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Abstract: Glyphosate-based herbicides (GBHs) have become the leading agricultural herbicides
used globally since the development of genetically engineered herbicide-tolerant crops. This paper
investigates whether GBHs are consistent with or supportive of sustainable agriculture. Agricultural
sustainability is defined by generally agreed upon goals: (1) promoting agroecology; (2) protecting
soils and the Earth’s natural resources; (3) protecting biodiversity; and (4) enhancing the quality
of life and health of farmers, farm workers, and society. Through an in-depth examination of the
scholarly literature, the paper explores whether the scientific studies of GBHs are consistent with
their sustainable applications in agriculture in the areas of human health, non-tillage agriculture, soil
quality, aquatic ecosystems and beneficial, non-target species. Based on the four generally agreed
upon goals listed above for agricultural sustainability, the paper finds that GBHs are not consistent
with sustainability goals.
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1. Introduction

The beginnings of agriculture can be traced to the Middle East, most likely in the
Fertile Crescent, around 10,000–12,000 years ago [1]. Up until that time humans were
hunter gatherers, moving when required to find new food sources. Over centuries farmers
used a multitude of methods to protect crops from insects and weeds. The latter were
pulled out by hand until the development of chemical herbicides.

Sustainable agriculture was introduced as a concept in 1987 in the United Nations’
report titled Our Common Future (also called the Brundtland Report, named after the
chairperson of the commission), issued by the World Commission on Environment and
Development [2].

The application of biotechnology to produce crops was introduced in the mid-1990s [3].
Agriculture began to transition from traditional breeding, which included genetic selection,
exposure of plant cells to radiation and mutagenic chemicals, and hybridization, to molec-
ular breeding, which involves genetic modification through recombinant DNA techniques
or genetic editing with CRISPR (clustered regularly interspaced short palindromic repeats).

The introduction of genetically engineered seeds, beginning with insect resistant and
herbicide tolerant crops, brought international opposition. In response, the European
community established a regulatory system that involved risk analysis, testing programs,
and very restricted adoption of GMOs. In contrast, the United States did not require testing
but began with the assumption of “substantial equivalence”: that GMOs were substantially
or essentially equivalent to crops produced through traditional breeding methods [4]. The
methods used to produce the crops, i.e., recombinant DNA techniques or, subsequently,
CRISPR, were not factors in crop risk assessment.

As new biotechnology products entered the agricultural sector, the interest in sustain-
ability grew globally, activated by an awareness of climate change, the pollution of the
oceans and the loss of biodiversity, the decline in soil quality, and the rise in agrochemical
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pollution. The United States and Brazil became leaders in the large-scale agriculture uti-
lization of genetically engineered crops (also known as GMOs). Most of the staple crops in
these countries, including corn and soybeans, were GMO products. It should be recognized
that glyphosate is used functionally with GMOs to maintain a monocultural crop system.

With such large sectors of the agricultural economy dedicated to GMO crops, the
question of whether GMOs were or could be compatible with sustainable agriculture
began to gain serious attention. Some agricultural experts have asserted that new plant
breeding technologies (molecular breeding) offer considerable potential for sustainable
agriculture and food security. Qain wrote that GMOs can increase yields, increase crop
diversity, and create crops with better resistance to pests and diseases, with more resilience
to climate change and improved nutritional quality [5]. Others have reached a contrary
conclusion. Allison Wilson in her book chapter, “Will gene-edited and other GM crops
fail sustainable food systems?”, argues that molecular breeding produces unintentional
traits in commercial GM crops, which results in their failure to meet sustainable agriculture
criteria [6]. One subset of GMOs, such as corn and soybeans, were designed to be used
with glyphosate-based herbicides [7]. This paper will explore the question of whether this
class of herbicides can contribute positively to sustainable agriculture.

Since glyphosate-based herbicides represent one component of a system of agriculture
based on the molecular breeding of crops, methodologically, one cannot prove that a
component is sustainable without taking into consideration the entire system. However,
if it can be shown that a component of the agricultural system is unsustainable, that is, it
violates the conditions of sustainability, then it can be argued that the agricultural system is
unsustainable. The paper begins by outlining the core principles of sustainable agriculture
and then discusses whether glyphosate-based herbicides (GBHs) meet these standards.

2. What Is Meant by “Sustainable Agriculture”?

In Our Common Future, the World Commission on Environment and Development
report (1987), also called the Brundtland Report, it is stated that [8]:

“rapid growth combined with deteriorating income distribution may be worse
than slower growth combined with redistribution in favour of the poor. For in-
stance, in many developing countries the introduction of large-scale commercial
agriculture may produce revenue rapidly but may also dispossess many small
farmers and make income distribution more inequitable. In the long run, such a
path may not be sustainable; it impoverishes many people and can increase pres-
sures on the natural resource base through over commercialized agriculture and
through the marginalization of subsistence farmers. Relying more on smallholder
cultivation may be slower at first, but more easily sustained over the long term.”

The concepts that underscore sustainability are protecting the Earth’s natural resources
for future generations, equitable income distribution from the production of food, and
promoting smallholder cultivation. According to the report, the challenge of sustainable
agriculture is to raise not just average productivity and incomes, but also the productivity
and incomes of those poor in resources. Food security is not just a question of raising
food production, but of ensuring that the rural and urban poor do not go hungry during
the short-term or amidst a local food scarcity. All this requires the systematic promotion
of equity in food production and distribution. Elsewhere the report notes: “Land use in
agriculture and forestry must be based on a scientific assessment of land capacity, and
the annual depletion of topsoil, fish stock, or forest resources must not exceed the rate of
regeneration.” Regenerative agriculture is the operative term.

E. Lichtfouse et al. wrote: “While conventional agriculture is driven almost solely by
productivity and profit, sustainable agriculture integrates biological, chemical, physical,
ecological, economic, and social sciences in a comprehensive way to develop new farming
practices that are safe and do not degrade our environment” [9].

The National Academies’ book “Toward Sustainable Agricultural Systems in the 21st
Century” [10] proposes as a definition of sustainable agriculture: Improving sustainabil-
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ity is a process that moves farming systems along a trajectory toward meeting various
socially determined sustainability goals as opposed to achieving any particular end-state.
Agricultural sustainability is defined by four generally agreed upon goals:

• To satisfy human food, feed, and fiber needs, and contribute to biofuel needs.
• To enhance environmental quality and the resource base.
• To sustain the economic viability of agriculture.
• To enhance the quality of life of farmers, farm workers, and society as a whole.

From these convergent viewpoints on sustainable agriculture, we use as guiding
points: promoting agroecology, protecting the resource base of natural systems for future
generations including and especially the soil, protecting biodiversity, and enhancing the
quality of life and health of farmers, farm workers, and society as a whole. Buechs discusses
the importance of indicators for biodiversity and sustainable agricultural systems [11].
Applying these concepts as our criteria, we can now investigate the scientific literature on
the herbicide glyphosate and its many formulations to see if agriculture that is based on
this herbicide fulfills these sustainability goals. Our first review will be on the safety of
glyphosate to farmers, farm workers, and society.

3. Glyphosate and Human Safety

Henri Martin was a Swiss chemist working for a pharmaceutical company in 1950
when he discovered a synthetic compound called glyphosate, a derivative of the amino
acid glycine. The compound was not found to have therapeutic value.

In 1970, Monsanto scientists were reviewing chemicals for water softening applications.
Quite by accident they found several synthesized compounds related to glyphosate that
exhibited herbicidal properties. With Monsanto’s entry into the agricultural biotechnology
sector, these compounds had some potential value. Soon thereafter, Monsanto patented a
formulation of glyphosate under the trade name Roundup. It received its first approval
from the Environmental Protection Agency (EPA) as a broad-spectrum herbicide in 1974.
The EPA classified the active ingredient in Roundup, notably glyphosate, in 1985 as a
possible human carcinogen based on rodent studies. Roundup was re-registered by EPA in
1993, whereupon the agency found “it does not impose unreasonable risks or adverse effects
to humans or the environment.” EPA’s assessment was based heavily on unpublished
industry-funded studies [12,13]. Roundup went off patent in 2000 resulting in different
formulations, some with higher concentrations of glyphosate [14].

The International Agency for Research on Cancer (IARC) of the World Health Or-
ganization issues periodic reports on potential chemical carcinogens. In 2017, as part of
its review of a number of chemicals, the IARC reported its finding that glyphosate was
a “probable human carcinogen”, specifically citing non-Hodgkin lymphoma (NHL). The
IARC’s finding that glyphosate was a probable human carcinogen was based on peer
reviewed published studies [15]. Since the IARC’s report was issued, juries have ruled in
favor of plaintiffs who have claimed that glyphosate has caused their cancer. Some subse-
quent studies have disputed the claim. In 2020, Denato et al. undertook a meta-analysis of
epidemiological studies on the association between occupational exposure to glyphosate
and cancer. They reported “no overall evidence of an increased risk for both NHL and
multiple myeloma [16].” Williams et al. concluded that glyphosate is unlikely to pose a
carcinogenic risk to humans [17].

Based on the IARC report and multiple jury decisions, glyphosate fails to meet one
factor for sustainable agriculture: its unproven safety for farmers and applicators. Neither
the IARC nor the EPA cite any definitive human studies on glyphosate toxicology. The
IARC based its “probable carcinogen” designation largely on animal studies. Many studies
on humans, their cells or semen, revealed suggestive evidence of adverse health effects of
glyphosate-formulated herbicides.

Many other studies point to possible human effects of glyphosate, which, while not
definitive, do paint a picture of an agricultural chemical that does not support sustainability
criteria [18]. Some studies have found residues of glyphosate in food and drinking water,
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with consumers being exposed to higher levels from many different sources. The effects of
these exposures are currently not known but raise additional questions about the safety of
the herbicide to humans [19]. A consensus statement of 14 scientists concluded that the
regulatory estimates of tolerable daily intakes for glyphosate in the European Union and
the United States is based on outdated science and that preliminary data suggest that old
assumptions about glyphosate safety are now in question. They reported: “A thorough
and modern assessment of GBH (glyphosate-based herbicide) toxicity will encompass
potential endocrine disruption, impacts on the gut microbiome, carcinogenicity, and multi-
generational effects” [20].

Munoz et al. (2020) studied glyphosate as a possible endocrine-disrupting chemical
(EDC) and concluded that glyphosate “satisfies at least 8 KCs (key characteristics) of an
EDC but noted that “prospective cohort studies are still needed to elucidate the real effects
on the human endocrine system” [21].

The IARC based its “probable human carcinogen” designation largely on animal
studies. Several human studies have revealed suggestive evidence of adverse health effects
of GBHs, including a meta-analysis supporting the linkage between GBH and non-Hodgkin
lymphoma [22]. Parvez et al. (2018) undertook the first study of glyphosate exposure of
pregnant women in the United States. Their study provided direct evidence of maternal
glyphosate exposure and its correlation with shortened pregnancy. Moreover, they found
quantifiable levels of glyphosate in over 90% of the pregnant women they tested [23].
Another study examined the sperm of healthy men, which investigators exposed to small
quantities of Roundup. Their results indicated that the direct exposure of semen samples
to Roundup at relatively low concentrations had adverse effects on sperm motility [24].

Woźniak et al. (2018) studied the effect of Roundup and glyphosate on human
peripheral blood mononuclear cells (PBMCs). They found that Roundup, at low concentra-
tions, caused much greater damage to DNA (genotoxicity) than glyphosate by itself [25].
Hao et al. (2020) demonstrated that Roundup damages human lung cells and constitutes a
potential human health risk [26]. Hao et al. (2019) reported that Roundup induces DNA
damage and cell death in human cells [27]. Additionally, Defarge et al. (2026) showed that
glyphosate-based herbicides had endocrine effects on human cells [28].

In a systematic review of the literature on the effects of glyphosate exposure on hu-
man health in both epidemiological and in vitro studies, Agostini et al. (2019) found “the
deleterious effects of GLY (glyphosate) exposure on human health were observed in epi-
demiological studies . . . however, most of these studies have not determined the GLY
dosage to confirm a direct effect. While GLY toxicity is clear in human cells, epidemio-
logical studies investigating individuals exposed to different levels of GLY have reported
contradictory data. Therefore, based on the current available in vitro and epidemiological
data, it is not possible to confirm the complete safety of GLY use” [29].

Hurtado et al. (2020) studied the effects of aerial spraying of glyphosate on sugar crops
in a region of Columbia. They found that mass spraying, while increasing productivity
for the sugar growers, resulted in the “toxic dispossession” of ethnic communities in the
region [30]. People left the area because of the adverse health effects they experienced from
the sprayed crops.

In summary, the epidemiological studies show mixed results on whether glyphosate-
based herbicides are hazardous to humans, while in vitro studies show extensive evidence
that GBHs are toxic to human cells.

4. Animal Studies of GBHs

Animal studies (see Table 1) have shown a diverse range of adverse impacts for
glyphosate-based herbicides. For example, Owagboriaye et al. (2017) found that one for-
mulation of glyphosate has been found to be an endocrine disruptor in animal studies [31].

“Our study has shown that Roundup has the capacity to induce reproductive
toxicity in the male reproductive system of the exposed animal. It is also a potent
endocrine disruptor. We can conclude that the disruption in the normal testicular
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cellular architecture observed in the rats exposed to Roundup in this study,
which could probably lead to abnormal hormonal secretion and abnormal sperm
properties. may be attributed to the oxidative stress inflicted on the gonad of the
exposed rats by the active ingredient in Roundup. This assumes significance and
a public health concern considering increasing use of Roundup and presence of
its residues in food and drinking water, thereby, increasing possible routes of
exposure in humans.”

Another rodent study by Lozano et al. (2018) revealed an adverse effect of Roundup
on rat gut microbiome [32]. Pandey et al. (2015) reported on Roundup’s disruption of the
adrenal gland of male rats [33]. Additionally, Kubsad et al. (2019) studied pregnant female
rats exposed to glyphosate during 8–14 days of gestation. They found that glyphosate
induced epigenetic transgenerational effects and wrote that “glyphosate was found to
promote the epigenetic transgenerational inheritance of disease and pathology through
germline” [34]. Negligible effects were observed on the gestating mother and her offspring,
but a significant increase in pathology and disease were found in the 2nd and 3rd generation
rats. Other studies on rodents and rabbits showing adverse effects from Roundup or other
GBHs are given in Table 1.

Table 1. Glyphosate-Based Herbicides: Effects on rodents, rabbits, aquatic species, beneficial insects and non-target species,
and soil. A sample of the literature.

A. Rodents & Rabbits Toxic Effects Sources Reporting Effects

Rabbit Semen Toxic effects Cai et al., 2017 [35]

Rat uterus Disrupts uterine development Schimpf et al., 2016 [36]

Rat Brain Toxic effects on Hernandez-Plata et al., 2015 [37]; de Souza et al., 2019 [38]

Rats, Endocrine
System

Adverse effects on development &
endocrine system Pandey et al., 2015 [33]; Manservisi et al., 2019 [39]

Rodent Behavior Neurological effects on rodents Cattani et al., 2017 [40]

Rodent Reproduction Reproductive toxicity Owagboriaye et al., 2017 [31]

Rodent Pregnant
Female Epigenetic transgenerational pathologies Kubsad et al., 2019 [34]; Milesi et al., 2018 [41]

Rodent, Mammary
Gland Alters development of mammary gland Gomez et al., 2020 [42]; Zanardi et al., 2019 [43]

Rodent, Gut
Microbiome

Increase of homosysteine;
risk of cardiovascular disease Hu et al., 2020 [44]

Rat, Intestine & Gut
Microbiome

Induces inflammatory responses in small
intestine and alters gut microbiome Tang et al. [45]; Chlopecka et al., 2016 [46]

Mice oocytes Induces damage in mice oocytes Zhang et al., 2019 [47]

Mice offspring Induces lipid metabolism Disruption in
offspring Ren et al., 2019 [48]

Mice, perinatal
exposure Decreased sperm; endocrine effects Pham et al., 2019 [49]

B. Soil Impact on Source Reporting Effects

Soil health Degraded Silva et al., 2007 [50]; Van Bruggen et al., 2018 [51]

Microbial population Reduced growth & activity of soil biota
esp; N-fixing bacteria

Zobiole et al., 2010 [52]; Meena et al. [53]; Santos & Flores,
1995 [54]

Earthworms
Reduced tomato growth with no fruit;

increases soil acidity; diminishes
earthworm vitality

Owagboriaye et al., 2020 [55]; Garcia-Pérez et al., 2016 [56]

Soil pseudomonas Adverse effects on Pseudomonas species Aristilde et al., 2017 [57]
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Table 1. Cont.

C.Beneficial Insects &
Non-Target Species Effects Studies Reporting Effects

Bees
Gut microbiota damaged;

Navigation disturbed;
Reproduction decline

Balbuena et al., 2014 [58]; Vázquez et al., 2018 [59]; Vázquez
et al., 2020 [60]; Dai et al., 2018, [61]; Battisti et al., 2021 [62];

Motta et al. [63]; Graffigna et al., 2020 [64];

Butterflies (Monarch) Destruction of food supply Taylor, 2020 [65]; Pleasants, 2017 [66]; Crone et al., 2019 [67];
Pleasants & Oberhauser 2013 [68]; Flockhart et al., 2015 [69]

Butterfly, C. Xanthus Deleterious effects on growth and
development Ferreira-Junior et al., 2017 [70]

Quails (Japanese) Delayed plummage Ruuskanen et al., 2019 [71]

Herbivores (feeding on
non-target crops) Affects composition of microbiota Gómez-Gallego et al., 2020 [72]

Reptiles Suppression of immune function Siroski et al., 2016 [73]

Frog (Amazonian) Mutagenic and lethal effects Ferrante et al., 2020 [74]

Frog, embryos Teratogenic effects and growth inhibition Babalola et al., 2019 [75]

D. Aquatic Species Effects Studies Reporting Effects

Fish Impairs fish behavior, induces oxidative
stress on brain Faria et al., 2020 [76]

Fish embryos
(Odontesthes

humensis embryos)
Morphological alterations Zebral et al., 2017 [77]

Crayfish Disruption of homeostasis Altering
biochemical & Immunological function Banaee et al., 2020 [78]

Rainbow trout Sublethal effects on liver cells Santos et al., 2019 [79]

Zebra fish
Disrupted embryo development &

energy metabolism; oxidative stress,
cardiovascular toxicity

Lopes et al., 2017 [80]; Panetto et al., 2019 [81]; Roy et al.,
2016 [82]

Crab Imbalances in male reproductive function
Ovarian growth impairment Canosa et al., 2014 [83]; Avigliano et al., 2018 [84]

Salamander Affects natural behavior Exhibits
non-monotonic dose responses Ghandi & Cecala 2016 [85]

Tadpoles Lethal effects; Sublethal effects affecting
Tadpole mobility Herek et al., 2020 [86]; Agostini et al., 2020 [87]

Picoplankton Structural changes in Picoplankton;
decrease in abundance Sabio y Gracia et al., 2020 [88]

5. Non-Tillage Agriculture and Weed Resistance

Chemical herbicides have a special role in agriculture. They destroy weeds without
destroying commercial crops. Pre-emergent herbicides prevent weeds from ever growing,
while post-emergent herbicides destroy weeds that have already grown. Prior to herbicides,
farmers used tillage practices, whereby they turn over the soil to destroy weeds whose
roots have already been established. By turning over the soil there is a loss of rich topsoil
which results in the pollution of surface waters and air. Tillage practices also involve fossil
fuel use, contributing to atmospheric CO2.

Glyphosate-tolerant crops have contributed to the worldwide increase in agricultural
herbicide applications. According to Powles (2008, 360): “In transgenic glyphosate-resistant
crops (GRCs) glyphosate can be applied to the crop (post-emergence) to remove emerged
weeds without crop damage. GRCs enable glyphosate to be used as an in-crop selective
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herbicide, providing easy, economical, efficient weed control along with other agronomic
advantages such as earlier seeding and no-tillage” [89].

The non-tillage advantage is a key factor for sustainability since it protects soil quality.
According to Powles (2008) [89]: “Tillage has been reduced where GR (glyphosate-resistant)
crops have been adopted . . . Utilization of tillage results in significant fossil fuel use with
associated negative impacts.” Both on the grounds of protecting soil from erosion and
reducing atmospheric carbon, glyphosate has a positive sustainability effect on agriculture.

The benefits of glyphosate were reported by Duke (2020):

“the net influence of glyphosate on the environment has been generally positive
when comparing its use with the weed management methods that it replaced . . .
Adoption of GR (glyphosate-resistant) crops reduced tillage practices, increasing
soil retention of carbon and decreasing the use of fossil fuels in agriculture”. [90]

Kudsk and Mathiassen (2020) note: “Non-tillage/conservation agriculture is viewed
as an effective strategy to prevent soil erosion and the loss of nutrients, which could become
larger problems without glyphosate” [91].

The story would end here were it not for the development of weed resistance to the
herbicide. Glyphosate-based herbicides were used for 20 years without observed cases of
glyphosate-resistant weeds. Following the introduction of GMOs and glyphosate-tolerant
crops, glyphosate-resistant weeds began to appear throughout the world. The first case
of weeds exhibiting glyphosate resistance was discovered in 1998 [92]. By 2010, 10 weed
species in the United States had been identified as glyphosate resistant, as well as 19 weed
species globally. Alcάntara-de la Cruz et al. reported 51 weed species resistant to herbicides
in Brazil in 2020 [93].

Without the management of diversity in these agro-ecosystems, glyphosate-based
herbicide use will not be sustainable. Such diversity includes the introduction of non-
herbicide weed management along with herbicide use, as well as the varying of herbicides.
By themselves, and at the rate at which they have been used, GBHs are not sustainable for
agriculture because they will reach the end of their effectiveness through resistant weeds
and thus must be met with a multiplicity of other methods of weed control.

Ravet et al. (2020) reports on glyphosate resistance occurring across North Amer-
ica [94] and Loddo et al. (2020) discuss glyphosate resistance growing in Europe [95].
Gaines et al. report on the glyphosate-resistant weed invasion in South America [96].
Powles (2008) ends his article with the following somewhat optimistic conclusion [89]:
“Through avoiding intense glyphosate release and by maintenance of diversity, the longevity
of the precious herbicide resource glyphosate and excellent GRC technologies can be sus-
tained for future harvests and future generations.” New research on glyphosate-based
herbicides and sustainability continues to be carried out given the ubiquitous nature of
these herbicides [97].

The simple transition from GBHs to non-till agriculture did not occur. According
to Price et al. (2011), the introduction of transgenic seeds and glyphosate-resistant crops
did not result in non-tillage farming. Rather it led to conservation: “Large-scale success-
ful implementation of conservation tillage across the United States came only after the
introduction of broad-spectrum herbicides for weed control . . . Conservation tillage has nu-
merous environmental benefits, including controlling soil erosion, which can be attributed
to the accumulation of crop residues and the accumulation of crop residues and increased
soil organic matter near the soil surface” [98]. The authors argue that with the rapid
spread of glyphosate-resistant Palmer amaranth, commonly called pigweed, the efficacy of
glyphosate is significantly compromised and with it the loss of conservation tillage.

In summary, GBHs by themselves cannot produce a non-tillage sustainable agricul-
tural system, but to be successful must include other conservation methods and used with
non-herbicide weed control practices.
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6. Glyphosate and Soil Quality

One of the core principles of sustainable agriculture is to protect the quality of the soil
for future generations. Non-tillage or conservation tillage agriculture is supposed to do
just that. However, it is important to consider the infusion of glyphosate-based herbicides
including their adjuvants into the soil. Silva et al. (2007) have studied the distribution of
glyphosate in agricultural top-soils in the European Union. Their study concluded [50]:

“ . . . high levels of glyphosate and of its main metabolite AMPA (aminomethylphos-
phonic acid) have been often detected in agricultural soils across the EU. The
presence of glyphosate and AMPA in agricultural soils may not only form a risk
for soil health but also a potential risk of further spreading of these compounds
across land, water, and air domains. Indeed, besides potential effects on local
edaphic communities and on humans, that can be exposed to these substances
by inhalation of contaminated dust particles, dermal contact, or ingestion of
contaminated surface water, wind and water erosion have the potential to trans-
port contaminants to all the environmental compartments: atmosphere, other
soils, and surface waters. This information should be fully accounted for in
reconsidering approval and use of GlyBH (glyphoosate-based herbicides). Addi-
tional efforts should be made to fully quantify the extent of soil contamination by
glyphosate residues in agricultural soils worldwide, and to assess the related risk
for humans and the environment.”

Van Bruggen et al. (2018) report on the alteration of microbes in the soil from
glyphosate applications. “Shifts in microbial compositions due to selective pressure by
glyphosate may have contributed to the proliferation of plant and animal pathogens” [51].
In greenhouse tests, Zobiole et al. (2010), in relation to glyphosate-altered rhizosphere
microorganisms, found: “Glyphosate applied to the GR soybean, regardless of cultivar,
negatively impacts the complex interactions of microbial groups, biochemical activity,
and root growth that can have subsequent detrimental effects on plant growth and pro-
ductivity” [52]. Additional studies on the effect of GBHs on soil microbiota are listed in
Table 1.

7. GBHs, Milkweeds, and Monarch Butterflies

Monarch butterflies are among nature’s most beautiful living organisms. Their orange
wings are covered with black lines and bordered with white dots. Monarchs are known for
their seasonal migration, when they travel up to 4800 kilometers. They are pollinators of
many types of wildflowers. Yet, these magnificent creatures are being decimated because
their primary food source, milkweed, is destroyed by the massive spraying of herbicides
across the landscape. Those who see the threat of extinction of Monarchs speak of the
“milkweed limitation hypothesis.” As reported by Taylor Jr. et al. (2020) [65]:

“The milkweed limitation hypothesis is supported by data showing that in the
early 2000s the majority of Monarch production came from common milkweed,
Asclepias syriaca, in corn and soybean fields in the Midwest . . . .and that the
abundance of those milkweeds declined precipitously due to glyphosate herbi-
cide use in those fields . . . The loss of the milkweeds from corn and soybean
fields began in the late 1990s with the adoption of glyphosate-tolerant crops.”

The studies of tagged Monarchs have corroborated the hypothesis that milkweed
destruction is the cause of their decline. “Over the past decade and a half, milkweeds were
virtually eliminated from agricultural fields.” (Pleasants et al, 2016 [66]). An estimated
71% of the Monarch production potential of milkweeds on the Midwest landscape was
eliminated, amounting to 25 million hectares of agricultural habitat that no longer had
milkweeds. Crone et al. (2019) [67] reported that “increased use of glyphosate explains
77% of annual variation in Monarch abundance through time.” Pleasants and Oberhauser
(2013) [68] estimated that “there has been a 58% decline in milkweeds on the Midwest
landscape and an 81% decline in Monarch production in the Midwest from 1999 to 2010.”
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The evidence is very clear that the use of GBHs has reduced milkweed, which has largely
contributed to the decline of Monarch butterflies [69].

8. Glyphosate and Honeybees

Honeybees are critical to crop pollination. Extensive spraying of glyphosate has
damaged the gut microbiota of honeybees. Motta et al. found “that, exposure of bees
to glyphosate can perturb their beneficial gut microbiota potentially affecting bee health
and their effectiveness as pollinators” [99]. The authors state that for most bees the gut
microbiota contains an enzyme targeted by glyphosate. Another study by Balbuena et al.
(2014) [58] found that sublethal doses of glyphosate affects the honeybee’s navigation. “In
honeybees, exposure to the levels of GLY (glyphosate) commonly found in agricultural
settings impairs the cognitive capacities needed to retrieve and integrate spatial informa-
tion for a successful return to the hive . . . honeybee navigation is affected by ingesting
traces of the most widely used herbicide worldwide, with potential long-term negative
consequences for colony forging success.” Other studies and a meta-analysis support the
conclusion that GBHs are toxic to honeybees [59–62]. GBH effects on other non-target
species are given in Table 1.

9. Effects on Aquatic Species

When glyphosate enters surface waters it interacts with aquatic species. Zebral et al.
(2017) [77] studied the effects of glyphosate-based herbicides on fish embryos. They con-
cluded: “Roundup has the potential to produce morphological alterations in fish embryos
even at the lower and ecologically relevant concentration tested (0.36 mg a.e./L). This re-
sult corroborates the hypothesis that glyphosate alters the retinoic acid signaling pathway.”

Studies of GBHs on other aquatic species report toxic effects on crayfish, Rainbow
trout, Zebra fish, crabs, salamanders, tadpoles, frogs, and picoplankton. Additionally, by
inducing oxidative stress on the brain, the herbicides impair fish behavior (see Table 1: D.
Aquatic Species).

10. Glyphosate Versus Glyphosate Formulations

Many studies that have claimed to test glyphosate herbicides have not always dis-
tinguished pure glyphosate from herbicides containing glyphosate and other chemical
compounds, referred to as glyphosate-based herbicide formulations. This created a confu-
sion within the toxicology community since glyphosate was registered as the sole active
ingredient, while the so-called inert ingredients or adjuvants (i.e., surfactants) were often
proprietary and not disclosed. More than that, they were not tested independently. When
researchers began studying the adjuvants, they learned that some of these compounds
were more toxic than glyphosate [100].

Seralini and Jungers (2020) reported [101]: “We originally demonstrated the differen-
tial toxicity between glyphosate and its formulations marketed as Roundup . . . we found
that Roundup contained formulants that were 1000 times more toxic, and at a lower thresh-
old more endocrine-disrupting than glyphosate.” These results complicate the assessment
of glyphosate’s contribution to sustainable agriculture. Since the worldwide leader is
Roundup, which consists of glyphosate and adjuvants (glyphosate formulation), most of
the research on GBH toxicity has been carried out on Roundup or pure glyphosate, unless
specifically stated.

Tóth et al. (2020) [102] studied thirteen glyphosate-based herbicides including Roundup
and pure glyphosate, for their cytotoxic and hormonal effects. They concluded that
“glyphosate is the least toxic compound in the glyphosate-based formulations. Co-formulants
are not inert, between which synergistic effects could be greater than those with glyphosate.”
POE-15 (polyethoxylate-15, also a derivative POEA), a surfactant used in glyphosate formu-
lations (GBHs), was banned in 2016 in the EU because of the toxicity of the adjuvant. GBHs
are available in Europe with other co-formulants, which are listed as “inert compounds.”
Tóth et al. stated that in their study [102], “most of the investigated eleven free-marketed
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POE-15-free GBHs exhibited acute and chronic cytotoxicity and direct estrogenic and an-
drogenic effects, while the pure active ingredient glyphosate acid proved to be ineffective
in the applied biotests. Connection could not be found between the biological effects and
the type or concentration of glyphosate salt; therefore, it can be concluded that toxicity and
hormonal activity are linked to the formulation.”

Tsui and Chu (2003) [103] have reported on the toxic effects of glyphosate, and
the glyphosate-formulated products of Roundup and their most common co-formulant
polyethoxylated tallow amine (POEA), on various model species selected from aquatic
ecosystems, i.e., bacteria (Aliivibrio fischeri), microalgae (Selenastrum capricornutum,
Skeletonema costatum), protozoa (Tetrahymena pyriformis, Euplotes vannus), and crus-
taceans (Ceriodaphnia dubia, Acartia tonsa). Based on the results, POEA was found to be
the most toxic compound.

11. Discussion

The aim of this paper was to evaluate whether glyphosate-based herbicides (GBHs)
are consistent with the goals and methods of sustainable agriculture. Since GBHs are but
one part of an agricultural system, one can only offer evidence that this class of herbicides
is consistent with the goals of sustainable agriculture, as discussed earlier in this paper, if
they are not inconsistent with them. If GBHs violate enough criteria for sustainability, then
the system in which they are part of cannot be considered sustainable. If GBHs are not
found to be inconsistent with sustainable agriculture, it does not prove that the system as a
whole is sustainable.

This method is reminiscent of Karl Popper’s principle of falsifiability. Consider the
hypothesis “All ravens are black.” Finding a black raven does not prove that the hypothesis
is true, although it is consistent with the hypothesis. However, finding a non-black raven
falsifies the hypothesis. Falsification has more power than confirmation.

The hypothesis, “GBHs are consistent with sustainable agriculture,” was evaluated by
examining whether there was falsifying empirical evidence. The literature search revealed
sufficient falsifying instances of the hypothesis (Table 1) that show this class of herbicides
to be harmful to soil health, human and mammalian health, and biodiversity.

Figure 1 shows the number of articles indexed in Web of Science under the key words
“glyphosate toxicology”, of which there are almost 3000. The research into glyphosate
begins to grow after 2005. Even without definitive direct human epidemiological studies
demonstrating adverse health effects of GBHs, albeit there is sufficient circumstantial
evidence of toxic human effects, the rodent and other animal studies provide an important
proxy indicating that humans and the environment are at risk.
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This study has not undertaken a complete review of every scientific inquiry into
each of the effects listed in Table 1. The sampling of research is not a weight-of-evidence
evaluation for each parameter, which some may argue is necessary for a risk determination.
With the exception of assuming that all of the studies that show unsustainable effects are
false, given the number and range of human and animal studies with adverse effects, there
is sufficient reason to conclude that GBHs do not meet the goals of sustainable agriculture.

One may argue that herbicides are necessary for modern agriculture, that GBHs are
safer and more effective than others that have been approved, and that farming without
glyphosate would be a challenge. This paper makes no claim about the comparative risks,
benefits, or level of sustainability of GBHs compared to other herbicides. If one could not do
without herbicides to feed the seven plus billion people on the planet, the question remains:
are GBHs the closest we can get to sustainability? It may very well be that herbicide-driven
agriculture, whatever the herbicide, is not consistent with sustainability goals. One of the
claimed benefits of GBHs is their crop yield benefits. Wiese and Steinmann (2020) [104]
report that previous studies have overestimated the benefits of glyphosate usage and that
such studies were not relevant for specific farming conditions. The transition to sustainable
agriculture and crop diversification is addressed in Locola et al. (2020), where monoculture
and the role of GBHs are not considered inevitable [105].

In conclusion, whether or not GBHs are viewed as essential or unessential to contempo-
rary agriculture, and notwithstanding their role in non-tillage agriculture, this study shows
that glyphosate-based herbicides do not reach the bar of agricultural sustainability, with
respect to humans and the environment, making the system they are part of unsustainable.
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