionality as defined in IAASTD (2008)
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HR crops be authorized for cultivation in the EU, a significant increase in herbicide use can be
expected.

In regions where HR crops are widely adopted, mechanical weed control decreased and less crop
rotation and crop diversification takes place, whereas reduced till or no-till practices expanded. There
is a clear trend towards monoculture of HR crops, which enhances disease and pest pressure.
Increased dependence on herbicides for weed control leads to a shift in weed species composition.
Although glyphosate was not considered to be a high-risk herbicide with regard to resistance
development, its intensive use has led to the appearance of at least 34 glyphosate-resistant weed
species (17 dicots and 17 monocots) comprising more than 240 populations and infesting millions of
hectares. These biotypes exhibit a great diversity of molecular and genetic resistance mechanisms
and some of them are cross-resistant to other herbicides. Recently, two weed species resistant to
glufosinate have been described as well.

To combat resistance development in weeds, weed scientists recommend that farmers should use a
variety of weed management methods and not rely solely on herbicides. But fus and widespread
glyphosate-resistant cropping has became common in the Americas and farmers often simply resort
to higher herbicide doses and other herbicide modes of action. Increasingly, companies develop and
commercialize transgenic crops with stacked HR traits, among them resistance to herbicides such as
synthetic auxins or ALS-inhibitors. However, a number of hard to control weeds is already resistant to
these herbicides.

In addition to herbicide-resistant weeds, control problems can also arise due to volunteers of HR
crops. Oilseed rape is a particularly likely volunteer, as its small long-lived seeds are easily spilled in
and outside fields and along transport routes. Volunteers and feral plants, resistant to glyphosate
and glufosinate have been detected in fields and areas where HR crops have not been planted
previously. Oilseed rape plants with multiple HR genes not commercially sold provide evidence of
novel transgene combinations in the wild. Thus, the HR trait can spread both spatially and
temporally. If outcrossing of HR crops into the same or related species occurs, more HR plants might
show up. Such transfer of HR genes to wild relatives should particularly be taken into account and
avoided in centres of crop origin and regions where sexually compatible and weedy hybrids occur.

The Farm Scale Evaluations have provided ample evidence that in HR systems, compared to
conventional farming, weeds are removed more efficiently, leading to a further reduction of flora
and fauna diversity and abundance in farmland. A prominent example in this respect may be the
significant reduction in monarch butterfly populations in the US which has been linked to the
widespread cultivation of HR crops in the Midwest leading to a massive loss of milkweed plants, on
which monarch larvae feed.

As agricultural intensification and pesticide use are among the main drivers of biodiversity loss,
agreement is required on farming practices that are more environmentally friendly and less
dependent on pesticides. But the lessons learnt in HR crop adopting countries indicate that herbicide
use is increasing with this technology. Therefore, it is highly questionable whether present HR
systems comply with measures to stop the loss of biodiversity on farmland or can be managed in a
sustainable way. From a nature protection perspective, HR crops seem to be no option for a
sustainable agriculture focusing also on protecting biodiversity. To avoid further adverse impacts on
biodiversity, a different approach to agriculture is clearly necessary.
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