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Abstract: The Anthropocene era is marked by profound environmental transformations that are reshaping
insect diversity, abundance, and distribution. Insects, which underpin critical ecosystem functions such as
pollination, nutrient cycling, pest regulation, and food web stability, are experiencing unprecedented declines
driven by habitat loss, climate change, pollution, invasive species, and agricultural intensification. This review
synthesizes current evidence on the scope and drivers of insect declines while highlighting emerging tools
and strategies to address them. Technological innovations including artificial intelligence, radar entomology,
environmental DNA, and citizen science platforms are revolutionizing the scale and resolution of insect
monitoring. Concurrently, policy initiatives such as the European Union’s Farm to Fork Strategy demonstrate
growing recognition of the need to integrate insect conservation into sustainability agendas. We argue that
securing insect biodiversity in the Anthropocene requires a coordinated global framework that combines
advanced monitoring, taxonomic capacity building, evidence-based policymaking, and public engagement.
Such an integrated approach is essential not only for preserving insect diversity but also for safeguarding the
ecological services upon which human societies depend.

Keywords: Insect decline, Anthropocene, biodiversity conservation, Al monitoring, environmental policy,
entomology, ecosystem services, monitoring technology conservation.

Introduction

The Anthropocene, our current geological epoch, is defined by the profound and accelerating influence of
human activity on global ecosystems. Insects, comprising the most diverse group of terrestrial animals, perform
indispensable roles: pollination, decomposition, soil formation, nutrient cycling, and supporting food webs. Yet
mounting empirical evidence signals widespread declines across insect communities around the world.

Recent studies provide compelling evidence of widespread insect declines globally, with potentially catastrophic
consequences for ecosystems. Long-term data from various regions indicate an average 37% decline in insect
species populations, with aquatic insects particularly affected [23]. Some studies report even more dramatic
reductions, such as a 76% decline in insect biomass over 26 years in Germany [7]. These declines are attributed
to multiple factors, including habitat loss, pesticide exposure, climate change, and agricultural intensification
[7,13]. The consequences are severe, as insects play crucial roles in pollination, pest control, nutrient recycling,
and as a food source for many animals [7,13]. To address this crisis, researchers recommend implementing long-
term population monitoring, reducing synthetic insecticide use, preserving natural habitats, and fostering a more
positive human-insect relationship [13]. 23
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Figure 1: Entomology in the Anthropocene: Challenges and Opportunities for Insect Science.

There are concerning declines in insect populations globally, though trends vary across habitats and regions. In
a study, widespread declines in flying, ground, and aquatic insects across Western and Northern Europe, North
America, and the Neotropics was reported [33]. In a meta-analysis [31], it was found that terrestrial insect abun-
dance decreased by 9% per decade, while freshwater insect populations increased by 11% per decade. However,
a study [14] cautions that total abundance alone may not accurately reflect ecosystem health. A study provides
further evidence of global insect declines, reporting an average 37% of species declining across major insect
orders [23]. They note more pronounced changes in aquatic communities, with 42% of species declining.

Worldwide alarming declines in insect populations across various regions have been observed. In Germany, a
27-year study reported a 76% decrease in flying insect biomass across protected areas, regardless of habitat
type [10]. This decline is corroborated by other research, with some studies estimating reductions of 75-98%
over 35 years in Puerto Rico. The causes are likely multifaceted, including habitat loss, pesticide exposure, and
climate change [7]. Temperature plays a significant role, with insect biomass generally increasing with monthly
temperature, except during extremely hot summer months. Land cover type also influences insect abundance
and phenology, with grasslands harboring higher biomass [35]. These declines have far-reaching consequences
for ecosystems, as insects are crucial for pollination, pest control, and as a food source for many species [7,32].
These studies emphasize the urgent need for comprehensive monitoring efforts to better understand the extent
and causes of insect population changes [33,31].

Evidence of Insect Declines
Long-term Biomass Loss

In alandmark 27-year study in Germany, documented alarming declines in flying insect biomass. The study found
a 76% seasonal decline and an 82% mid-summer drop in flying insect biomass across 63 protected areas [10]. A
follow-up study confirmed that insect biomass remained at low levels in 2020-2021, with no significant recovery
observed [20]. Land cover heterogeneity was identified as a key factor influencing insect biomass and diversity,
with low-vegetation habitats supporting higher richness of pollinators and threatened species [27]. Temperature
also plays a crucial role, with insect biomass generally increasing with monthly temperature. However, this re-
lationship becomes negative during exceptionally hot summer months [35]. These findings highlight the urgent
need for improved protection and management of diverse habitats, particularly unforested areas, to sustain in-
sect biodiversity in the face of ongoing environmental changes.

Shrinking in Protected Areas Worldwide

Observations from Costa Rica’s Guanacaste Reserves revealed dramatic declines in insect populations, including
an 83% reduction in beetles over 45 years and a 60-fold decline in Puerto Rico, signaling pervasive trends even in
nominally intact ecosystems [15.] These trends are attributed to climate change, habitat loss, and pesticide expo-
sure. The consequences of insect decline are severe, as they are crucial for ecosystem functioning, serving as food
for various species and performing vital roles like pollination and nutrient recycling [7]. Despite the importance
of insects, there are significant gaps in research on their conservation within protected areas, with most studies
focusing on species representation rather than threat assessment or management effectiveness [4].

Global Synthesis
A comprehensive review indicates, particularly well-documented in Western and Northern Europe, with reports
of up to 76% reduction in flying insect biomass over 27 years in protected areas [10]. Similar trends are emerging

worldwide, including North America, Asia, and the Neotropics [33].
24
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The causes of these declines are multifaceted, including habitat destruction, agricultural intensification, climate
change, and invasive species [33]. While the extent and magnitude of insect declines are not fully understood,
the available evidence is sufficient to warrant immediate action to protect insect biodiversity [19]. Researchers
emphasize the need for comprehensive monitoring efforts across ecological gradients to identify causal factors
and develop effective conservation strategies [33,6].

Driving Forces behind Decline

Agricultural Intensification

Agricultural intensification and landscape simplification have been linked to insect decline and increased insecti-
cide use, though the relationship is complex. Landscape structure changes, including grassland management in-
tensification and shifts in arable land use, are identified as significant factors in insect decline [8]. Butterfly com-
munities, particularly specialist species, are negatively impacted by intense conventional agriculture and benefit
from extensively managed grasslands [9]. Some studies have found a positive correlation between landscape
simplification and insecticide use [18]. However, this relationship is not consistent across years, with varying ef-
fects observed in different time periods [16]. The impact of agricultural intensification on insect populations and
pesticide use appears to be context-dependent, influenced by factors such as crop type, landscape composition,
and temporal variations. These findings highlight the need for multiyear studies and targeted land management
strategies to address insect decline and promote sustainable agriculture.

Climate Disruption

Experts in tropical reserves emphasize that climate change, especially extended dry seasons and disrupted
ecological cues, has become a dominant force in insect collapse. In Costa Rica, long-term observations reveal a
gradual decrease in insect species richness and density since the late 1970s, with climate change identified as
the primary driver [15]. Similarly, research in Puerto Rico’s Luquillo rainforest found a 10 to 60-fold reduction
in arthropod biomass over 30 years, coinciding with a 2.0°C rise in forest temperatures [17]. These declines are
not isolated, with reports of insect losses from Europe, North America, and elsewhere [33]. Factors contributing
to this “insect apocalypse” include habitat destruction, agricultural intensification, pesticide use, and climate
change [7]. The consequences of these declines are severe, as insects play crucial roles in ecosystem functioning,
including pollination, pest control, and nutrient recycling. Their loss could lead to the collapse of terrestrial and
freshwater ecosystems [7].

Monitoring and Expertise Gaps

The decline in taxonomic expertise, particularly in entomology, poses significant challenges for biodiversity mon-
itoring and conservation. Global disparities exist, with expertise concentrated in economically rich countries
while biodiversity hotspots lack sufficient specialists [21,22]. This “taxonomic impediment” is exacerbated by
funding disparities, infrastructure deficits, and socio-economic factors in the Global South [22]. In Europe, efforts
to profile taxonomists and assess expertise gaps have revealed the need for prioritizing taxonomy in biodiver-
sity conservation [5]. The synergy between professional and amateur taxonomists is crucial for entomological
research but faces challenges including declining numbers of specialists and financial resources [1]. To address
these issues, strategies such as community engagement, global collaborations, and integration of diverse disci-
plines are proposed to enhance monitoring capacity and foster sustainable insect biodiversity research [22].

Emerging Opportunities
Advanced Monitoring Technologies

Technological advances are transforming insect monitoring and ecology. Deep learning models like Insect Net can
accurately identify over 2,500 insect species using citizen science imagery, offering potential for early detection
of invasive species [3]. Low-cost, multisensory systems such as Insects combine cameras, optical sensors, and
environmental data for Al-based insect classification [28]. Computer vision and deep learning enable efficient,
continuous, and non-invasive entomological observations, providing estimates of insect abundance, biomass, and
diversity [12]. Emerging technologies like computer vision, acoustic monitoring, radar, and molecular methods
are revolutionizing insect ecology and monitoring, offering unprecedented possibilities for studying these di-
verse animals [30]. However, challenges remain, including the need for validation of image-based identification,
generation of sufficient training data, and development of public reference databases [12].

Policy Momentum and Awareness

Recent studies highlighting insect declines have garnered significant media attention, leading to concerns about
an “insect apocalypse” [24,26]. However, researchers caution against overgeneralization, noting geographical
and taxonomic limitations in existing data [24]. Despite these constraints, evidence suggests widespread insect
declines pose a global risk to ecosystem functions, including pollination, pest control, and nutrient cycling [29].
The scientific community emphasizes the need for immediate action, proposing policy measures to address

factors contributing to insect losses [6]. 25
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Current conservation efforts are deemed insufficient, with calls for increased research, monitoring, and interna-
tional cooperation [29]. Experts advocate for a balanced approach in science communication to maintain public
support for insect conservation while acknowledging the complexity of the issue [24,26].

Future Directions & Recommendations

To mitigate ongoing insect declines and their ecological consequences, a multi-faceted approach combining ad-
vanced monitoring, policy reform, and interdisciplinary collaboration is essential.

Below are Key Focus Areas and Actionable Recommendations Supported by Recent Research

Focus Area Recommended Actions Supporting Evidence

Deploy tech-aided, long-term insect surveil-
Monitoring Expansion | lance globally, especially in underrepresented
regions (e.g., tropics, Global South).

The gaps in tropical insect data; remote
sensing can help [34].

Use Al radar (e.g., entomological lidar), About 98.7% accuracy in stored product
Technology Integration and sensor networks for real-time, insect ID using optimized YOLOv5 models
large-scale monitoring. was observed [2]

Advocate for policies that tie insect
Policy Engagement conservation to ecosystem services
(e.g., EU’s Farm to Fork Strategy).

Analysis of legal frameworks for
sustainable food systems [25]

T Integrate entomology with climate science, The study demonstrated 42%
Interdisciplinary . . . . L
. agriculture, and public health to address improvement in prediction accuracy when
Collaboration . . L
cascading impacts. combining disciplines [36]

Reverse the decline in taxonomic expertise
Capacity Building through education, funding, and citizen
science programs.

The study quantified the loss of
taxonomists [11]

Conclusions

The Anthropocene has brought unprecedented challenges for insect science, as rapid environmental change
drives widespread declines in insect diversity, abundance, and distribution. Yet, it has also created unparalleled
opportunities for innovation in research, monitoring, and conservation. Harnessing advances in artificial intelli-
gence, remote sensing, molecular ecology, and citizen science can transform how we understand and safeguard
insect populations. At the same time, embedding entomological knowledge into global sustainability policies
while strengthening taxonomic expertise and long-term surveillance will be critical to mitigating biodiversi-
ty loss. Insects are the foundation of terrestrial ecosystems; protecting them in the Anthropocene is not just a
scientific priority but an ecological necessity.
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