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The ongoing global biodiversity crisis is characterized by an alarming rise in
extinction rates, primarily driven by anthropogenic activities, including habitat
destruction, climate change, overexploitation, and the introduction of invasive species.
This review critically examines the multifaceted causes of species extinction and
highlights the cascading effects that can result from the loss of a single species,
ultimately leading to widespread ecological disruption. Secondary extinctions, or
extinction cascades, occur through complex trophic and mutualistic interactions,
which destabilize community dynamics and ecosystem functions. The article explores
both structural and dynamical perspectives of extinction risk, highlighting the
importance of network position, interaction strength, and functional redundancy—the
existence of several species that carry out comparable ecological tasks, protecting
ecosystem services against the extinction of particular species. Case studies from
terrestrial and marine ecosystems illustrate the real-world implications of these
patterns. Additionally, emerging modeling tools and predictive frameworks are
discussed, such as compensatory perturbation theory, which calls for calculated
actions to counteract the consequences of species loss and stabilize ecosystems.
Addressing the extinction crisis requires an integrated, interdisciplinary approach that
combines ecological theory, advanced modeling, and inclusive conservation policy.
This review underscores the urgency of protecting interconnected species networks to
safeguard ecosystem resilience and long-term environmental stability.

1 Introduction

Evolution and natural selection are regular processes that

prey). A process of relaxation (loss or alteration of an
organism's ecological niche or lifestyle that results in the loss

include extinction. A series of secondary extinctions, for
instance, might result from a species' extinction in complex
ecological ecosystems where animals display a wide range of
trophic and competing tactics (Borrvall ez al., 2000; Dunne et
al., 2002; Ebenman et al., 2004; Koh et al., 2004, Montoya
et al., 2006; Paine, 1966; Petchey et al., 2004; Pimm, 1980;
Sole and Montoya, 2001). These secondary extinctions
happen when a primary extinction makes a community
dynamically unstable or impractical (a consumer can have no

of previously necessary structures, functions, or selective
limitations, particularly when reverting to a simpler or more
ancestral way of existence) (Altermann, 2012; Pocheville,
2014) known as secondary extinctions produces a viable and
long-lasting colony. The removal of the keystone sea star
Pisaster ochraceus from intertidal zones led to the domination
of mussels and the local extinction of several other species
(Paine, 1966). Similarly, the disappearance of sea otters from
kelp forest ecosystems caused trophic collapse and loss of
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biodiversity (Springer et al, 2003). In both cases, the
extinction of one species led to a significant change in the
composition of the community, which included the extinction
of numerous other species. One of the main causes of
biodiversity loss both now and in the future may be these
"secondary extinctions," also known as "coextinctions,"
which can follow a primary extinction (Koh et al., 2004;
Montoya et al., 2006).

Extinction cascades can result from both top-down
(predator loss) and bottom-up (primary producer disruption)
pathways, and are strongly influenced by ecosystem traits
such as species richness, functional diversity, and trophic
structure (Fowler, 2010). The existence of several species in
an ecosystem that perform comparable ecological functions
is known as functional redundancy, and it contributes to the
stability of the ecosystem even in the event that some species
become extinct (Royalty and Steen, 2021). Conversely,
compensatory perturbation theory outlines a modeling
framework that stabilizes ecological networks by reducing
the cascading impacts of an initial extinction through the
intentional removal or suppression of additional species
(Sahasrabudhe and Motter, 2011). Extinction vortices are
self-reinforcing population decline processes in tiny, isolated
populations where the probability of extinction is accelerated
by interactions genetic,  demographic,
environmental, and stochastic factors. A downhill spiral
toward extinction results from detrimental effects such

between

inbreeding depression, loss of genetic diversity, decreased
reproductive success, and greater susceptibility to random
events that intensify as population size declines (Blomqvist
et al., 2010). The recent widespread declines in insect
diversity and abundance further emphasize the urgency of
this issue, as their loss threatens the long-term functioning
and stability of entire ecosystems (Kehoe ef al., 2021). Thus,
there is a need to study extinction cascades for the
management of ecosystems and the conservation of
environment.

With an emphasis on extinction cascades and the
underlying mechanisms behind them, this review attempts to
investigate the main causes and ecological effects of species
extinction. The review emphasizes how interconnected
species networks react to early perturbations by looking at
both natural and anthropogenic influences. In order to lessen
the loss of biodiversity, it also highlights the significance of
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prediction models and coordinated conservation methods, as
well as the existing research gaps.

2 Primary Causes of Extinction

The extinction is controlled by a decline in biological
variety due to habitat loss, with the resulting fragmentation
of the remaining habitat. Because separate gatherings of
individuals will vanish much as populations in an
interconnected network. A species' regional decline in the
face of habitat degradation and fragmentation might simulate
a collapse of metapopulation dynamics (McCallum and
Dobson, 2002; Simberloff, 1995). Dominant species are
frequently exempt from threat of species extinction, due to
their abundance in the undisturbed remnants left over after
destruction (Tilman et al, 1994). The primary causes of
extinction are outlined in Table 1.

2.1  Anthropogenic Factors

The main cause of extinctions in the modern era is still
anthropogenic pressures. These include the introduction of
invasive species, overexploitation, habitat degradation, and
climate change.

2.1.1 Invasive species

The consensus among ecologists, environmental
biologists, and managers is that non-native species invasions
constitute a major factor in the recent extinction of species
(Fritts and Rodda, 1998; Wilcove et al., 1998). Since invasive
organisms are changing terrestrial and aquatic populations all
over the world, the spread and introduction of non-native
species has turned into a global ecological and conservation
crisis. Extinction of species and biodiversity loss are both
significant continuing crises. Many environmentalists and
academics think that invasions along with extinctions are
closely related since native species reductions frequently
happen concurrently and in the same location as non-native
species invasions (Gurevitch and Padilla, 2004).

2.1.2  Overexploitation

A species' extinction may happen suddenly and directly
if habitat damage or population overexploitation is extreme
(Brook et al., 2008). By influencing species richness,
abundance, and extinction order, habitat loss seems to impair
ecosystem functioning. Rapid functional loss was a result of
large-bodied bee and beetle species being the most
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Table 1. Extinction, primary cause, and its effects on ecology

N Type of Geographic
Extinction cause Y}? . Example Impact on ecology gtap References
extinction cause scope
Introduce new
. (Chinchio et al.,
Species invasion Anthropogenic Cane toads, Zebra illnesses and pr.QdatorS Global 2020; Feit and
mussels, and compete with the .
. . Letnic, 2015)
native population
Direct population
. Decline has an impact (Hogue and Breon,
h
Overexploitation Anthropogenic Over. ur.ltmg, on community balance ~ Global/Local 2022; Rosser and
overfishing . .
and reproductive Mainka, 2002)
potential
Decreases population
Degradation of . Def.orestation, size, separates. species, (Tian et al., 2011;
. Anthropogenic agriculture, and messes with the Global .
habitats L. . Hanski, 2011)
urbanization dynamics of meta-
populations
Changes the ranges of
e L species, interferes with (Change, 2022;
. . R Ocean acidification, R R
Changing climate ~ Anthropogenic . reproduction, and Global Harrington et al.,
Global warming o .
modifies trophic 1999)
relationships
Volcanic outbreaks, Unexpected habitat .
. . R R (Hussain et al.,
Natural Disasters ~ Natural asteroid effects, loss and population Local/Regional 2020)
cyclones declines
hvtridi — H lati
Infectious Natural/ Cmy:;gim:;ygps}som ol t iﬁpi?linn ed  Globalflocal ~ (Daszaketal, 2000;
diseases Anthropogenic amphiblans, apsea ang a a Lederberg, 1993)

in Tasmanian devils

community dynamics

functionally efficient and prone to extinction (Larsen et al.,
2005).

2.1.3  Degradation of habitats

With little regard for the environmental services that
have disappeared as a result, some irrevocably, the majority
of rivers have been completely restructured, the oceans have
been drastically changed and exhausted, coral reefs are on the
verge of becoming non-functional ecosystems, and more than
half of the land is used for crop and livestock agriculture. Our
ecosystem base will be disrupted in new ways by climate
change, which is mostly caused by human-generated
greenhouse gas emissions. The behaviors of species are
changing and upsetting long-standing mutualisms (Mooney
et al., 2009; Trisos et al., 2020).

The primary driver of species extinction is habitat
degradation (Tilman et al., 1994). The main causes of habitat
loss and the threats to the survival of the greatest number of
species listed by the International Union for the Conservation
of Nature (IUCN) are agricultural growth, commercial and
residential development (roads, housing, etc.), and forest loss
(Veach et al., 2017). Wildlife populations, particularly those
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of mammalian carnivores, are seriously threatened by
urbanization (Riley ez al., 2003). The major threat to penguin
populations is pollution, which comes from industrial
processes and agricultural runoff (Trathan et al, 2015). An
extinction vortex is created when poaching, habitat
fragmentation, and a lack of enough habitat combine
negatively (Burkey and Reed, 2006). Anthropogenic climate
change will have a significant role in the extinction of
species. Studies demonstrating the effects of climatic
oscillations and those demonstrating declines in abundance
linked to climate change both revealed strikingly comparable
trends. Documented population losses and extinctions linked
to climate change are largely caused by shifting species
relationships (Cahill et al., 2013; Sattar et al., 2021).

Apart from decreasing the amount of habitat,
fragmentation separates populations into smaller, disjointed
areas, limiting gene flow and resulting in genetic bottlenecks
(Fahrig and systematics, 2003). These isolated populations
experience a decline in genetic diversity and a rise in
inbreeding depression over time, which can limit their ability
to adjust to changing environments, diminish reproductive

fitness, and make them more susceptible to disease (Spielman
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et al, 2004). Small populations may be driven into an
extinction vortex by this genetic degradation. Studies on
landscape ecology have shown how important habitat
connectedness is to preserve genetic exchange across
populations. For instance, corridors and matrix quality have
a major impact on species dispersal and long-term survival,
according to metapopulation models and landscape resistance
assessments (Baum et al., 2004). Therefore, it is crucial to
combine genetic conservation and spatial planning to reduce
the danger of extinction in fragmented ecosystems.

2.1.4  Global climate change

Ecosystems, biological communities, and species
worldwide are being impacted by the changing global
climate. Numerous environmental changes linked to a
warming global climate, such as higher average and
potentially extreme temperatures, intense dry and wet spells,
lower ocean pH, and changed salinity dynamics in estuaries,
may make organisms more vulnerable to chemical toxicity.
Furthermore, chemical exposures may make it more difficult
for species to adapt to the shifting climate and its changing
environmental conditions (Noyes and Lema, 2015). Potential
losses in freshwater fish species in terms of greenhouse gas
emissions are caused by several variables (Hanafiah et al.,
2011).

Climate and biodiversity are related to one another.
Human activity is the primary source of climate change. The
greenhouse effect is caused by an increase in greenhouse
gases due to human activity. Thermal optima move towards
high latitudes and high altitudes as the atmosphere's
temperature rises. Increases in global precipitation have an
impact on wildlife as well. Through trophic interaction,
biomass production, and hydrological balance, climate
change disrupts the dynamic state. The behavior,
reproduction, movement, and foraging of wildlife are all
directly impacted by changing climate regimes (Sattar et al.,
2021).

Additionally, ecological feedback loops triggered by
climate change amplify its own effects. For example, rising
temperatures and protracted droughts are causing wildfires to
occur more frequently and with greater intensity, which not
only obliterates native vegetation but also disturbs the
landscape and makes it more vulnerable to invasion by exotic
species. In a reinforcing cycle, these intruders frequently
outcompete local plants and animals, further diminishing
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biodiversity and changing fire regimes. Furthermore, the
absorption of excess atmospheric CO: into saltwater results
in ocean acidification, which lowers pH levels and interferes
with the creation of calcium carbonate, which is necessary for
the survival of many marine creatures, including corals,
mollusks, and certain plankton (Fabry et al., 2008; Hoegh-
Guldberg et al., 2007). Marine food webs are weakened,
biodiversity is decreased, and ecosystem services like
fisheries and carbon sequestration are hampered by this
chemical change. These feedback loops collectively show
how interrelated and self-reinforcing mechanisms in climate
change increase the likelihood of extinction.

2.2 Natural Factors

2.2.1  Geological events

The impact of the changing climate on biodiversity in the
future has been the subject of numerous research (Bellard et
al., 2012). Spatially localized processes like cyclones and
deforestation pose a serious threat to the extinction of every
species with a very limited range (Simberloff, 1995). The
frequency of hurricanes is rising, and there are more
significant precipitation and temperature anomalies,
indicating that extreme weather conditions are happening
more frequently. All living things will be significantly
impacted by such harsh climatic conditions since they will
increase the likelihood of failure to reproduce and decrease
adult survival (Moreno and Megller, 2011; Parmesan et al.,
2000). Habitat destruction and deforestation have been
attributed to a variety of sources. Forest fires, droughts,
floods, exotic animal populations, and climate change are all
examples of natural causes of deforestation (Bodo et al,
2021).

2.2.2 Disease outbreaks

Theoretically, invasive infectious illnesses have the
potential to wipe out host populations, especially if there are
reservoir species or if the disease spreads according to
frequency. Few ancient extinctions can be conclusively
attributed to disease, but a number of contemporary
outbreaks, like Tasmanian devil facial tumor disease (DFTD)
and chytridiomycosis in amphibians, represent serious
extinction concerns. Importantly, anthropogenic factors
including habitat loss, climate change, and the global wildlife
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trade frequently contribute to the formation and spread of
these diseases, even though they are caused by naturally
occurring viruses. For example, although having a fungal
origin, chytridiomycosis is thought to have spread throughout
the world due to human-mediated amphibian migration. This
blurring of the lines between man-made and natural
environments emphasizes how intricately human activity
increases the risk of disease-driven extinction (Daszak et al.,
1999; McCallum, 2012). Unusually high rates of infectious
disease outbreaks are occurring in wildlife populations
(Epstein, 2001; Harvell et al., 1999; Harvell et al., 2002).
Emerging infectious diseases (EIDs) are caused by parasites
and pathogens that have lately become more common,
occupied host species, or spread geographically; they may
also be caused by newly developed agents or newly found
parasites and pathogens (Daszak et al., 2000; Lederberg,
1993). Considerations that disease transmission may be a
major factor in the extinction of species have been raised by
the variety of EIDs that affect wildlife and the worry that
outbreaks would become more frequent in the future (Daszak
et al., 2000; Harvell ef al., 2002; Holmes, 1996). Infectious
disecases can reduce host ranges, influence community
dynamics, and spread to local populations (Daszak et al.,
1999; Lafferty, 2003; McCallum and Dobson, 1995; Walsh
et al., 2003). According to epidemiological theory, a species
should only become extinct due to infectious diseases in
certain situations, most frequently when the pre-epidemic
population size is tiny, or reservoir hosts are present, in an
abiotic environment (De Castro and Bolker, 2005).

3 Mechanisms of Extinction Cascades

Conceptual representation of primary drivers of
extinction and their consequences on ecosystem function and
services are highlighted in Figure 1. Major anthropogenic and
natural drivers trigger functional losses such as extinction
cascades, trophic imbalances, and mutualistic breakdowns.
These disruptions lead to reduced ecosystem services
including pollination, decomposition, pest control, and water
quality.

Extinction cascades occur when a single species'
extinction spreads throughout interdependent ecological
networks, upending the structure of communities. In certain
situations, the removal or control of particular mitigating
species (green node) can stop additional cascading losses,
while in other cases, the extinction of a triggering species (red
node) can cause the sequential loss of dependent species
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Primary Drivers of
Extinction

l

Species invasion

Overexploitation

Degradation of habitats

‘ Changing climate

N Natural Calamities
Infectious diseases

Functional lossesto  Loss of ecosystem

ecosystem services
* Extinction Cascade * Water pollution
* Trophic Cascade * loss of
* Mutualistic disruption decomposers
* Long range * pest outbreaks
interactions * Reduced pollination

Figure 1. Showing the primary drivers of the extinction
cascade (Author’s compilation)

(orange nodes), as seen in Figure 2. Whereas dashed arrows
show compensating or stabilizing effects within the network,
solid arrows show direct trophic interactions. In order to
anticipate and lessen secondary extinctions, it is crucial to
identify important species and interaction routes, as this
network-based perspective emphasizes.

3.1  Trophic cascades

The actions of one native species at the top of the food
chain significantly altered the species’ composition and
physical characteristics. Their activities plus abundance
determine the community's integrity and its unwavering
persistence across time. These individual populations
constitute the foundation of the community's structure (Paine,
1969). Keystone species often drive trophic cascades by
exerting significant top-down control on community
structure, as evidenced by the removal of the sea star Pisaster
ochraceus, which led to mussel overdominance and
diminished intertidal biodiversity. When some rocky
intertidal predators, like the starfish Pisaster, were
experimentally removed, one or two sessile-in-nature species
(mussels) almost entirely dominated the substrate,
significantly reducing the diversity of species. Two
requirements determined the keystone predator's significance
in this and other situations (Paine, 1969; Pimm, 1980). The
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. Triggering cascade

O Forming cascade

O Mitigating cascade

O Neutral species

Figure 2. A network diagram demonstrating extinction cascades in food webs of ecology

Adapted from Sahasrabudhe and Motter, 2011

consumer was able to keep other species out of society by
either predating or competing with them, and the predator ate
selectively and managed the abundance of a primary
consumer. Therefore, the early meaning was essential that
keystone predator is significant because it regulates the
numbers of significant predator species or competitors. It is
worthwhile to investigate the apparent contradiction between
the keystone-species hypothesis and food-web theory. The
two conceptualizations suggest distinct community structure
patterns, necessitating distinct conservation approaches. Any
attempts to preserve a small number of keystone species will
unavoidably fail to protect the majority of species that are of
equal significance (Mills et al., 1993).

3.2 Mutualistic disruptions

Plants and their pollinators (two tiers of the food web),
engage mutually during pollination (Carvalheiro ef al., 2008;

Agricultural Research Reports

Chan and Raine, 2023; Jordano, 1987). Significant amounts
of pollination services are provided to crops by wild
pollinators (Garibaldi et al., 2011), but little is known about
the specifics of these connections (such as the diversity or
number of pollinators needed to deliver sufficient
pollination) (Kovacs-Hostyanszki et al., 2017). Global food
security is in risk due to pollination deficiencies (Tscharntke,
2021).

3.3  Structural vs. dynamic extinction risks

Compared to species participating in weaker or more
dispersed interactions, those directly involved in strong
trophic or mutualistic relationships are at a substantially
higher risk of going extinct. It's interesting to note that the
probability of these indirect extinctions tends to decline with
an increase in species interactions (links), indicating that
network complexity acts as a buffer. These results show that
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interactions' structural position and directional flow within
the network, as well as their strength, determine extinction
risk. These factors can significantly impact a species'
susceptibility to cascading extinctions (Jonsson et al., 2006).

3.4  Long-range interactions

Food-web disruptions brought on by invading species, habitat
degradation, overexploitation, and climate change frequently
result in an initial loss of species that sets off a chain reaction
of extinction cascades, making ecosystem conservation
efforts extremely difficult. The simultaneous eradication or
population reduction of other particular species can
frequently make up for the extinction of one species. Long-
range interactions that are not apparent from local predator-
prey relationships are often involved in these compensating
perturbations (Sahasrabudhe and Motter, 2011).

3.5 Historical Examples

Particularly for forest specialists, significant rates of
recorded and inferred extinctions were discovered, with the
largest percentage of extinct taxa (34—87%) reported in fish,
birds, mammals, and butterflies. In vascular plants, phasmids,
decapods, amphibians, and reptiles, observed extinctions
were typically lower, but inferred losses were frequently
higher (5-80%). More than half of Singapore's remaining
native biodiversity is currently found in forest reserves,
which make up just 0.25 percent of the country's total
territory (Brook et al., 2003).

Worldwide population declines are a clear result of
chronic overfishing, but the
repercussions brought on by predator elimination from
oceanic food webs are yet unknown. Over the past 35 years,
12 out of 14 of these prey species have increased in coastal
northwest Atlantic habitats, while the abundances of all 11
great sharks that eat other elasmobranchs (rays, skates, and

indirect environmental

small sharks) have decreased. The cownose ray, whose
increased predation on its bay scallop prey was enough to end
a century-long scallop fishery, is the first to feel the effects of
this community reconfiguration (Myers et al., 2007).

All around the world, systematic harm to sharks and the
trade in their fins occurs. While this is bad for each shark's
health, it is considerably more harmful to the ecosystems
where these keystone species are essential to its survival
(Haase, 2022). Human activities like habitat degradation and
overhunting have harmed several major apex predator
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populations worldwide in recent times. The stability of
ecosystems and the dynamics of populations and
communities can be significantly impacted by the loss or
decline of top predator populations, according to studies
conducted in a range of habitats. We do not yet fully
understand what would happen to coastal areas if huge top
predators are exterminated or significantly reduced in
number, though, because there are comparatively few
research on their involvement in coastal ecosystems
(William, 2013).

3.6 Contemporary Examples

During the decline in sea otter density in Prince William
Sound, Alaska, during the 1989 Exxon Valdezoil disaster,
interactions among sea (Strongylocentrotus
droebachiensis), kelp, and sea otters (Enhydra lutris) were
examined. The oil disaster decreased sea otter numbers near
northern Knight Island, a heavily contaminated section of the
sound, by at least 50%. From 1995 to 1998, the quantity was
projected to be 66% lower than it was in 1973. Larger sea
urchins were found in proportion to lower sea otter
concentrations (Dean et al., 2000). Ocean warming worsens
kelp forest collapse in addition to trophic disruption by
boosting the spread of warm-water herbivores, increasing

urchins

thermal stress, and decreasing food availability—all of which
impair kelp resilience and growth (Wernberg, 2021).
Although seagrasses are one of the best ecosystems on Earth
for storing carbon, their global decrease puts the carbon that
they have acquired over geological eras at danger. Sea urchin
overgrazing of seagrass is one factor contributing to this
worldwide loss (Carnell et al., 2020). In modern seagrass
systems, sea urchins are among the most prevalent seagrass
macro-grazers. Their grazing rates can occasionally outpace
the rates at which seagrass grow; this is known as
overgrazing. Overgrazing has been identified as one of the
main risks to tropical and subtropical seagrasses due to the
documented rise in overgrazing occurrences that coincide
with the loss of seagrass-associated ecosystem services
(EKI6f et al., 2008).

The tragic fate of the Northern White Rhinoceros is a
striking example of a terrestrial species stuck in an extinction
vortex. By the 2020s, there were just two females left, both
of whom were unable to reproduce naturally, after the
population had fallen from several thousand in the 1960s due
to poaching and habitat destruction. Due to a drastically
reduced genetic variety brought on by a critically tiny
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population, the species was unable to adjust to changes in its
habitat or threats from illness (Choudhury and Banerjee,
2022).

Once found in southern Oregon and northern California,
the Franklin's Bumblebee (Bombus franklini) is thought to be
extinct because it hasn't been sighted since 2006. Due to the
species' incredibly limited distribution, habitat loss, and
disease transmission from commercial bees, it is possible that
it will go extinct. Its disappearance serves as a reminder of
how vulnerable specialized and localized pollinator species
are (Franklin, 2014).

The survival of many natural ecosystems as well as the
agricultural economy can both profit from the significant
ecological service that solitary bees and other wild pollinators
provide. However, the populations and ranges of many
solitary bees are declining, which is leading to a general loss
in pollinator species richness in many regions. Although a
number of interrelated variables, such as increased pesticide
use, climate change, and infections, have been linked to this
decline, habitat loss continues to be one of the main causes.
Many bee species now have fewer options for suitable nesting
sites and floral diversity due to the extensive conversion of
natural habitats into agricultural landscapes (Kline and Joshi,
2020).

4  Predictive Models and Mitigation Strategies
4.1 Network-based approaches

The bulk of secondary extinctions in food webs can be
captured by a Bayesian network technique without the
requirement to monitor population dynamics. With binary
data, where each resource has the same relevance, and
quantitative data, where resources are weighted by their
importance, the Bayesian network technique can account for
various extinction responses. Though they presume fixed,
binary linkages and frequently miss uncertainty or variability
in species interactions, traditional food-web models offer a
simple and intuitive portrayal of ecological interactions. A
more adaptable, probabilistic framework that enables the
incorporation of uncertainty, indirect effects, and missing
data is provided by Bayesian networks, on the other hand.
They can facilitate scenario analysis, dynamic learning, and
evidence-based decision-making in conservation and
ecosystem management, which makes them especially useful
in complex or data-poor ecosystems. Bayesian techniques are
a significant static models for

improvement over
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comprehending and forecasting food web dynamics as
ecological concerns grow more complicated (EKISf e al.,
2013).

4.2  Compensatory perturbations

A paradoxical consequence that hasn't been studied in
complicated food webs is that the extinction of one species
can frequently be offset by the simultaneous eradication or
population suppression of other specific species. Long-range
interactions that are not apparent from local predator-prey
relationships are often involved in these compensating
perturbations. In many instances, it is discovered that even
the early eradication of a species that would later become
extinct greatly lowers the number of cascading extinctions.
These compensating perturbations only take advantage of the
system's resources and show how predictive models and
human intervention can be used to manage ecosystems.
While they both support ecosystem stability, compensating
disturbances and ecological redundancy work in essentially
distinct ways. A natural, passive defense based on
biodiversity, ecological redundancy allows functionally
similar species to protect ecosystems from the extinction of
individual species. Conversely, compensating perturbations
are proactive, frequently human-mediated measures intended
to take advantage of ecological relationships, including
trophic cascades or competitive dynamics, in order to bring
the ecosystem back into equilibrium after a disruption or
unanticipated collapse (Sahasrabudhe and Motter, 2011).

4.3  Restoration strategies

When a keystone predator (Scylla serrata) was
reintroduced, grazing on a fundamental plant (Scylla
mariqueter) decreased and its density grew by 360 percent.
Consumptive effects that decreased grazer abundance and
non-consumptive impacts that prevented grazers from
herborizing were the main drivers of Scylla's beneficial
effects on Scirpus. These findings show that the restoration
of foundation species can be significantly improved by
integrating keystone predators in restoration plans, taking
into account both their consumptive and non-consumptive
impacts (Murie and Bourdeau, 2019). In 1995, gray wolves
(Canis lupus), which had been extinct for about 70 years,
were reintroduced in Yellowstone National Park, marking
one of the most well-known keystone species restoration
achievements (Nemeth, 2012).
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4.4  Challenges in conservation

The conservation of biodiversity in the face of climate
change uncertainty poses particular difficulties that need for
careful management techniques (Conroy et al, 2011).
Numerous mammal, avian, reptilian, and amphibian species
are among the distinctive and varied faunal biodiversity
found in the Himalayan region. However, a number of
modern activities and natural occurrences are posing serious
dangers and challenges to this biodiversity. Conservation
triage is an essential and strategic change from the idealistic
objective of rescuing all species to a pragmatic, impact-
driven paradigm of prioritization, despite its emotional and
ethical complexity. Triage allows conservationists to
maximize ecological returns on limited investments by
concentrating efforts on species and habitats that have the
highest probability of persisting or that offer disproportionate
ecological, cultural, or economic value. This strategy, far
from being a sign of surrender, recognizes the gravity and
urgency of the situation and seeks to maintain functional
biodiversity, stabilize ecosystems, and stop cascade losses in
a fast-changing climate. In the face of environmental
uncertainty around the world, effective triage provides a way
forward for resilient, future-focused conservation when it is
driven by open criteria, flexible management, and ethical
concern (Wilson and Elizabeth, 2016).

5 Research Gaps and Future Directions

interrelated factors, such as habitat
availability, population dynamics, and ecological
interactions, influence how species respond to climate
change; nevertheless, existing extinction risk models
frequently fall short of capturing these intricacies (Keith et
al., 2008). The accuracy of many models is still limited,

especially for taxa that are vulnerable to climate change, by

Numerous

their lack of integration with high-resolution, species-specific
climate projections. Future studies should concentrate on
integrating dynamic climate scenarios, including SSPs and
RCPs, into mechanistic models that also take adaptive
capacity, phenological shifts, and habitat fragmentation into
consideration. This comprehensive method will promote
focused conservation efforts and improve the forecasting
ability of extinction assessments (Fan et al., 2023).

Despite their critical roles in soil structure, nutrient

cycling, and host health, microbial communities are

frequently ignored in current extinction-cascade models.

Zahid et al. | DECEMBER 2023 | VOLUME 1 | ISSUE 1

There are gaps in our knowledge of the co-extinction hazards
of host-associated microbiota, the thresholds of microbial
diversity loss, and the feedback loops that may hasten species
decline because the majority of research focusses on
interactions between plants and animals. Future models
should incorporate microbial dynamics using network
ecology and meta-omics to increase ecological accuracy and
allow microorganisms to be included in multitrophic systems.
Microbial keystones can be found through manipulative
research, and indicators such as dwindling nitrifier diversity
may be used as collapse warning signs. Furthermore,
probiotics and soil inoculate are examples of microbiome-
based therapies that may present viable methods for reducing
extinction cascades in ecosystems that are at risk. The
existence of innumerable plant and animal species, many of
which are in danger of going extinct, depends on the
microbial life in soils. Although frequently disregarded, the
decline in microbial diversity and function can hasten the
breakdown and collapse of ecosystems. Through the use of
meta-omics technologies, researchers and conservationists
may identify early indicators of microbial extinction,
comprehend the implications for larger ecological networks,
and create conservation and restoration plans that are more
successful. Meta-omics is thus a vital ally in averting
extinction at all levels of life, as well as a window into the
secret world of soil microbes (De Ledn ef al., 2023).

Large-scale food-web models continue to have
limitations despite advancements in computational ecology
because of oversimplified assumptions, limited scalability,
and inadequate incorporation of important factors such as
invasive species and extinction risk. Due in part to data
limitations at larger spatial scales, these models frequently
lack the dynamic complexity required to represent real-world
ecosystems. Future research should concentrate on creating
scalable, high-resolution algorithms that integrate extinction
risk frameworks with a variety of data sources, including
eDNA, trait databases, sensing. Cross-

disciplinary methods and adaptive, Al-powered simulations

and remote

will be crucial for enhancing model accuracy and guiding
successful conservation plans.

Even with the increasing amount of ecological research
on extinction, there is still a persisting gap between the
application of science and policy, particularly in developing
and biodiversity-rich areas. Closing the gap between
knowledge and policy is crucial in light of the rapidly
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increasing rate of extinction and biodiversity loss. No matter
how solid, scientific knowledge cannot effect change unless
it influences and informs policy. It will take intentional,
consistent work to strengthen this link: integrating
community-based monitoring, strengthening platforms like
IPBES, encouraging knowledge co-production, and creating
institutional processes that put science into practice.
Collaboration between scientists, decision-makers, and local
populations leads to more than just better communication; it
serves as the cornerstone for inclusive, resilient, and adaptive
conservation initiatives. By ensuring that decisions are
informed by the best available data, closing the science-
policy gap helps to prioritize urgent action, distribute
resources efficiently, and eventually stop or reverse
extinction trends before they become irreversible. Threats are
frequently highlighted in conservation studies, but they are
not always translated into scalable, effective frameworks or
considered when calculating the economic worth of
ecosystem services. Species-level extinction hazards are
rarely included in the planning or funding priorities of
international programs such as the Sustainable Development
Goals (SDGs) and the Convention on Biological Diversity
(CBD). Furthermore, the creation of inclusive and successful
conservation plans is hampered by the inadequate
participation of local communities, indigenous knowledge
holders, and other non-scientific players.

The problem of extinction prevention is not just a
scientific or technical one; it is also a social and cultural one.
In order to preserve species and rebuild ecosystems,
community-based conservation and Indigenous knowledge
systems provide profound ecological understanding, tried-
and-true management techniques, and locally rooted
stewardship. We obtain more effective extinction prevention
measures as well as a more inclusive, moral, and sustainable
future for the protection of biodiversity worldwide by putting
communities at the heart of conservation and respecting
Indigenous rights and wisdom.

6 Conclusion

The accelerating rate of species extinctions poses an
urgent threat to global biodiversity and ecosystem stability.
This review highlights the multifaceted causes of extinction,
with anthropogenic pressures, such as habitat destruction,
climate change, overexploitation, and invasive species,
emerging as primary drivers. In parallel, natural disturbances,
disease outbreaks, and geological events contribute to

Agricultural Research Reports

Review Article

extinction risks, particularly when coupled with
anthropogenic stressors. A major insight of this review is the
complex nature of extinction cascades, where the loss of one
species, especially keystone or highly connected organisms
can trigger a chain of secondary extinctions, dramatically
altering ecosystem structure and function.

Mechanistically, trophic imbalances, mutualistic
disruptions, and long-range network interactions reveal that
extinction is not isolated but often systemic. Case studies
from marine, terrestrial, and agricultural ecosystems
reinforce the real-world consequences of these cascades, such
as the collapse of kelp forests, pollinator declines, and
overgrazing in seagrass beds. Furthermore, structural
network analyses show that the position and strength of
species interactions within ecological networks play a critical
role in determining vulnerability.

While predictive tools like Bayesian network models and
compensatory perturbation frameworks offer new avenues
for forecasting and mitigating cascading extinctions,
significant research gaps remain. These include the
integration of microbial dynamics, climate resilience, and
species-specific responses into extinction models. Moreover,
current conservation frameworks often fall short in
translating scientific findings into actionable policy,
particularly in biodiversity-rich regions.

Interdisciplinary ~ cooperation, together
ecologists, modelers, policymakers, scientists,
economists, and local communities, is crucial to tackling
these issues. Ecosystem management can be strengthened
and more equitable, scalable, and sustainable conservation
results can be guaranteed by combining behavioral insights,
socioeconomic  planning, and conservation funding
mechanisms. A coordinated global effort is needed to

bringing
social

implement science-based conservation strategies, enhance
ecological forecasting, and protect both species and the
essential ecosystems provide. To preserve
ecosystems from cascading losses and improve long-term
biodiversity persistence, practical conservation measures are
crucial. These include creating networks of protected areas,
controlling invasive species, and creating habitat corridors
that are climate-resilient. Without immediate, integrative
action, the planet may face irreversible biodiversity losses
that compromise ecological resilience and human well-being
alike.
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