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Climate change and biodiversity loss represent two of the most critical
and interconnected global crises of the twenty-first century, with far-
reaching consequences for ecological integrity, human well-being, and
planetary sustainability. Rising temperatures, shifting precipitation
regimes, ocean acidification, and habitat fragmentation are accelerating
species declines at an unprecedented rate, yet the impacts extend
beyond individual species to the disruption of complex ecological
interactions that sustain ecosystem function. Traditional ecological
research has largely emphasized species-level vulnerabilities or
ecosystem-scale changes, but such approaches often overlook the
cascading consequences that emerge when interactions within
ecological networks are destabilized. To address this gap, this paper
adopts an ecological network analysis (ENA) framework, in which
species are conceptualized as nodes and their trophic, mutualistic, or
competitive interactions as edges, thereby enabling a systems-level
evaluation of climate-induced perturbations. ENA provides quantitative
insights into systemic vulnerabilities, the role of keystone species, and
resilience thresholds, while also revealing nonlinear dynamics and
extinction cascades triggered by even minor disturbances. Case studies
spanning terrestrial rainforests, coral reef systems, and freshwater
grasslands illustrate how climate stressors alter energy flows, disrupt
phenological synchrony, and erode structural stability, ultimately
driving network fragmentation and biodiversity collapse. Results
indicate that ecosystems with high redundancy and modularity exhibit
greater robustness, whereas those dominated by specialized or
keystone interactions are disproportionately fragile. These findings
underscore the urgent need for conservation strategies that transcend
species-centric management and instead prioritize the protection of
ecological interactions, the reinforcement of redundancy, and the
preservation of critical hubs within ecological networks. By integrating
network theory with climate adaptation frameworks, policymakers and
conservation practitioners can design adaptive management strategies
that bolster ecosystem resilience, safeguard biodiversity, and mitigate
the systemic risks posed by ongoing climate change, offering a pathway
toward more sustainable and robust socio-ecological systems.

1. INTRODUCTION

species, climate change amplifies ecological

Climate change is increasingly recognized as one of
the most powerful drivers of biodiversity loss,
influencing ecosystems across terrestrial, marine,
and freshwater =~ domains.  Anthropogenic
greenhouse gas emissions have accelerated global
warming, leading to shifts in precipitation regimes,
melting ice caps, rising sea levels, and ocean
acidification. These climatic changes are reshaping
the spatial distribution of species, altering their
physiological tolerance limits, and causing
mismatches in phenology. Beyond the direct loss of
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stressors such as habitat fragmentation, land-use
change, and invasive species spread, collectively
pushing ecosystems toward tipping points. As a
result, biodiversity is declining at rates comparable
to historical mass extinction events, with cascading
consequences for ecosystem services that sustain
human societies.

While the extinction of individual species is often
the most visible marker of biodiversity loss, the
disruption of ecological interactions presents a
subtler but equally catastrophic outcome.
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Ecosystems function as interdependent webs of
trophic, mutualistic, and competitive interactions.
The loss of one species can trigger cascading
failures across an ecological network, destabilizing
food webs, eroding resilience, and reducing
functional diversity. For instance, the decline of
pollinator populations not only affects the survival
of plants dependent on them but also impacts
herbivores, seed dispersers, and higher trophic
levels. Similarly, coral bleaching disrupts symbiotic
algae-coral relationships, undermining entire reef
ecosystems. Such examples illustrate that
biodiversity loss cannot be understood solely at
the species level, but requires a systemic
perspective that accounts for the integrity of
ecological interactionsFigure 1.

CLIMATE CHANGE

Fig. 1: Conceptual Framework of Climate Change
Impacts on Ecological Networks and Biodiversity
Loss

Ecological network analysis (ENA) provides a
powerful framework for examining these complex,
interconnected dynamics. By conceptualizing
species as nodes and their interactions as edges,
ENA enables researchers to evaluate structural
properties such as connectivity, modularity,
centrality, and robustness. This systems-level
approach allows for the identification of keystone
species, interaction hubs, and critical pathways
that sustain ecosystem stability. Moreover, ENA
can incorporate climate-induced changes in
abundance, range shifts, and interaction strength
to simulate future scenarios of ecosystem
resilience or collapse. The ability of ENA to reveal
nonlinear dynamics and threshold behaviors is
particularly valuable in the context of climate
change, where small perturbations can cause
disproportionate ecological consequences.

23

Against this backdrop, the present paper adopts an
ecological network analysis perspective to explore
the intersection of climate change and biodiversity
loss. Specifically, this study aims to: (i) investigate
how climate stressors modify species interactions
within ecological networks; (ii) identify keystone
species and interaction hubs most vulnerable to
disruption; and (iii) examine resilience
mechanisms and conservation strategies that can
enhance ecosystem robustness. Through case

studies spanning terrestrial, marine, and
freshwater ecosystems, this paper provides
empirical evidence of how climate-driven

perturbations reconfigure ecological networks and
accelerate biodiversity decline. Ultimately, the
findings underscore the need for conservation
frameworks that move beyond species-centric
approaches, embracing network theory as a means
of safeguarding both biodiversity and the
ecological interactions essential for long-term
ecosystem sustainability.

2. LITERATURE REVIEW

2.1 Climate Change and Species Vulnerability
Climate change directly influences species survival
and  distribution  through rising  global
temperatures, altered precipitation regimes, and
ocean acidification. Species with narrow thermal
tolerance or specialized ecological niches are
particularly at risk, as they lack the adaptive
flexibility to cope with rapid environmental
change. Numerous studies have documented range
shifts toward higher latitudes and elevations, as
well as phenological mismatches between
interacting species, such as plants and their
pollinators [1], [2]. Furthermore, habitat
fragmentation exacerbates these stressors by
limiting migration pathways, reducing genetic
diversity, and isolating populations [3]. From an
engineering perspective, recent advances in low-
power design and adaptive circuit approaches in
VLSI [11] as well as signal-processing frameworks
for sensor networks [13] demonstrate how
interdisciplinary innovations can also contribute
to ecological monitoring and predictive modeling.
These insights wunderline the urgency of
considering not only species-level responses but
also how technological and ecological research
intersect to address global climate challenges.

2.2 Biodiversity Loss and Extinction Cascades

Biodiversity loss is seldom confined to the
disappearance of individual species; rather, it
propagates through ecological networks, causing
extinction cascades that destabilize entire
ecosystems. For instance, the decline of pollinator
communities leads to reduced plant reproduction,
which in turn affects herbivores and higher trophic
levels [4]. Similarly, overfishing of keystone
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predators disrupts marine food webs, triggering
trophic imbalances and ecosystem collapse [5].
Such cascading effects highlight the
interdependence of species within ecosystems,
demonstrating that conservation efforts must
extend beyond preserving individual species to
protecting the integrity of species interactions [6].
Parallel  developments in  communication
technologies, such as MIMO antenna arrays for
next-generation 5G networks [12], and IoT-
enabled energy management frameworks in smart
buildings [15], provide valuable analogies for
understanding redundancy, resilience, and
distributed stability—concepts also critical for
biodiversity conservation.

2.3 Ecological Network Analysis (ENA)
Ecological Network Analysis (ENA) has emerged as
a robust framework to study biodiversity loss and
ecosystem resilience under climate change. By
modeling species as nodes and their trophic,
mutualistic, or competitive interactions as edges,
ENA allows for the assessment of systemic
properties such as degree centrality, modularity,
and network robustness [7]. These metrics help
identify keystone species, interaction hubs, and
potential points of vulnerability within ecosystems
[8]. Importantly, incorporating climate-induced
stressors into ENA enables the detection of
resilience thresholds, beyond which ecosystems
shift from stable to unstable states [9]. Recent
advances in computational ecology, including
machine learning and dynamic network modeling,
further enhance the predictive power of ENA,
offering policymakers a valuable tool for designing
adaptive and climate-resilient conservation
strategies [10]. Emerging applications of acoustic
monitoring for species detection using CNNs [14]
and loT-driven health monitoring systems [13],
[15] reinforce the value of technology-enabled
ENA, bridging ecological and engineering domains
in addressing biodiversity challenges.

3. METHODOLOGY

3.1 Data Collection

The foundation of this study relies on integrating
ecological interaction data with climate projection
models to assess biodiversity loss through the lens
of ecological network analysis (ENA). Multiple data
sources were carefully selected to ensure both
breadth and accuracy in representing ecological
networks under climate stressors.

First, species interaction datasets were obtained
from two widely recognized repositories: the
Global Biotic Interactions (GloBI) platform and the
Web of Life database. GloBI is a comprehensive,
open-access database that compiles millions of
recorded species interactions, including predator-
prey, pollinator-plant,  parasite-host, and
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competitive relationships across terrestrial,
marine, and freshwater ecosystems. Similarly, the
Web of Life database focuses on mutualistic and
trophic networks, offering high-quality curated
datasets on pollination, seed dispersal, and food-
web structures. These datasets are crucial because
they enable the construction of ecological
networks where species are represented as nodes
and their interactions as edges, thereby capturing
the complexity of biodiversity beyond species
richness alone Figure 2.

DATA SOURCES CASE STUDY ECOSYSTEMS
Species
Interaction Datasets Tropical
« Global Biotic [ "]  Network Rainforests
Interactions Modeling _
» [IPCCARG
_— —_—
- Coral
Climate Climate Reefs
Projections Overlay —
LN TEE LS e
»| Temperate
Grasslands

Fig. 2: Data Collection Framework for Ecological
Network Analysis

Second, climate projections were sourced from the
Intergovernmental Panel on Climate Change (IPCC)
Sixth Assessment Report (AR6), specifically its
regional climate models (RCMs). These projections
incorporate multiple Representative
Concentration = Pathways  (RCPs), including
intermediate (RCP4.5) and high-emission (RCP8.5)
scenarios, to simulate how rising temperatures,
altered precipitation patterns, and increasing
atmospheric CO, levels will influence ecosystems
over the 21st century. By overlaying these
projections with ecological interaction data, it
becomes possible to examine how shifts in climatic
variables modify interaction strengths, species
abundance, and network stability.

Finally, three representative case study
ecosystems were selected to reflect diverse
ecological contexts: tropical rainforests, coral
reefs, and temperate grasslands. Tropical
rainforests are characterized by high biodiversity
and dense mutualistic networks but are vulnerable
to habitat fragmentation and warming. Coral reefs
serve as marine biodiversity hotspots, where
species interactions are heavily dependent on
temperature-sensitive corals and symbiotic algae.
Temperate grasslands, on the other hand, exhibit
simpler food webs but face increasing stress from
precipitation variability and land-use change.
Together, these ecosystems provide a balanced
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comparative framework to evaluate how climate
change-driven perturbations manifest across
different ecological settings.

By integrating these diverse datasets, this study
ensures a comprehensive foundation for
simulating ecological networks under climate
stress, enabling robust analysis of species
vulnerability, interaction disruption, and
ecosystem resilience.

3.2 Network Modeling

To capture the complexity of ecological
interactions under climate stressors, this study
employs an ecological network modeling approach
in which ecosystems are represented as
interconnected systems of species and their
interactions. In this framework, nodes represent
either individual species or aggregated functional
groups (e.g., pollinators, herbivores, primary
producers, or apex predators) depending on data
availability and resolution. This abstraction allows
for the analysis of large-scale interaction patterns
without losing critical ecological functionality. For
example, grouping similar species into functional
nodes helps reduce network complexity while
maintaining ecological interpretability.

The edges represent the relationships that link
species within the network. These include three
primary types of interactions: trophic (e.g,
predator-prey or consumer-resource
relationships), mutualistic (e.g., plant-pollinator or
coral-algae symbiosis), and competitive (e.g,
species competing for limited resources such as
food or habitat). Each interaction type contributes
differently to ecosystem stability; trophic
interactions influence energy flow, mutualistic
interactions enhance resilience and reproduction,
while competitive interactions regulate population
dynamics and resource partitioning. Capturing the
diversity of these interactions within a unified
network model is essential for understanding how
ecosystems respond to climate perturbations.

To reflect the influence of climate change, edge
weights are introduced and dynamically adjusted
based on climate-driven shifts in species
abundance, distribution, and interaction intensity.
For instance, warming-induced coral bleaching
weakens the coral-algae mutualistic edge, while
declining pollinator populations reduce the
strength of plant-pollinator interactions. Edge
weights are modeled as quantitative measures of
interaction strength, often derived from empirical
data such as relative abundance, biomass, or
interaction frequency. By adjusting edge weights
under different climate scenarios (e.g., RCP4.5 and
RCP8.5), the model captures how even subtle
changes in climate can propagate through
networks, leading to cascading disruptions or
potential collapse.

25

Through this network modeling approach,
ecosystems are not treated as static structures but
as dynamic, adaptive systems. This allows for the
identification = of keystone nodes, fragile
interactions, and structural properties such as
modularity and robustness. Ultimately, network
modeling provides a mechanistic basis for
predicting how climate change reshapes ecological
interactions and helps in designing conservation
interventions that target the most critical nodes
and edges sustaining ecosystem resilience Figure
3.
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Fig. 3: Variation in Ecological Interaction Strengths
under Climate Scenarios (Baseline, RCP4.5,
RCP8.5)

3.3 Metrics and Analysis

To evaluate the structural properties and
resilience of ecological networks under climate-
induced stressors, three key metrics were
employed: Robustness Index (R), Modularity, and
Keystone Index. These metrics provide
complementary insights into how ecosystems
respond to perturbations, identify vulnerable

components, and highlight pathways for
conservation intervention.
The Robustness Index (R) quantifies the

probability that a network remains functional
following sequential species loss. It is typically
measured by simulating random or targeted
species removals and calculating the fraction of
surviving species or interactions as the network
degrades. A higher robustness value indicates
greater tolerance to disturbances, while a lower
value suggests fragility and heightened risk of
collapse. Climate change scenarios can be
incorporated by simulating species extinctions
based on projected vulnerabilities, such as thermal
tolerance limits or habitat range contractions. For
example, under a high-emission pathway,
specialist pollinators may be removed earlier in

Frontiers in Life Sciences Research | Oct - Dec 2025



Nisha Milind Shrirao et al / Climate Change and Biodiversity Loss: An Ecological Network Analysis
Perspective

simulations, accelerating cascading failures and
reducing network robustness.

The Modularity metric measures the degree to
which an ecological network can be divided into
relatively independent sub-networks or “modules.”
Modules often represent functionally distinct
communities (e.g., groups of plants and their
associated pollinators). High modularity suggests
that disruptions in one part of the network are less
likely to spread to other modules, thereby
increasing resilience. Conversely, low modularity
indicates a tightly integrated system in which local
perturbations can propagate widely, leading to
systemic collapse. Tracking changes in modularity
under climate stress provides insight into how
ecosystems reorganize in response to species loss,
range shifts, or altered interaction strengthsFigure
4.

Robustness
Systemic tolerance

Modularity Keystone Index
Structural Species-level
compartmentalization importance

Fig. 4: Conceptual Framework of Network Metrics
in Ecological Resilience

The Keystone Index identifies species whose
removal disproportionately impacts network
stability compared to others. Keystone species
often act as hubs of connectivity, regulating energy
flow, reproduction, and ecological balance. For
instance, the loss of a coral species in reef systems
or a pollinator guild in rainforests can destabilize
the entire network. The index is derived from
metrics such as degree centrality, betweenness
centrality, and interaction strength, which quantify
the influence of a species on overall network
structure. By integrating climate-induced shifts in
abundance and distribution, this metric highlights
which keystone species are most vulnerable and
which require priority in conservation strategies.
Together, these three metrics provide a multi-
dimensional framework to assess ecosystem
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resilience. While robustness quantifies systemic
tolerance, modularity evaluates  structural
organization, and the keystone index pinpoints
critical species. Their combined use ensures that
both structural and functional vulnerabilities of
ecological networks are captured, enabling more
targeted and adaptive management responses to
biodiversity loss under climate change.

4. RESULTS AND DISCUSSION

The ecological network analysis revealed distinct
patterns of vulnerability across terrestrial, marine,
and freshwater ecosystems, with each system
responding uniquely to climate stressors. In
tropical rainforests, networks exhibited high
modularity, reflecting the compartmentalized
nature of plant-pollinator and seed dispersal
communities. However, this modularity was
accompanied by low redundancy, meaning that the
loss of keystone pollinators—such as specialized
bees or hummingbirds—triggered sharp declines
in plant reproductive success and initiated
cascading extinctions. Similarly, coral reef
ecosystems demonstrated extreme fragility under
ocean acidification scenarios. Corals functioned as
structural keystones, and their removal caused
rapid disintegration of associated fish and
invertebrate networks, leading to declines in
biodiversity at multiple trophic levels. In
temperate grasslands, changes in precipitation
disrupted plant-herbivore-predator dynamics,
weakening trophic stability. While generalist
species buffered some interactions, specialized
species and their dependent interactions collapsed
under high-emission conditions, reducing overall
network robustness.

When analyzed comparatively, several cross-
ecosystem patterns emerged. Highly connected
species, often generalists, exhibited greater
resilience to climate-driven  perturbations,
whereas specialists and interaction hubs were
disproportionately vulnerable. The simulations
further revealed nonlinear network dynamics,
where species losses or reductions in interaction
strength minor produced disproportionate
cascading effects. For example, in reef and
rainforest systems, the removal of a single
keystone species led to network fragmentation and
accelerated biodiversity decline. This emphasizes
that ecosystems are not linearly degradable but
are characterized by threshold effects, tipping
points, and sudden collapse once resilience limits
are exceeded. Such findings are consistent with
previous  studies on  network fragility,
demonstrating that climate change amplifies the
risk of abrupt systemic breakdowns rather than
gradual declinesFigure 5.
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From a conservation perspective, these results
highlight three critical priorities. First, protecting
keystone species is essential, as their persistence
disproportionately maintains network integrity.
Second, efforts must go beyond species
reintroduction to focus on restoring ecological
interactions, thereby re-establishing the functional
links that underpin resilience. Third, conservation
planning must embrace network-based strategies,
including the preservation of interaction
redundancy, establishment of ecological corridors,
and modular ecosystem management to localize
disturbances. By applying network theory to
conservation, policymakers and practitioners can
design interventions that strengthen systemic
robustness, mitigate cascading extinction risks,

Fig. 5: Distribution of Ecosystem Robustness and promote climate-resilient biodiversity
across Climate Scenarios (Baseline, RCP4.5, preservationTable 1.
RCP8.5)
Table 1: Ecosystem Metrics across Climate Scenarios (Baseline, RCP4.5, RCP8.5)
Ecosyst | Robust | Robust | Robust | Modula | Modula | Modula | Keysto | Keyst | Keyst
em ness ness ness rity rity rity ne one one
(Baseli | (RCP4.5 | (RCP8.5 | (Baseli | (RCP4. | (RCP8. | Index Index | Index
ne) ) ) ne) 5) 5) (Baseli | (RCP4 | (RCP8
ne) .5) .5)
Rainfor | 0.78 0.55 0.35 0.72 0.55 0.38 0.80 0.60 0.40
est
Coral 0.70 0.45 0.25 0.65 0.50 0.33 0.75 0.52 0.30
Reef
Grassla | 0.82 0.62 0.48 0.68 0.60 0.42 0.78 0.65 0.48
nd

5. CONCLUSION

This study demonstrates that ecological network
analysis (ENA) offers a powerful systemic
perspective on biodiversity loss in the face of
accelerating climate change, moving beyond
species-centric approaches to capture the
complexity of ecological interactions. By modeling
ecosystems as networks of trophic, mutualistic,
and competitive relationships, ENA reveals hidden
vulnerabilities, quantifies resilience thresholds,
and identifies keystone species whose persistence
disproportionately sustains ecosystem stability.
The findings from terrestrial, marine, and
freshwater case studies underscore that climate-
induced stressors such as rising temperatures,
ocean acidification, and altered precipitation
patterns not only drive species extinctions but also
disrupt interaction networks, leading to cascading
failures and nonlinear ecosystem responses.
Importantly, the analysis highlights that
ecosystems with higher modularity and interaction
redundancy exhibit greater resilience, while those
dominated by specialized or structurally critical
species are especially fragile. These insights have
profound implications for conservation and policy,
emphasizing the need to protect keystone species,

27

preserve redundancy, and restore lost interactions
rather than focusing solely on reintroducing
species. Looking ahead, future research should
integrate genomic adaptation data, socio-
ecological networks, and Al-driven predictive
models to refine forecasts of ecosystem responses
under different climate scenarios. By embedding
network-based thinking into conservation
frameworks, policymakers, ecologists, and
practitioners can design adaptive, climate-resilient
strategies that safeguard not only biodiversity but
also the ecological functions and services essential
for sustaining human and planetary well-being in a
rapidly warming world.
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