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INTRODUCTION: In recent decades, genetically
modified (GM) crops have been widely adop-
ted by some of the world’s leading agricultural
nations, but the full extent of their environ-
mental impacts remains largely unknown.
Initial studies conducted in controlled envi-
ronments provided valuable insights into the
mechanisms that relate GM crops to the envi-
ronment but offered an incomplete picture
of their indirect environmental consequences.
Adopting GM crops often leads to changes in
other agricultural practices, such as pesticide
use, cropping, and tillage patterns, with pro-
found environmental implications (see figure).
Furthermore, with widespread adoption, these
changes become large in scale and can lead to
substantial economic and ecological spillovers

through markets and ecological interactions,
influencing the environmental outcomes of
nonadopting regions. These spillovers can also
lead to opposing outcomes in adopting and
nonadopting regions. For example, increased
profits fromGMcrop adoption can incentivize
agricultural expansion and intensification in
adopting countries with potentially negative
environmental impacts. However, the increased
global supply from these changes in adopting
countries can reduce expansion and intensifi-
cation in nonadopting countries throughmarket
effectswith potentially positive environmental im-
plications. The goal of our review is to synthesize
the recent understanding of the environmental
implications of GM crop adoption, with a parti-
cular focuson indirect effectsandspatial spillovers.

Much of the existing literature focuses on the
direct effects of GM crop adoption on agricul-
tural outcomes and, to a lesser extent, its im-
plications for the environment and human
health. Recent studies employing causal infer-
ence methods have contributed to our under-
standing of the combined direct and indirect
impacts of GM crop adoption through envi-
ronmental management changes, including ef-
fects on yields, deforestation, biodiversity, and
human health. Their findings paint a nuanced
picture of GM crop adoption, with mostly posi-
tive impacts on yields and mixed effects on
pesticide use, biodiversity, deforestation, and
human health. These studies also find nega-
tive health effects from increased glyphosate
use, possibly counteracted by reduced toxicity
of insecticide applications due to the adoption
of insect-resistant GM crops. However, the few
studies that evaluate long-term consequences
suggest that short-term benefits may decrease
if pest resistance is not well managed. In ad-
dition, new results show that GM crop adop-
tion increases deforestation locally, in contrast
to previous studies that found a land-sparing
global effect of GM crop adoption. Lastly, the
evidence for the impacts of GM crop adoption
on biodiversity is mixed. For example, a recent
study found that although the overall impact
of GM crops on bird diversity is small, the
overall effect is composed of positive effects
on insectivorous species and negative effects
on plant and seed-eating species. While these
studies greatly advance our understanding of
the direct and indirect environmental effects
of GM crops, they still do not fully assess the
spillover effects on areas and regions that have
not adopted GM crops.

OUTLOOK: To date, large-scale GM crop adop-
tion has been limited to just two traits with
different environmental and human health ef-
fects: herbicide tolerance and insect resistance.
New GM crops and gene-edited versions with
different traits, such as drought resistance,
would likely have different environmental and
human health impacts. Therefore, improving
regulations and resistancemanagement, provid-
ing incentives for the development and com-
mercialization of new traits that align with
social goals and humanwelfare, and gathering
more comprehensive anddetailed environmental
data, especially on biodiversity, are critical for
guiding agricultural innovations toward greater
sustainability and allowing an accurate assess-
ment of their impacts.▪
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Environmental impacts of genetically modified crops. Only two GM traits have been widely adopted:
herbicide tolerance and insect resistance. Adopting crops with these traits affects crop losses, pesticide use, and
other management actions, including tillage and crop diversity levels. These changes in turn affect agricultural
expansion, deforestation, pollution, human health, greenhouse gas emissions, and biodiversity. The environmental
impacts differ across geographic scales and GM traits, leading to both positive and negative effects.
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Genetically modified (GM) crops have been adopted by some of the world’s leading agricultural nations,
but the full extent of their environmental impact remains largely unknown. Although concerns regarding
the direct environmental effects of GM crops have declined, GM crops have led to indirect changes in
agricultural practices, including pesticide use, agricultural expansion, and cropping patterns, with
profound environmental implications. Recent studies paint a nuanced picture of these environmental
impacts, with mixed effects of GM crop adoption on biodiversity, deforestation, and human health that
vary with the GM trait and geographic scale. New GM or gene-edited crops with different traits would
likely have different environmental and human health impacts.

G
eneticallymodified (GM) crops have been
proposed as a solution to the dual chal-
lenge ofmeeting the demands of a grow-
ing global population while mitigating
the environmental impacts of agricul-

ture. By enhancing resistance to pests and other
environmental stressors, GM traits have been
promoted as having the potential to boost ag-
ricultural production without expanding agri-
culture into natural habitats or intensifying
agrochemical applications (1–3).
Although concerns about direct toxic effects

of GM crops on nontarget species and human
health have attenuated recently (4–6), increas-
ing evidence suggests thatmanagement changes
arising from GM crop adoption, including shifts
in pesticide use, spread of monocultures, and
local agricultural expansion, can have profound
implications for human health and the envi-
ronment (7–9).
Quantifying the positive and negative indirect

effects of GMcrop adoption on the environment
and human health is challenging for several
reasons: First, results from field trials are only
partially helpful for understanding the real-
world implications of GM crop adoption, as
they often hold other management factors

constant and are thus uninformative about
the broader environmental implications of these
indirect management changes. Second, large-
scale changes in agriculture, including the
widespread adoption of GM crops, also affect
nonadopting farmers through changes in crop
prices and environmental spillovers. Examples
of those spillovers include changes in pest
population sizes (10), pesticide drift (11), the
development of pesticide-resistant pest pop-
ulations (12, 13), and crop price effects (14, 15)
that incentivize agricultural expansion or con-
traction and changes in the use of agrochem-
icals elsewhere (16–19). Such spillovers also
present a methodological challenge for iso-
lating the causal effects of GMcrop adoption on
agricultural outcomes and the environment.
Recent advances in causal inference techni-

ques hold promise for analyzing the real-world
consequences of widespread GM crop adop-
tion. Examples include the quantification of
GM crop adoption impacts on health (7, 20),
deforestation (8), and biodiversity (9), although
investigating spillovers and feedback through
markets from large-scale adoption remains
challenging.
We summarize the literature on the envi-

ronmental impacts of GM crop adoption and
highlight pathways to fill remaining knowl-
edge gaps. Our review primarily examines the
impacts of GM crops that have already been
widely adopted, but we conclude by discussing
the potential effects of GM and gene-edited
crops still in development. Also, we take as the
counterfactual a world without GM crops but
with an otherwise similar conventional pro-
duction system.
Genetically modifying crop germplasm in-

volves using modern biotechnological methods
to achieve specific design objectives. The envi-
ronmental effects of GM crops vary depending
on their specific traits. Although many traits
have been developed to date, only twoGM traits

have beenwidely commercialized. These traits
are herbicide tolerance (HT), which makes a
given crop tolerant to certain broad-spectrum
herbicides, and insect resistance, in which genes
from the bacterium Bacillus thuringiensis (Bt)
make the crop resistant to lepidopteran insect
pests. These traits hold significant commercial
value as farmers worldwide struggle with weeds
and lepidopteran insect pests such as corn
borers, armyworms, and bollworms (21).
Adopting these two GM traits can reduce

crop losses by enhancing weed and pest con-
trol and consequently increase crop yields and
profits. It can also affect the use of chemical
pesticides and other management practices,
which may further enhance yields and profit-
ability. We discuss these direct and indirect
environmental implications below.

GM trait development and regulation

For nearly three decades, GM crop adoption
has been limited to two main GM traits, HT
and Bt, in four crops: soybean, corn, cotton,
and canola. Since the initial approval of those
traits for cultivation, many countries have
introduced stricter and more expensive regu-
lations for GM crop approval. As a result, many
other GM traits developed in labs are rarely
approved for commercial application (22),
including traits for resistance to fungi and
bacteria, tolerance to drought and heat, and
improved nitrogen use efficiency (23). It is
estimated that the cost of regulation for a
singlenewGMtrait ismore thanUSD40million
for the trait developer (24). This regulatory
cost is more than most public institutions and
small and medium enterprises can afford (25),
which not only prevents the commercializa-
tion of new GM traits but also contributes to a
market dominated by a few large companies
(26–28). These companies often patent their
technologies and can inflate seed prices to
raise their profits. Although increased profits
from technology development incentivize in-
novation by those companies, it simultane-
ously limits seed production by farmers and
competing firms (29). The extent of market
concentration is visible in themarket for GM
seeds. In 2020, four companies controlled
over half of the world’s seed market. These
companies hold intellectual property rights to
95% of cotton and corn varieties and 84% of
soybean varieties (30). In addition to regulatory
hurdles andmarket concentration, growing con-
sumer concerns aboutGM foods have prevented
companies and countries from commercializing
GM versions of typical food crops such as wheat
and rice (26, 31).

GM crop adoption

Once legally approved, the decision to adopt
GM crops by farmers hinge on the expected
profits of adoption and the associated risks
(32), the availability of the technology and its
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alternatives, marketing exposure (33), and
farm characteristics including farm size and
farmer education level (34). Recent work dem-
onstrates that herbicide drift that damages
neighboring non-GM crops can further accel-
erate the adoption process (11).
Following their initial commercialization in

1996, GM varieties of corn, cotton, soybean,
and canola saw swift adoption rates (Fig. 1).
By 2019, these GM varieties expanded to
190million hectares representing 13% of global
arable land and were cultivated in 29 countries
across various income levels (Fig. 2). Among the
14 GM crops approved for cultivation, four
dominate nearly 99% of the GM cultivation
area, including GM soybeans (48.2% of the
total GM area), GM corn (32%), cotton (13.5%),
and canola (5.3%). While the HT trait is pre-
dominant in GM soybeans and canola, the Bt
trait is common in GM cotton and corn, with
some varieties in the USA and other nations
featuring both, as “stacked” traits (35).
More than half of the global GM crop area is

concentrated in five countries: the USA (38%
of the total global GM crop area), Brazil (28%),
Argentina (13%), Canada (7%), and India (6%).
Strict regulation prevents the adoption of GM
crops in many non-adopting countries. An
example of the impact of regulations occurred
in Romania, which grew HT soybeans between
1999 and 2006 (with an adoption rate of 80%
by the end of 2006) but had to suspend cul-
tivation upon joining the EuropeanUnion (EU)
in 2007 (36).
Although strong patent protection and high

seed prices could limit GM crop adoption they
have not been major constraints, primarily
because protection of intellectual property
rights is not uniform across countries. The
International Union for the Protection of New
Varieties of Plants (UPOV, 1961) and theWorld

Trade Organization’s Agreement on Trade-
Related Aspects of Intellectual Property Rights
(TRIPS, 1994) are the two main international
agreements that govern intellectual property
rights around innovation in plant and seed
varieties. However, several countries are not
signatories to the UPOV agreement and are
therefore not required to apply its standards.
Additionally, the TRIPS Agreement has pro-
visions in Article 27(3)(b) that allow member
nations to develop their own patents or other
forms of protection (37, 38). Consequently, in
many low- and middle-income countries, GM
crops are not patented or patent protection is
not strictly enforced when it does exist. Once
GM crop technology receives approval in these
countries, seed production and distribution face
fewer legal barriers (39). This legal landscape
contributes to lower seed prices in many low-
andmiddle-income countries. Examples include
Bt cotton in China, India, and Pakistan (23). In
addition, some middle-income countries have
begun developing generic GM varieties to facil-
itate small-scale farmers’ access to GM crops.
Notably, Indian universities have released
three cost-effective, reusable Bt cotton vari-
eties (40), and a public-private partnership
in Bangladesh has successfully introduced a
Bt eggplant variety embraced by small-scale
farmers (41).

Quantifying the causal effects of GM crops on
agricultural and environmental outcomes

Despite numerous studies analyzing the effects
of GM crops on yields, pesticide use, and other
outcomes, several challenges persist in accu-
rately evaluating the impacts of this tech-
nology: First, although experimental setups
comparing GM crops with their non-GM
counterparts can isolate the causal impact of
GM technology on outcomes by holding all

other inputs fixed, these may not reflect real-
world outcomes. This discrepancy occurs be-
cause farmers who adopt GM crops might
also alter other agricultural practices, such as
pesticide and fertilizer use, which also affect
agricultural and environmental outcomes (14).
Secondly, in more realistic, nonexperimen-

tal settings, comparing outcomes between
farmers (or countries) who adopt GM crops
and those who do not can be confounded
as adopters and non-adopters often differ in
attributes such as farm size, education level,
access to irrigation, and labor constraints (34),
which can influence the outcomes of interest
independently of GM crop adoption and re-
lated agricultural practices. Some of these dif-
ferences can be accounted for with proper
statistical techniques [e.g., (42)]. A globalmeta
analysis of themany existing studies with non-
experimental farm-level data suggests that
GM crop adoption contributes to significant
yield gains and that the Bt trait leads to re-
ductions in chemical pesticide use, whereas the
HT trait does not (43). However, challenges with
causal inference persist as researchers cannot
observe all confounding characteristics that
could potentially bias the estimates.
One approach to addressing these challenges

is implementing randomized control trials
(RCTs) in field settings, wherein randomly
selected farmers receive incentives to adopt
GM crops. These behavioral experiments enable
farmers to modify their agricultural practices
in conjunction with GM adoption, resulting in
directly comparable groups of adopters and
non-adopters. Ahmed et al. (41) conducted
such an RCT in Bangladesh, and the results of
this study showed a 50% increase in yields and
a 40% reduction in pesticide costs for Bt egg-
plant production compared with conventional
eggplant production in the control villages.
Despite RCTs being the gold standard for

causal inference, they are not without limi-
tations. First, the results from RCTs are not
always scalable to larger, aggregated levels as
market responses and spillovers are largely
absent at the small scale of the experiments
(44, 45). Secondly, because of varying local
conditions these results may not be directly
transferable to different settings such as other
countries or types of GM crops.
Causal inference techniques that evaluate

the consequences of large-scale adoption across
several countries are instrumental for under-
standing the real-world implications of GM
crop adoption. A recent study by Hansen and
Wingender (46) uses one such causal inference
method to estimate the impact of GM crop
adoption on yields on a global scale. The study
distinguished the effects of GM adoption from
broader country-specific agricultural develop-
ment by comparing yield differences across
corn, cotton, soybean, and other crops before
and after GM adoption across countries with
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Fig. 1. GM crop adoption over time. The percentage of global corn, cotton, soybean, and canola area under
GM varieties. The data are from the status reports of the ISAAA [e.g., (35)].
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and without GM crops, employing a triple
difference methodology. They report no yield
effects of GM soybean and rapeseed adoption
but large and statistically significant yield ef-
fects of GM cotton and corn adoption. These
results may overestimate the actual yield gains,
however, because yield gains of suchmagnitude
in some of the world’s largest crop producers
would change global crop prices and thus
affect non-adopters’ incentives for production.
Indeed, Barrows et al. (14) found that GM crop
adoption reduced prices between 10 and 20%
compared with the counterfactual world with-
out GM crop adoption. Although such a price
reduction represents a benefit of GM crops
for consumers, lower prices can diminish the
revenues of non-adopting farmers, potentially
prompting them to reduce land, fertilizer, and
other inputs to agricultural production (16–19).
To illustrate this methodological challenge,
consider yield trends in adopting and non-
adopting countries (Fig. 3). Corn, cotton, and
soybean yields were different in adopting and
non-adopting countries even before the com-
mercialization of GM crops and generally in-
creased over time. Yields further diverged
between adopting and non-adopting countries
after the commercialization of GM crops, sug-
gesting a positive impact of GM crops on yields
(Fig. 3). Causal inference approaches address
the challenges arising fromdifferent yield levels
before adoption and general time trends. How-
ever, if yield trends in non-adopting countries
declined in response to GM commercialization
due to, for example, price effects, it would also
contribute to the divergence of yields between

adopting and non-adopting countries and thus
lead to an overestimation of the positive yield
effects of GM crops.

Agricultural expansion and deforestation

Yield increases from GM crop adoption may
reduce the incentives to convert forests to
croplands, thus reducing biodiversity loss and
greenhouse gas emissions associated with land
use change (15, 47). The suggested mechanism
for this land-sparing effect is that increased
production in response to GM crop adoption
leads to reduced crop prices, discouraging
farmers from expanding their cropland into
natural or seminatural habitats. This general
positive relationship between crop prices and
deforestation, which drives the effect on agri-
cultural expansion or contraction, has been
established in various studies and locations
(18, 48–50) although unrelated to GM crops.
Alternatively, increasedprofits fromGMcrop

adoption, e.g., through reduced production
costs or crop losses, could motivate farmers
to expand agricultural production into nat-
ural habitats. For instance, Carreira et al. (8)
find that deforestation in Brazil increased in
areas with significant productivity gains from
GM crop adoption compared with areas with
low benefits of GM crop adoption, indicat-
ing a potential deforestation-inducing effect of
GM crops.
Although research specifically linking GM

cropadoption todeforestation is limited, broader
studies on agricultural productivity and de-
forestation present varied results (51, 52). A
possible explanation for these mixed results

is that the contrasting outcomes may occur
simultaneously but at different scales or in
different locations. For example, although GM
crop adoption might lead to agricultural ex-
pansion in adopting regions as a result of
increased profits, it could simultaneously reduce
agricultural expansion in non-adopting regions
because of the lack of profitability gains in
those regions and lower crop prices in response
to the increased aggregate supply. Across all
regions, this could lead to overall forest loss
or forest gain, depending on the magnitude
of deforestation in adopting and non-adopting
regions. Further, the effect depends on the
response of prices to aggregate supply. For
example, the land-sparing effect may be stron-
ger in relatively closed economies with highly
responsive prices whereas exporting countries
facing world prices may not experience the
same land-sparing effect through the price
mechanism.
Although it is conceptually clear that increased

crop production in one region can reduce ag-
ricultural expansion elsewhere, it is difficult to
empirically quantify where cropland would be
reduced and by how much. Computable gen-
eral equilibrium (CGE) models are often used
to quantify these spatial relationships [e.g.,
(53)]. For example, (54) found that the Green
Revolution, characterized by the adoption of
high-yielding crop varieties in low-income coun-
tries since the late 1960s, potentially prevented
the conversionof 18 to 27millionhectares ofnon-
natural vegetation into farmland, thanks to
localized production increases and subsequent
price effects. However, caution is warranted
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Fig. 2. GM crop adoption across countries. Percentage of global corn, cotton, soybean, and canola cropland area planted with GM varieties in 2018. Countries with
zero or less than 1% GM crop adoption are shown in light gray. The data are from the status reports of the ISAAA [e.g., (35)].
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when using CGE models as they rely on nu-
merous parametrized relationships that may
introduce biases in the analysis and it often
remains unclear which land cover the expand-
ing agriculture displaces.

Pesticide use

The two main types of GM crops, Bt and HT,
are both related to pesticide use but in dif-
ferent ways. The Bt trait provides resistance to
lepidopteran insect pests, thus reducing the
need for chemical insecticide sprays against
these particular pests. Numerous studies have
found evidence that Bt crop adoption is as-
sociated with significant insecticide reductions
both in low-income and high-income countries
(41, 55–57). However, the influence of Bt crops
on insecticide application may fluctuate over
time depending on various factors, including
management practices of farmers. First, Bt tar-
gets specific insect pests, often lepidopteran,
in cotton (e.g., bollworms) and lepidopteran or
coleopteran in corn (e.g., corn borers, corn
rootworm). Thus, as with other pesticides,
nontarget, secondary insect pests may prolif-
erate, which could lead to a rebound effect in
insecticide use (58). Second, pest populations
can develop resistance to Bt, especially when

farmers do not plant refuge areas with non-Bt
crops (57, 59–61) or repeatedly plant the same
variety of Bt crop. For example, field-evolved
resistance has been observed in corn rootworm,
one of the most serious corn pests in the US
(62). As with other pesticides, resistance to
Bt can then lead to increased pesticide use.
Evaluation of long-term data suggests that Bt
technologies can remain effective for many
years and that pest resistance buildup can be
managed with agronomic and breeding strat-
egies (63) such as crop rotations and diversify-
ing the type of Bt planting (64).
By contrast, HT crops are designed to be

tolerant to certain broad-spectrum herbicides
(historically andmost prominently, glyphosate)
and are intended to be used in conjunction
with herbicides. Thus, empirical studies report
either no significant reduction in overall pes-
ticide use following HT adoption (32) or a
substantial increase in the quantity of herbi-
cides used (43). Furthermore, HT crops can
cause a substitution effect in which the broad-
spectrum herbicides they tolerate, such as
glyphosate, replace other specific herbicides
used in conventional agriculture that might
be more or less toxic (65). This substitution
has led to a substantial increase in glyphosate

usage since the mid-1990s, particularly in
countries that havewidely adoptedHT crops (66).
Another indirect consequence of GM crop

adoption is that a reduction in the diversity
of crop types and herbicide-active ingredients
has contributed to herbicide resistance devel-
opment in weeds (66). New GM crop varieties
with multiple resistances against herbicides,
such as the addition (stacking) of a dicamba-
tolerance trait, have been commercialized to
control these weeds. The resulting increased
use of this potentially more toxic and volatile
herbicide raises new concerns regarding hu-
man health (acute and chronic conditions re-
lated to dicamba), damages to non-dicamba–
tolerant crops on neighboring fields (11), and
harm to nontarget vegetation in surrounding
ecosystems.We discuss further implications of
pesticide changes for pollution, human health,
and biodiversity in more detail below.

Health effects from pesticide use

Analogous to the implications for agricultural
expansion and deforestation, understanding
the impacts of GM crop adoption on human
health and environmental pollution neces-
sitates examining both direct and indirect ef-
fects. Direct adverse effects on human health
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from GM crop consumption are now broadly
considered to be negligible (6). The indirect
consequences, especially those related to changes
in farmers’ pesticide use, are proving significant
and are receiving increasing attention.
Pesticide exposure occurs through dermal

contact, ingestion, or inhalation. Farmers, farm-
workers, and those involved in pesticide pro-
duction are likely to experience the greatest
health impacts from GM-driven changes in
pesticide use (67). Populations residing near
agricultural fields and the general public are
exposed to pesticides primarily through diet or
air and water pesticide contamination. Thus,
regional pesticide regulation and residuemoni-
toring are important indicators (68). Pesticide
regulations and guidelines vary worldwide,
with low-income countries often lacking the
resources to implement or enforce legislation
to avoid elevated occupational pesticide risks
or adequately limit pesticide residues from the
food supply chain (68). Thus, the health im-
pacts of GM-driven changes in pesticides are
likely to be magnified in low-income coun-
tries for both occupational and nonoccupa-
tional communities.
Following the adoption of Bt crops, reduc-

tions in insecticide use have generally led to
positive environmental and human health out-
comes for farmers, farm workers, and consum-
ers (56, 69). For example, Kouser and Qaim
(70), utilizing detailed panel data from India,
demonstrated that Bt cotton adoption has
prevented millions of insecticide poisoning
incidents annually among smallholder farm-
ers through reduced spraying. These health
benefits, however, may wane over time if in-
secticide use on Bt crops increases as a result
of the emergence of Bt-resistant pests or the
proliferation of pests unaffected by Bt tech-
nology (see above).
Quantifying the health and pollution effects

of HT crop adoption is complex due to changes
in both the volumes and types of herbicides
used (i.e., substitution of broad-spectrum herbi-
cides for more specific ones, especially glyph-
osate). Nelson and Bullock (71) argue that
changes in herbicide use led to a decrease in
health hazards on the basis of acute toxicity
metrics whereas the International Agency
for Research on Cancer (IARC) (72) classifies
glyphosate as a probable carcinogen and sug-
gests a net increase in cancer risk (73). Beyond
the active ingredients of the herbicides, adju-
vants (compounds that enhance the spread
and effectiveness of herbicides) also contrib-
ute to the overall impact of pesticide appli-
cation. For example, common adjuvants used
with glyphosate, such as polyethoxylated tal-
low amine (POEA), have been shown to be
substantially more toxic to humans (74) than
glyphosate alone, and adversely affect aquatic
and terrestrial species (12, 75), a point that we
discuss further below.

The risk quotient, a commonmetric for pes-
ticide toxicity that combines pesticide quan-
tities with health risk factors (e.g., measured
as the inverse of the amount lethal to half of a
rat population), offers insight into the health
effects of pesticides (76, 77). A study by Lee et al.
(78) applied this metric and found that GM
crop adoption in the USA initially reduced
pesticide toxicity. Over time, however, toxic-
ity levels rose, partly due to the development
of pesticide resistance. Overall, it is important
to note that ex-ante toxicity studies might be
subject to threemain biases: (i) pesticide toxicity
measurements can be imprecise (79, 80), (ii)
evaluationmay focus only on active ingredients
ignoring the toxicity of adjuvants (74, 75, 81),
and (iii) the studies may measure hazard
(i.e., potential of harm; toxicity) instead of risk
(i.e., probability of harm; the interaction of
toxicity with exposure), potentially under- or
overestimating the actual damage to humans
and nontarget species (82 83).
An alternative approach to assessing the

health impacts of GM crops involves directly
measuring health outcomes associated with
GM crop adoption through causal inference
methods. These methods leverage natural
variations, such as differences in GM crop
suitability across regions or variations in the
distribution of environmental impacts (e.g., up-
stream and downstream of GM crop adop-
tion), to establish the causal effects of GM
crops on health. These methods were used in
Brazil, where widespread adoption of HT soy-
beans led to increased glyphosate use (7, 84).
Dias et al. (7) found thatHT crop adoption and
the resulting rise in glyphosate levels in water
significantly increased infant mortality, pre-
term birth rates, and the occurrence of low
birth weights. Similarly, Skidmore et al. (84)
linked the heightened pesticide use to elevated
childhood cancer rates, likely through water
contamination. Rubin and Saulnier (20) show
similar negative health outcomes in response
to increased glyphosate use from GM crop
adoption in the US.
Although significant progress has beenmade

in assessing the environmental and health im-
pacts of pesticide changes due to GM crop adop-
tion, considerable uncertainties remain. These
uncertainties relate to the effects of changes in
the type, amount, and application timing of
pesticides used on GM fields.

Further management practices

GM crop adoption has been associated with
changes in other management practices beyond
pesticide use, though the evidence is sparse,
and the overall environmental consequences of
these changes are still largelyunknown.First,GM
crops—especially those tolerant to glyphosate—
may have facilitated reduced tillage intensity,
achieved through conservation tillage or no-till
practices, due to more effective weed control

(85–87). For example, Perry et al. (88) observe
that glyphosate-tolerant soybeans have pro-
moted the use of these practices, increasing
conservation tillage and no-till by approximately
10 and 20%, respectively. Although the impact
of reduced tillage practices on productivity is
mixed (89), they have been shown to benefit
soil structure, runoff, water quality, soil biota,
aboveground wildlife, and air quality with
varying levels of magnitude (90–92); reduced
tillage practices also have mixed impacts on
carbon sequestration (93, 94) (see below).
Second, GM crop adoption may also influ-

ence crop rotation practices. Specifically, GM
crops, by providing effective weed and pest
control, might reduce the traditional yield
advantages gained from rotating crops (95).
This substitution effect could potentially reduce
crop rotations at the field level and lead to
more crop uniformity across larger agricul-
tural landscapes, thereby reducing both tempo-
ral and spatial crop diversity. Causal evidence
for this relationship has yet to be established.
Understanding this relationship is crucial, as
diverse crop rotations support wild biodiversity
(96), reduce pesticide applications in the agri-
cultural landscape (97), and enhance the resil-
ience of agricultural systems to adverse weather
conditions (98).
Finally, new crop varieties can encourage

increased use of further inputs such as fer-
tilizer (99), which can have profoundly harmful
downstream consequences for the environment
and human health (100). Below, we discuss the
implications of these management changes
for biodiversity and greenhouse gas emissions.

Biodiversity

GM crop adoption can affect biodiversity di-
rectly through the consumption of GM crops
or indirectly through various land use changes,
including agricultural expansion, pesticide use,
and othermanagement practices. Considerable
literature has examined the direct effects of GM
crops on nontarget species. Most studies focus
on the effects of Bt crop consumption on a diver-
sity of organisms; these studies have identified
adverse toxic effects on a range of nontarget
species, including butterflies, springtails, and
lacewings (4, 101–103). Although these studies
highlight potential risks, they also underscore
substantial gaps in our knowledge, particularly
regarding aquatic, microbial, and soil-dwelling
organisms (104, 105). In addition, the concern
has been raised that many studies are poorly
replicated, conducted in nonfield realistic con-
ditions, and often funded by industry stakehold-
ers (4, 101). Given these caveats, the available
evidence suggests that, for the species tested,
risks posed by direct and immediate contact
with GM crops under field-realistic conditions
appear small or nonexistent (5).
The movement of transgenes into wild

populations is another oft-cited risk of GM
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crop adoption (106). Gene flow fromGM crops
to wild or locally adapted crops could reduce
biological diversity through genetic assimila-
tion (107) or give rise to new lineages that
persist (108). There is considerable evidence
of gene flow from GM to wild species, for
example, in the case of GM to wild canola
varieties in Canada (14). At the same time,
the fate of lineages resulting from transgenic
gene flow is inherently difficult to predict (109)
and, to date, the risk of negative environmental
or economic impact appears to be low (110).
GM crop adoption has led to several changes

in global pesticide usage (see above) and there
is a clear scientific consensus that pesticides
threaten biodiversity worldwide (111–114). In
addition to the direct impacts of Bt and her-
bicides on wildlife living within GM crops,
herbicide spray drift can lead to the loss of wild
plant diversity in nearby landscapes, even at
low concentrations (115). This loss of host plant
diversity can impose negative downstream ef-
fects on key ecosystem players such as pollina-
tors and other nontarget organisms (116).
Finally, there is growing consensus that

changes in agricultural management practices
that reduce crop and landscape heterogeneity
(i.e., agricultural simplification) also negatively
affect biodiversity. For instance, Strobl (96)
found that greater crop diversity is linked to
higher bird diversity in agricultural landscapes.
Furthermore, a comprehensive meta analysis
by Sirami et al. (117) provided evidence that
agricultural landscape simplification is asso-
ciated with lower multitrophic biodiversity.
Agricultural expansion, when it occurs at the
expense of natural and seminatural habitats, is
the single largest cause of biodiversity reduc-
tion through wildlife habitat loss and degra-
dation (118, 119). Both types of land use change—
agricultural simplification and expansion into
natural areas—have been linked to GM crop
adoption (see above), although the exact extent
of GM crops’ role in simplification and expan-
sion remains uncertain. A recent study that
evaluated the combined direct and indirect
effects of GM crop adoption on bird diversity
in the US found overall positive effects of GM
crop adoption on bird diversity with heter-
ogeneous effects across species groups and
crops. Although insectivorous birds benefited
from GM crop adoption, especially from GM
cotton, herbivorous birds declined in response
to GM crop adoption, with GM soy having the
strongest impact (9).
A major challenge in evaluating the risks

associated with GM crops for biodiversity is
the scarcity of standardized, long-term bio-
diversity data from agricultural landscapes.
Although reliable longitudinal bird survey data
exist in some countries, such comprehensive
data are lacking for other critical taxa, includ-
ing insects, microbes, and plants. The absence
of long-term biodiversity records for taxonomic

groups heavily affected by pesticides, such as
insects andmicrobes, hinders a full understand-
ing of GM crop management’s effects on biodi-
versity (120–123). These groups, which also play
crucial functional and trophic roles (e.g., as
mutualists, prey, predators, and pathogens) in
the same agroenvironments, require more exten-
sive research to fully grasp the broader impacts
of GM crop adoption on biodiversity, particu-
larly taxa with limited existing survey records.

Greenhouse gas emissions and climate change

GM crop adoption can affect greenhouse gas
emissions through agricultural expansion and
deforestation and changes in management
practices on existing agricultural land, includ-
ing tillage practices, fertilizer applications, the
use of agriculturalmachinery, and shifts between
crop and livestock production (47, 124). Col-
lectively, these changes could significantly affect
greenhouse gas emissions (15). For instance,
Kovak et al. (47) estimated that GM crop
adoption in Europe could reduce agricultural
greenhouse gas emissions by 7.5% as a result
of higher yields and thus reduce agricultural
expansion at the global level. In terms of
tillage, adopting GM crops with the HT trait
has facilitated no-till practices, reducing trac-
tor and fuel use and possibly increasing soil
carbon sequestration. However, the benefits of
no-till agriculture for reducing greenhouse
gas emissions are controversial andmay require
integration with other practices, including cover
cropping and crop rotations (89, 94). Further
changes in greenhouse gas emissions can result
from fertilizer adjustments (see above), but the
impact of GM crop adoption on emissions from
fertilizer use is largely unknown.
The prevailing view in the current literature

is that GM crop adoption could be greenhouse
gas–reducing (47, 124), but substantial uncer-
tainties over the magnitudes of greenhouse gas
emissions still persist. So far, most GM crop
applications are found in conventionally man-
aged systems with relatively high greenhouse
gas emissions per unit of land.

Outlook

GM crop adoption has been rapid and com-
plete throughout several of the major crop-
producing countries in the world. However,
this adoption is mostly confined to two GM
traits (HT and Bt) and to a small number of
commercial crops. Although some countries
have embraced these GM technologies, others,
including members of the European Union
and countries in Africa and Asia, still ban their
production mainly because of perceived envi-
ronmental and health concerns.
Much progress has been made in recent

years to quantify the impact of GM crop adop-
tion on agricultural inputs. These studies are
fundamental for understanding the path-
ways through which GM crop adoption could

affect environmental and health outcomes.
However, linking those individual manage-
ment changes to the relevant outcomes is com-
plicated by the number of pathways that could
affect the outcomes. Examples include the in-
direct impacts of GM crops on biodiversity
through changes in land use and cover, pes-
ticide toxicity, or species interactions. Focus-
ing on individual impacts, such as pesticide
toxicity, may lead to an incomplete picture of
the overall effects. A growing literature, there-
fore, focuses on the combined indirect and
direct effects of GM crop adoption on environ-
mental and health outcomes using causal in-
ference techniques and “natural” experiments.
These studies include biodiversity (9), health
(7), and forest cover (8).
Despite substantial progress, large knowl-

edge gaps remain. First, large uncertainties
persist regarding the long-term impact of GM
crops on the expansion of monocultures and
the spread of resistant weeds and pests. These
changes may diminish or even reverse the
short-term benefits of pesticide reductions
fromGM crop adoption (78). Second, the long-
term impact of GM crop adoption on species
groups other than birds, including bees, but-
terflies, and other insects, is largely unassessed.
These groups may be directly affected by GM
crops and pesticide use changes, and their
abundance and diversity may in turn directly
affect agricultural production (125). The lack of
systematic long-term surveys of these species
groups hampers progress in this field. Third,
the quantification of GM crop adoption on
deforestation on a global scale has not been
quantified. Although local deforestation effects
have been demonstrated, e.g., in Brazil where
deforestation increased in response to GM crop
adoption (8), the often-assumed reduction of
deforestation at a global scale in response to GM
crop adoption has not been tested empirically.
It is important to note that the environmental

consequences of GM crop adoption evaluated
here have largely been assessed in similar farm-
ing systems, namely simplified conventional
monoculture systems, setting a low bar for
environmental comparisons. Such simplified
systems are known to substantially reduce
both biodiversity and ecosystem services rela-
tive to more diversified forms of agriculture
(126–128). Thus, any positive environmental
effects of GM crops, such as improvements
to bird biodiversity (9), must be interpreted
cautiously. While GM crops that maintain or
increase yields while reducing environmental
harm may be developed, it is critical to go
beyond harm reduction toward regenerating
environmental benefits to achieve agricultural
sustainability.
Although this review finds mixed effects of

current GM crops on the environment, it is
important to remember that current GM crop
production is dominated by a fewGM-crop-trait
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combinations that were selected in a process
driven by industry self-interest, public accept-
ance (or lack thereof), and costly regulation. It
is plausible that GM crops with other traits
explicitly developed to reduce the environmen-
tal impacts of agriculture combined with strin-
gent resistance management efforts would have
unambiguous positive environmental conse-
quences. New gene-editing tools can reduce
the cost and increase the speed and precision
of developing desirable traits. However, this
will require a conducive policy and regulatory
environment that fosters diversity, transpar-
ency, sustainability, and a less concentrated
industry (33, 129). Finally, GMand gene-edited
crops and traits should not be seen as a sub-
stitute for good agronomic practices but should
be integrated smartly into sustainable produc-
tion systems.
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