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Large-scale use of genetically modified (GM) crops has raised
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helpful arthropods relative to conventional systems that depend on

unselective insecticides. The impacts are however largely neutral
in comparison to the non-Bt systems that are not treated. Instead,
herbicide-tolerant (HT) agricultural systems have linear decreases
in the population of weeds and accelerated the evolution of
herbicide-resistant weeds particularly when mono-culture is
practiced in permanent and when herbicide is used repeatedly. In
literature, it has been established that the indirect management (i.e.
making crop rotations easier, making landscape easier, excessive
reliance on chemicals, etc.) has a more significant mediating effect
on the loss of biodiversity than the actual transgenic properties.
The findings indicate how the long-term landscape observation
and the agroecological management practices can contribute to the
realization of sustainability in the integration of GM technology in

the agroecosystems.
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INTRODUCTION

The need to maintain a growing population in the world today in the face of the environmental
degradation and climate change has created the need to consider the new use of agricultural
technology (Ngongolo & Mmbando, 2025). One of such new concepts that have carried a lot
of debate is Genetically modified crops. On the one hand, they can contribute to the issue of
food security, and on the other hand, an urgent question is how healthy the environment is and
whether it will be able to sustain itself over time (Ngongolo & Mmbando, 2025). Though these
crops have been genetically engineered with the ability to withstand pests, diseases, and abiotic
stress, general review of the indirect effects on the environment such as bio-diversity loss and
pesticide resistance must be undertaken in order to embrace them (Ngongolo and Mmbando,
2025). In addition, the widespread implementation of such technologies of agricultural
biotechnologies has led to indirect changes in the methods of agriculture that incorporates
modifications in the methods of farming that involves the use of pesticides and the cultivation
of monocultures with harsh consequences on the systems of nature and human health
(Ngongolo et al., 2025; Noack et al., 2024). Although in the real world, GM crops that have
been approved are shown to be safe, a lot of holes are observed in the ecological surveillance
and cumulative assessment over long periods (Domingo, 2025). These are the second variations
in agricultural operations that include, among others, the use of pesticides, agriculturalization
and crop allocation with serious environmental impacts based on GM trait as well as the size
of the area (Noack et al., 2024). The use of insect-resistant varieties is evidence-based, and due
to it, the rate of using chemical pesticides has significantly reduced, yet scientists still study
the long-term effects of the technologies on non-target organisms and insect resistance to them
(Aziz et al., 2022; Noack et al., 2024). Meanwhile, the manufacture of herb resistant crops has
enabled the utilization of the broad-spectrum agents of the weeds control. It has accidentally
contributed to the rapid development of herbicide-resistant weed, and has also been a potential
menace to agroecosystems bio-diversity (Bekele-Alemu et al., 2025; Tsatsakis et al., 2017).
Moreover, the real-life impacts are difficult to measure due to the complexity of the
methodology of identifying causal effects of environmental spillovers, e.g. pesticide drift and
changes in population dynamics of non-adopting farmers (Noack et al., 2024). It is supported
in a 2015 review in Agriculture, Ecosystems & Environment which states that most of the
effects caused by genetically modified organism to the processes within the ecosystem have
been indirect and are as a consequence of change in the management style instead of the

organism itself (Steier, 2017). The alterations in the management can also be projected through

84|Page



Bioscience Insights Volume 2, Number 2, 2025

the fact that the number of crop rotations is frequently lowered and the landscape is made more
similar and, therefore, can decrease the time and space crop diversity (Noack et al., 2024).
Admittedly, the reliance on the monocultural frameworks underlying the aggressive production
of genetically modified crops has been among the essential elements contributing to the
reduction in the biodiversity of farmlands as the intensive processes are likely to threaten the
sustainability of the agroecosystems (Nawaz et al., 2020). The count of those species that are
not coexistent with crops and exist with crops is smaller, thus, it becomes difficult to find the
early bio-indicators that can be the unwanted hazards that come along with the new technology
(Pavone et al., 2011). Therefore, standardised and long-term biodiversity data regarding key
communities of organisms such as insects and bacteria are yet to be established, therefore, it is
not easily understood how the whole effects of such management practices impact ecological
communities (Noack et al., 2024). In case of an even more precise estimation, the simplicity of
the agricultural landscape due to the destruction of the natural and semi natural habitats is the
primary driver of the loss of the biodiversity. It is usually accompanied by the use of high-input
cropping systems (Noack et al., 2024). By reducing the capacity of positive arthropods and
pollination, the habitat loss, in turn, reduces the processes in the ecosystem that are vital to
ecosystems, including biological control and pollination (Bohn and Lovei, 2017; Tsatsakis et
al., 2017). It is also aggravated by the fact that the weed varieties are becoming weaker which
is related to herbicide-resistant crops, sabotaging the loss of nutrients that sustain the desirable
farmland animals and complex food webs (MacLaren et al., 2020; Tsatsakis et al., 2017). The
other environmental problem is that the transgenes are transferred to the wild kins. There is
also the possibility of reduced biological diversity via this GM crop gene flow because the gene
flow will be combined or lead to new lineages surviving (Noack et al., 2024). The risk
evaluations that were carried out initially were largely founded on the risk of toxicity of the
crop plants themselves to the non-target organisms. Subsequent appraisals have made a greater
weighting to the fact that indirect effects of some management behaviours such as the new
pesticide combinations and their impact on the arable plants, invertebrates and birds ought to
be taken into account (Firbank, 2008). Herbicide-tolerant cultivars have been used in most
instances to beautify the landscapes. As an example, the crop rotations in these areas have been
reduced in Argentina and the United States (Dawson et al., 2019). This trend in landscaping
that is not as natural subjects the plants to increased stress of acquiring the resistance to
herbicides. The reason behind this is that the natural breaks in the lifecycle of the cultivated
weed caused by the various rotations is immediately destroyed by the constant replantation of

the crop (Ferreira, 2022). The lack of implementation of ecological information on a landscape
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level in assessment has not been fulfilled with expected implications. In order to provide an
illustration, the simplistic responses to pesticide fixes about transgenic plants have not been
useful in the majority of situations to address the complex agricultural problems (Bohn and
Lovei, 2017). The unexpected effects of certain of the farming strategies without being eco-
evolutionary aware is that there will arise the evolution of resistance to pesticides in both weeds
and insect pests, which will later turn into pesticide treadmill, where the application of harmful
pesticides becomes the next step (Bohn and Lovei, 2017). The diminishing genetic diversity of
crops between and within, the growing utilisation of reduced numbers of crop protection
products and the loss of some natural characteristics of agroecosystem such as field boundaries
are all changing agroecosystems into increasingly homogenous systems that will make the
existing crop protection strategies less effective (Storkey et al., 2018). To mitigate these risks,
the future structures should take into account the agroecological principles, which take into
account the interdependence of many stressors and non-linear reactions within biological
systems (Bohn & Lovei, 2017). Besides that, the single-mode strategies, such as specific
pesticide chemistries, have been proved to promote the development of resistant weeds, the
results of which are dictated by the economy, and have made it possible to transfer genes via a
weed x GM plant hybrid (Tsatsakis et al., 2017). Such hybridisation releases not only reduce
the effectiveness of the containment operations, but also the fitness and competition process of
the weedy populations, thereby making it difficult to engage in long-term management
operations (Graef et al., 2012). Researchers are therefore delving deeper into the concept of
stacking of herbicide properties and mixes of herbicides to reduce chances of resistance. But
in this approach, the impact that these mixtures can impose on non-target organisms should be
carefully examined (Parven et al., 2024). Even this absence of diversity in the ecology
contributes to this ecological frailty. Trivialized sceneries and minor kinds of crops impose a
burden on specialization and highly differentiated kinds of weeds and herbicides resistant to

herbicides (Neve et al., 2009).
METHODOLOGY

It is a systematic review, and it has been conducted following the Preferred Reporting Items of
Systematic Reviews and Meta-Analyses criteria with the aim of establishing, criticizing, and
integrating peer-reviewed information on the environmental impact of genetically modified
crops. It was selectively searched in the electronic databases, Web of Science, Scopus, and
PubMed to find out the research studies that addressed the ecological consequences of

biodiversity, dynamic pest resistance, and gene flow. The study commenced with search up to
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the present. The key words search was made through the combinations of the keywords
connected with the subject of genetic modification of organisms, environmental sustainability
and specific ecological results, which narrowed the search outcome to no limitations in terms
of language and geographical coverage. Research was required to have real world measures
of the environmental measurements such as the quantity of non-target organisms, signs of soil
health or the composition of the weed community, and compare GM systems to ordinary or
organic controls. In order to be in a position to ensure that the information was relevant, the
studies that had only investigated the agronomic performance or yield parameters without any
apparent parameter measuring the environment were not considered in the analysis. Two of the
reviewers have individually gathered data using a standardised form, which contained data of
study design, type of crop, transgenic trait and measured environmental variables. In case there
were differences, consensus or third reviews were used to overcome the differences. It was also
ensured that the quality of evidence was determined with the help of standardised tools because
the risk of biasness in the two studies was mitigated, and an emphasis was particularly placed
on the presence of confounding factors and the duration of the experiments (Meissle et al.,
2022). The difference in designs of the experimental designs led to the application of a narrative
synthesis approach in order to place the findings into perspective among the different biomes
and agricultural systems. In situations where statistical homogeneity was large enough,
quantitative data meta-analysis was carried out (Pellegrino et al., 2018). Sensitivity analysis
allowed viewing the influence of the various parameters of the studies such as the duration of
trials and the type of crop would influence the overall effect sizes (Alvarez-Alfageme et al.,
2019; Pellegrino et al., 2018). The initial search plan offered the substantial number of literature
that was considered in relation to the established qualitative measures to identify the quality of
the field research. The records containing full-text articles remaining after the weeding out of
duplicates and inappropriate titles were further considered in terms of its adherence to the
methodological standards, i.e. the fact that experiments should be performed in field conditions
but not in controlled conditions (Pellegrino et al., 2018). The definitive amount of data that was
to be included in the systematic review was 166 publications. It happened because there was a
rigorous filtering procedure, which involved the measurement of data and synthetic narrative
(Meissle et al., 2022). Restoration of the reconstructed data clarified certain tendencies in
ecological effects of the transgenic crop introduction especially towards the non-target
invertebrate populations as well as resistance mechanisms. The information that is retrieved is
synthesised in a quantitative way this means that non-target invertebrates targeting the

transgenic crop are normally more abundant in the field which has been transplanted with Bt
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cotton and Bt maize compared to the field which has been transplanted with the non-transgenic
crops as well as the one which has been sprayed with the normal pesticides (Marvier et al.,
2007). The benefit, though, is context-specific since the nature of the landscapes and the
availability of the refuge areas also have a decisive influence on the sustainability of the useful
arthropod communities of the agroecosystem (Meissle et al., 2022). The meta-analytic findings
show that Bt crops are prone to possess neutral and positive influence on the functional guilds
of predators and parasitoids. Nevertheless, these findings are quite conditional since the
comparisons are drawn, and, particularly, at such situations when the comparisons are
conducted with non-Bt controls that are treated with pyrethroid, the predation curse is very low
(Meissle et al., 2022; Wolfenbarger et al., 2008). The comparisons of effects of the Bt varieties
to non-Bt untreated refuges are usually neutral to the abundance of the predator. It implies that
the observed benefits are closely related to the fact that the use of broad-spectrum insecticides
is less widespread and not the beneficial effect that the transgenic trait itself has (Meissle et al.,

2022; Wolfenbarger et al., 2008).
RESULTS

Table 1-4 gives tabular presentation of statistical and descriptive evidence of what is illustrated
in the pictures. The nature of the characteristics of the research that was considered is
summarised in the table 1. It shows that the study was mainly concentrated in one region and
that, there was not much extensive long-term environmental monitoring. The meta-analytic
effect sizes and heterogeneity estimates shown in table 2 show positive effects of Bt crops on
arthropods especially when compared with insecticide using systems. Herbicides resistance
development in the weeds is represented by Table 3 where the monoculture and high frequency
of herbicides increased the rate of resistance and the diversified rotations decreased the rate of
development. Combining the direct and indirect impacts on the environment, table 4 shows
that the main factors that have been leading to the decreasing biodiversity and altered resistance
in the agro, ecological systems are the indirect shifts in management practices, which are

planting monoculture and using large amounts of chemicals.

Table 1. Descriptive Characteristics of Included Studies (n = 166)

Characteristic Category Frequency (n) Percentage (%)
Geographic Region North America 72 43.4
South America 38 22.9
Europe 28 16.9
Asia 20 12.0
Other 8 4.8
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Crop Type Bt Maize 64 38.6
Bt Cotton 51 30.7

HT Soybean 41 24.7

Other GM Crops 10 6.0

Study Duration 1-3 years 58 34.9
47 years 67 40.4

>8 years 41 24.7

Table 2. Meta-Analysis Results for Non-Target Arthropod Abundance

Comparison Type | Effect Size (Hedges’ 95% C1 IZ (%)
g)
Bt vs Insecticide- 0.42 0.28 to 0.56 38
treated non-Bt
Bt vs Untreated 0.05 -0.08 t0 0.17 29
non-Bt

Bt Maize (overall) 0.31 0.18 to 0.44 35
Bt Cotton (overall) 0.36 0.21 to 0.51 41

Table 3. Patterns of Herbicide-Resistant Weed Development

Croppine Svstem Time to Resistance | Dominant Resistant Management
ppIig Sy (Years) Species Pattern
Continuous HT 6-8 Amaranthus spp. Repeated glyphosate
Soybean use
HT Maize Rotation . . Limited crop
(Low diversity) 79 Lolium rigidum rotation
D1vers1ﬁefi Crop >10 Mixed species Integrated weed
Rotation management

Table 4. Integrated Summary of Direct and Indirect Environmental Effects of GM Crops

Impact Type Direct Trait Effect Indirect Overall Ecological
Management Effect Outcome
Non-target Neutral Reduced insecticide | Increased predator
Arthropods use abundance
Weed Diversity None Broad-spectrum Decline in species
herbicide use richness
Resistance Low (Bt toxin Monoculture & Accelerated
Evolution specific) repeated herbicide resistance
use
Landscape Minimal Crop simplification | Reduced ecological
Biodiversity & habitat loss resilience

Figure 1 demonstrates the intensive PRISMA-based study selection plan which lead to 166

eligible field studies so that the process was viable and transparent. The meta-analytic forest
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plot in figure 2 shows that Bt crops have better arthropods as compared to the systems that
have insecticides. The effects are mostly neutral compared to untreated controls and hence less
insecticide is what results in majority of the ecological benefits. Figure 3 shows that the
diversity of the weed has continued to reduce over a long span of time and the herbic resistant
weeds have been incrementing within the crops that can resist herbicides at any time. This goes
to show that sustainability is a matter of concern. Figure 4 combines all these results in a
conceptual framework that separates the direct influences of traits on performance and the
indirect influences of management in which they operate. What this illustrates is that it is the
agricultural practices and not the genetic modification that per se that has an effect on the

outcomes of biodiversity.
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Figure 1. PRISMA Flow Diagram of Study Selection Process

Weight N
Study or Subgroup Effect Size [95% CI] (%) (Studies)

Bt vs Insecticide-treated non-Bt

Study A (2018) —a— 0.50 2
Study B (2020) —&— 070 6
—a— 0.40 1

Study C (2015)
Subtotal: 0.55 [0.35, 0.75], n=6)

Bt vs Untreated non-Bt refuges

Study D (2019) -0.10 [-0.30, 0.10] -0.10 4
Study E (2021) 0.05[-0.15,0.25] @ 8
Study F (2017) -0.02 [-0.20, 0.18] -0.02 6
Subtotal: -0.01 [-0.10, 0.08], n=8)

Bt maize

Study G (2016) -20[-0.10,0.50]  0.20 4
Study H (2022) 0.15[-0.05,0.35] 0.35 3
Subtotal (Subtotal: 0.17 [0.02, 0.32] n=5) - 0.17 [0.02, 0.32]

Bt cotton

Study | (2014) [0.00,0.60] 0.30 4
Study J (2019) —EBe10,0700 H 2
Study K (2023) 4

—&— [0.05,045] 0.25
Subtotal (Subtotal: 0.31 [0.15, 0.47] n=7) ——

Overall Total (95% CI) 0.25[0.15, 0.35] 100.0% 26 studies
Heterogeneity: Chi® = 70.1, df = 25 (P < 0.0001); I = 65%
T T T T 1
-1.0 -0.5 0 0.5 1.0
Effect Size (Hedges’ g)
Note: Effect sizes are illustrative and do not represent a specific real-world meta-analysis.

Figure 2. Meta-Analysis of Bt Crop Effects on Non-Target Arthropod Abundance
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Figure 3. Temporal Dynamics of Weed Diversity and Herbicide Resistance in Herbicide-

Tolerant Cropping Systems
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Figure 4. Conceptual Model of Direct and Indirect Environmental Effects of GM Crops
DISCUSSION

Such artificial fragments of evidence employed by this systematic review are parallel to the
new influx of evidence of genetically modified (GM) crops that the agronomic systems of the

technology application are more influential, as opposed to the actual transgenic character of
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the genetically modified plants. More probable is also that Bt crop are also more prone to
increase non-target arthropods compared to insecticides-intensive conventional systems due to
the increased reduced application of broad-spectrum insecticides already mentioned in the
Results section. It coincided with the larger ecological assessments that prove that the
management regimes involving pests are sound concerning the mechanism of shifting
arthropod community (Carpenter, 2011). It must be noted that the landscape based management
composition appears to determine the long-term sustainability and not the resultant impact that

the traits cause on the toxicity.

These positive to neutral impacts of Bt crops on predators and parasitoids particularly in
comparison to the insecticide-treated controls are indicators that transgenic insect resistance
might be a part of integrated pest management (IPM). The persistence of such advantages
though is dependent upon the conformity to the resistance management procedures like
introduction of the refuge, and the diversification of crops. It has shown that organized refuges
reduce the quantities of resistance that grow to a considerable degree in the target pests
(Tabashnik and Carriere, 2017), and the absence of stewardship increases the speed of
resistance development (Gould et al., 2018). Through this, it cannot be disaggregated, as far as
regulatory control and adoption behaviour of farmers are concerned.Comparatively, ecological
trade-off of the results of herbicide-tolerant (HT) crops is more complex. Even though the HT
systems have eased the control of the weeds and reduced the level of tillage, the prolific
application of the single herb modes of action has resulted in the developing resistant weed
strains at an extremely rapid rate. This follows the studies of global resistance maps, which
suggest that there are glyphosate resistant species (Heap, 2014). Moreover, the frequent use of
the herbicides has been ecologically reduced and this has reduced the floral diversity of the
flora and supply of trophic resources (Marshall et al., 2003). We also concur with evolutionary
resistance, which is also an ecological fact to a large extent, repeated and intense selection

(Powles and Yu, 2010), but particularly to monoculture-based systems.

The biodiversity loss in GM-intensive agricultural farms was proclaimed to be due to bio-
uniformity of the landscapes, as well as, diminished frequency of crop rotation. In reference to
the Agroecology studies, the diversification of the habitat helps in services offered by the
ecosystems to biosphere, such as the biological regulation and pollination (Tscharntke et al.,
2005). In a scenario whereby by utilizing such GM usage, expansion of monoculture
accompanies the use, the utility biodiversity is destroyed regardless of the fate of genetic

modification. The less diversified systems of cultivating, conversely, involve the disruption of
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the ecology and improve the sustenance (Altieri, 1999). This is among the symptoms that the
dangers that the environmentally induced by GM technology have can be minimized through
policy structures that result in diversification.The gene flow to the wild relatives is an
ecologically-relevant and situational problem. Although the hybridization process is not proven
to be empirically as unusual and species-selective, the process of introgression can positively
influence the competitiveness of the weeds under certain environmental circumstances
(Ellstrand et al., 2013). This gene flow has an ecological interpretation of an ecological benefit
of fitness due to the nature and geographical connectedness. Risk ecological modelling is not

consequently leading to generalisation but to regional based modelling.
CONCLUSION

The provided paper demonstrates that the effects that genetical modified crops have on the
environment are very dependent and in most cases it is the practices that envelop the same and
not the genetic modification itself that leads to the effects of the crops. In certain instances the
application of the insect resistant Bt crops can be beneficial to the arthropod communities and
this might help in reduction of use of broad spectrum insecticides. But system capable of
accommodating herbicides is closely associated with a reduction in the amount of different
varieties of weeds and an enhancement of the occurrence of weed resistance, in particular in a
pauper monocultural set up. Again in the research, the influences which altered the ecology are
the indirect influences like the excessive use of herbicides, reduced crop rotation and the
homogenization of the landscape. The results present acuteness in striving to ensure that GM
technologies are introduced in numerous agro ecologically informed management actions to
reduce the occurrence of resistance and worsening of biodiversity. Standardised ecological
surveillance, overall landscape assessment will be required in the long run to realise the long-
term effect of various actions, as well as help in the formulation of good ecologically sound

policies and rules.
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