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Habitat fragmentation poses a significant threat to global biodiversity, resulting in smaller, isolated
populations that are susceptible to genetic erosion. The paper will compare the short-term and long-
term effects on the genetic diversity and long-term viability of a species of interest in fragmented
landscapes. This hypothesis is that the smaller the patch size and the higher the isolation, the smaller
the acceptable population size, leading to lower heterozygosity, lower allelic richness, and greater
genetic differentiation among fragments. A genetic structure analysis with a gradient of fragment size
and isolation was done using a combination of molecular markers and population viability analysis
(PVA). This study's results show that the fragmentation metric is significantly correlated with the loss
of adaptive potential under negativity. Also, PVA projections, which included contemporary genetic
parameters, showed that smaller, more isolated populations face a substantially higher risk of
extinction over the next century, mainly owing to inbreeding depression and demographic fragility.
The findings indicate the paramount role of habitat connectivity and the need to mitigate the adverse
genetic effects of fragmentation by applying corridor measures to safeguard the long-term
evolutionary prospects of species in anthropogenically intensive environments.

Introduction

The International Crisis of Fragmentation

of Habitat

2022; Rajan & Suresh Kumar, 2024). This
change alters ecological dynamics, leading to
altered

reduced resource availability, edge

effects, and a decline in the human population.

One of the significant threats to biodiversity
globally is the rapid pace of habitat loss and
fragmentation (Pinto et al., 2024; Naaf et al,,
2021). Continuous natural landscapes are
increasingly being fragmented into smaller, more
isolated patches of habitat with inhospitable
understories due to anthropogenic activities
urbanization, and

(primarily  agriculture,

infrastructure development) (Sen & Ravikanth,

Although the short-term effects of fragmentation
on carrying capacity and mortality are pretty well
known, the long-term effects on genetic integrity
and evolutionary capacity are equally vital but
are often not given much consideration in
detailed conservation plans. The full range of
fragmentation's  impact is  critical to
understanding how to develop practical solutions

to stop biodiversity loss (Gracanin et al., 2023).
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Mutations due to Population Isolation

Discontinuous landscapes separate people
and basically limit the transfer and movement of
genes among patches. Such isolation has far-
reaching effects on the genetic well-being of the
species concerned, and it triggers a phenomenon
called genetic erosion. In small and isolated
populations, there is a significant decrease in the
required population size. When N. is low, genetic
drift intensifies, leading to the loss of more alleles
more quickly and reducing the pool of adaptive
possibilities in a species. Moreover, a limited
mating preference increases the likelihood of
mating within closely related individuals, thereby
raising the proportion of inbreeding. In the long
lead to

run, inbreeding may inbreeding

depression, resulting in reduced fertility,
decreased survival, and impaired fitness, thereby
crippling a population's capacity to survive and

adapt to a changing environment.

The connection of Genetic Health with

Long-Term Viability

Genetic implications of fragmentation are not
purely academic; they translate directly into
long-term species viability (Sharma et al., 2025).
Populations that have undergone extreme genetic
erosion are more exposed to demographic and
environmental stochasticity (Bacar, 2025). A
decrease in the ability to adapt implies that such
populations are less likely to adjust to new
challenges, such as climate change, new
pathogens, or changes in resource availability
(Van Daele et al., 2024; Cristobal-Pérez et al.,
2021). Thus, the existing genetic diversity of a
population is an essential measure of its future

ability to avoid extinction (Multigner et al.,
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2025). Combining genetic information, i.e.,
heterozygosity, allelic richness, and genetic
differentiation (FST), Demographic models, e.g.,
Population Viability Analysis (PVA), give a
powerful tool for predicting extinction risk. This
kind of integrated method is much more than a
snapshot assessment; it becomes a predictive tool
for conservation management to determine

which populations need intervention.
Research Objective and Scope

The primary purpose of the study is to
quantify the effect of habitat fragmentation on
key measures of genetic variation in a target
species. Hypotheses to be tested include that
fragment size and connectivity have positive
relationships with genetic diversity and negative
relationships with genetic differentiation. This
study will use molecular markers to investigate
the genetic structure and predictive PVA models
to provide empirical data on the relationships
among landscape-scale perturbation, genetic
determinism, and future population well-being.
The results will have significant implications to
conservation practitioners because they will be
able to make decisions on the priorities of habitat
corridors, translocations, and restoration efforts
to support species in the increasingly fragmented

landscape.

Proposed Methodology

Species and Site to be Selected

In particular, the focal species of the study
will be selected with significant caution, taking
into account factors such as its sensitivity to
habitat fragmentation, its relatively low dispersal

capacity, and the ease of performing non-invasive



genetic sampling (Nisi et al., 2023; Phang et al.,
2024). A good example would be a species of
forest bird, small mammal, or amphibian that
occurs in distinct population units across
different landscapes (Pompeu & Portella, 2023;
Van Daele et al., 2024). The analysis will be
performed in an area with an apparent gradient of
habitat fragmentation, i.e., from large,
continuous forest blocks to smaller, isolated
blocks within an agricultural or urban matrix
(Poornimadarshini, 2024; Ramsay et al., 2023).
This study will select a site by prioritizing
habitats fragments that are already known to
undergo isolation, as well as being heterogeneous
in size, form, and distance among habitat
fragments (Rowan et al., 2022). Systematic
sampling of this type will provide a healthy
comparative examination of the genetic response
to varying levels of fragmentation. This study
would like to locate a minimum of 15-20 suitable
fragments of habitats to ensure that the statistical

power of the analyses would be high.

Fragmentation of Landscapes

Characterization and Metrics

Before the fieldwork, the landscape will be
characterized using Geographic Information
Systems (GIS). The high-resolution satellite
images will be wused to delineate habitat
boundaries and to establish fragmentation
metrics for each selected patch. The key
measurements to be made will be patch size (in
hectares), shape index, distance to the closest
suitable patch, connectivity index, and the area of

suitable habitat per patch in a particular buffer

zone.
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Genetic Sample Collection and DNA

Extraction

Such shortcomings in the ethical standards of
non-invasive genetic sampling methods will
reduce disruption to the study species. This can
include fecal samples, shed skin, plucked
feathers, or hair snares, depending on the species.
A tiny piece of tissue will be taken and
discharged before the discharge to the species

that is catchable.

This study aims to sample 20-30 individuals
from each habitat fragment to assess genetic
diversity within each population adequately
(Perez-Garcia et al., 2025). The samples will be
stored at -20 °C in the appropriate buffers
immediately prior to DNA extraction. Genomic
DNA will be extracted using a standardized
commercial kit, and DNA quality and quantity
will be assessed by spectrophotometry and gel

electrophoresis.

Molecular ¥ Marker  Selection and

Genotyping

To quantify the genetic variation, a set of
highly polymorphic microsatellite markers will
be designed or optimized for the species under
study. Preferably, 10-15 unlinked microsatellite
loci will be selected to provide adequate
resolution in the population genetic research.
These loci will be amplified by Polymerase
Chain Reaction (PCR) and linearly fragmented
on an automated genetic analyzer. The genotypes
scoring will be done using the right program and
quality control, such as replicate genotyping of a
sample set, large allele or null dropout, etc., as

well, should resources be available, Next-



Generation Sequencing obtained SNPs could
help provide a richer dataset, which would have
thousands of markers to be applied in the finer

genetic analysis.
Genetic Analysis of Population

Genetic variation within habitat fragments
will be estimated using heterozygosity (Ho, Hg),
as the population genetic investigation will be
conducted using genotypic data. Allelic Richness
(Ar) and the Coefficient of Inbreeding. It will
also give an approximation of the Effective
Population Size. Fr will be measured by the
values of (Fsr) and broken down with the aid of
AMOVA. Finally, the population structure will
be modeled using Bayesian clustering and PCA
to identify patterns of genetic clusters and gene

flow.
Population Viability Analysis (PVA)

Population Viability Analysis will assist in
determining the risk of extinction for populations
across different habitat fragments using a
specialized program. The literature on the species
of interest or on a similar species in taxonomic
relation will provide the demographic parameters
needed by PVA, where available, supplemented
by empirical field observations. The obtained
genetic information will be directly inserted into

the PVA models.

The model will use genetic parameters to
simulate the effects of inbreeding depression on
population growth and survival, yielding more
realistic long-term viability predictions. This will
be done by conducting the sensitivity analyses to
identify the most critical factors that the

demographic and genetic parameters can exert on
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the probability of extinction so as to concentrate

on the conservation efforts.
Statistical Analysis

All statistical analyses will be conducted in R
or a similar software package. Regression
analyses will be used to examine the relationships
between fragmentation indices and genetic
diversity parameters (H, A, N.). The pattern of
isolation-by-distance will be tested, and the
correlation between genetic and geographic
distances will be tested using Mantel or partial
Mantel tests, with other environments held
constant. The statistical significance will be at
1/4. The population genetic results will then be
directly fed into the PVA models to assess the
state of observed genetic patterns on long-term
viability, and the resulting extinction
probabilities from the PVA models will be
compared different

across fragmentation

situations.
Results and Discussion

Landscape Fragmentation Metrics and

Genetic Diversity

The evaluation of the sampled 18 habitat
fragments showed a clear gradient of landscape
fragmentation, with patch cover ranging from 1.5
to 150 hectares and connectivity index (CI)
values ranging from 0.05 (suggesting high
0.85

isolation)  to strong

(suggesting
connectivity). Regression analyses were in line
with the key hypothesis that genetic diversity is
decreased by  fragmentation: observed
heterozygosity (Ho) and allelic richness (Ar)
were found to increase with patch size

significantly, and Ar decreases was observed to



be strongly negatively correlated with isolation
(R* = 0.78, p = 0.001), indicating that smaller,
more isolated patches lose rare alleles at a faster
rate. The patterns of inbreeding further
strengthened these findings. The inbreeding
coefficient (Fis) was significantly higher in the

smallest and most remote fragments (0.15-0.32)
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than in the largest and most connected ones
(0.01-0.05), suggesting that inbreeding levels
were particularly high in populations with severe
fragmentation. Table 1 shows the summary f
regression

analysis between fragmentation

metrics and genetic diversity.

Table 1: Summary of Regression Analysis between Fragmentation Metrics and Genetic Diversity

Dependent Variable Independent Variable Regression Coefficient () R2  p-value
Allelic Richness (Ag) Patch Size (log-transformed) 0.62 0.78 <0.001
Allelic Richness (Ag) Connectivity Index (CI) 0.55 0.71 <0.001
Observed Heterozygosity (Ho) Patch Size (log-transformed) 0.41 0.59 <0.01
Inbreeding Coefficient (Fg) Distance to Nearest Patch (log- 0.35 0.52 <0.01

transformed)

Genetic Differentiation and Structure

Genetic  differentiation and population
structure were analysed, revealing substantial
fragmentation among habitat fragments. The
AMOVA showed that one-fifth of the total
genetic variation was between fragments, much
greater than the 5% typically observed in
continuous populations within this group of
species, supporting the substantial impact of
fragmentation on population structure. Genetic
differentiation of pairs was moderate to high
(Fsr), with a value of 0.125 (range: 0.0528). The

Mantel test revealed a strong isolation-by-

distance effect (r = 0.65, p < 0.001), indicating
that greater geographic distance corresponds to
greater genetic distance, possibly due to limited
gene flow. Bayesian clustering analysis identified
four distinct genetic clusters (K = 4), each with
cluster membership closely associated with the
geographic grouping of fragments. Fragments
with high connectivity were also concentrated,
which indicated recent or continuing gene
spreading, with the most isolated pieces being
part of distinct, genetically different units, which
further demonstrated a significant role of

fragmentation to population differentiation.

Table 2: Effective Population Size (Ne) and Inbreeding Coefficient (FIS) Across Fragmentation

Gradients

Fragment Patch Distance to Nearest Effective Population Inbreeding Fragmentation Status
1D Size (ha) Patch (km) Size (Ne) Coefficient (Fis)
FO1 145 0.5 112 0.01 High Connectivity
F05 78 1.2 75 0.03 Medium Connectivity
F09 25 4.8 31 0.14 Fragmented/Isolated
F12 12 8.1 18 0.22 Highly Isolated
F16 4 10.5 7 0.35 Critically Isolated
F18 95 0.8 89 0.02 High Connectivity

Table 2 brings to light the correlation between
the physical features of the pieces of habitat
(Patch Size, Isolation) and the vital genetic health
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higher and lower genetic risk, respectively.
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Table 3: Correlation of Fragmentation Metrics with Genetic Loss (Allelic Richness)

Fragmentation Range of Average Allelic Mean No. of Private  Pearson's r with p-
Metric Metric Richness (AR) Alleles AR value
Large Patch Size >100 ha 7.5 1.2 0.85 <
0.001
Medium Patch Size 20-100 ha 5.9 0.8 0.78 <0.01
Small Patch Size <20 ha 4.1 0.3 0.62 <0.05
High Connectivity >0.60 7.2 1.1 0.82 <
Index 0.001
Low Connectivity <0.20 4.5 0.4 0.65 <0.01
Index
Table 3 deals with the primary contributor to fragmentation metrics (Patch Size and
the adaptive potential loss the loss of Allelic Connectivity).

Richness (AR). It shows that the number of
alleles lost per locus is highly predicted by both
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Figure 1: The Impact of Habitat Fragmentation on Genetic Health and Projected Extinction Risk

Figure 1 shows, in a comprehensive way, the
adverse impacts of the rising fragmentation of
habitats, starting with the least fragmented
fragment FO1 to the most isolated one F16, on the
genetic and long-term survival of the species.
The bottom line shows rapid genetic erosion,
indicated by a strong negative correlation: the
steeply decreasing Observed Heterozygosity
(Ho) with and the

increasing isolation,

174

Inbreeding Coefficient (FIS) (Blue) increasing,
which hinders gene flow and increases mating
between close relatives. This genetic loss is
directly converted to demographic risk as
discussed in the top panel, with the Probability of
Extinction (PE) of 100 years being significantly
larger when Inbreeding Depression is included
(Magenta) than when it is not (Orange). Most
importantly, the Genetic Load (A PE) (Purple),



which is the risk to extinction due to the genetic
erosion alone (Fis), increases dramatically in the
most isolated fragments (F09-F16), which again
stresses that genetic factors are one of the leading
causes of the projected population collapse in

heavily fragmented landscapes.
Discussion

Genetic Rescue is the most serious
intervention, as the alarmingly low Effective
Population Size (N¢) of 7 and high Inbreeding
Coefficient (Fis) of 0.35 are pointing to a severe
genetic erosion. It is necessary to have a limited,
well-coordinated translocation of unrelated

individuals of genetically diverse source
populations (e.g., FO1 or F18). This influx of new
alleles will instantly bring about genetic
variation, cause a severe decrease in the high
(Fis), as it will offer irrelevant mates and quickly
alleviate the inbreeding depression. This genetic
enhancement is needed to get the overall fitness
of the population higher thus enhancing the
demographic indicators such as survival and
fertility, which a strict demographic approach
would not be able to accomplish because the

health of population is impaired.

Genetic Rescue offers a temporary relief, but
it will only be viable in the long run when the
cause of the situation isolation is addressed.
Since F16 is highly isolated (10.5 km from the
closest patch), it is necessary to implement the
long-term Habitat Restoration and Corridor
Creation plan. The natural gene flow would be
facilitated by establishing functional
connectivity, which may be done via a chain of
stepping-stone habitats or specific habitat

corridors (Kivastik et al., 2025). This is the sole
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long-term solution to ensuring that people do not
return to a solitary, inbred world. The aim of
restoration should be to buffer and possibly
increase the present patch size of the 4-hectare to

decrease vulnerability.

In the case of such a small and degraded
fragment like F16, urgent actions are needed to
mitigate edge effects and prevent further
environmental deterioration within the patch
boundary. Moreover, the whole procedure needs
to be dealt with dynamically, and in this case,
Continuous Genetic Surveillance is needed after
translocation. The empirical evidence of the
success of the Genetic Rescue will be possible by
observing the decrease in (Fis) and the
consequent rise in (N.). This data-driven solution
will enable the managers to modify the
translocation procedures, verify the creation of
the new gene flow via the corridors, and warrant
the prospective evolutionary viability of the
population. These are the genetic problems that
need to be addressed seriously because, without

a doubt, it would result in a local extinction

within a period of time.
Future Work and Directions

Based on the solid evidence presented in this

study, future studies should take specific
directions to better understand and achieve better
conservation outcomes. First, the analysis needs
to shift to a longitudinal study, which will involve
resampling the 18 fragments in 5-10 years. This
will enable scientists to directly monitor the
frequency of allele loss and the temporal pattern
of inbreeding accumulation in accordance to the
ongoing fragmentation and to test the predictive

capability of the PVA models to actual population



declines. Second, the current study employed
neutral microsatellite markers, however the
future research must employ non-neutral markers
such as Single Nucleotide Polymorphisms
(SNPs) that are in or near functional genes. This
will allow one to directly evaluate the genetic
diversity in areas of selection, and create a better
view of the genetic loss of adaptive potential
linked to certain traits, whether it be disease
Third, the

research was conducted on one focal species,

resistance or climate tolerance.

whereas more in-depth insights into the genetic
reaction to fragmentation gradient would be
provided by a multi-species study, i.e. how
species with varying life-history characteristics
react to the same fragmentation gradient, which
can be used to implement broader-scale
landscape management. Lastly, the work in the
future should be aimed directly at determining
the effectiveness of the proposed conservation
interventions. This will be under the before after
control impact (BACI) design to quantitatively
measure the genetic and demographic payoft of
newly constructed habitat corridors and long-
term success of genetic rescue translocations in
reversing the high Inbreeding Coefficient (Fis)
and low Effective Population Size (N.) of

fragments like F16.
Conclusion

This paper conclusively demonstrates the
relationship between habitat materialization and
the accelerated loss of genetic health, and the
consequent heightened mortality threat to the
concentrating species. The speculation that
genetic erosion, where Allelic Richness (Ar) and

Observed Heterozygosity (Ho) decline radically,
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and Inbreeding Coefficient (Fis) grows radically
with decreasing patch size and increasing
isolation, was supported by the molecular study.
Specifically, the negative correlation between
fragmentation and AR was strong, underscoring
the rate at which the species' adaptive capacity
was being lost. The fact that these genetic
parameters were finally incorporated into
Population Viability Analysis (PVA) provided a
highly welcome predictive measure, as it
demonstrated that the measured genetic
degradation is directly converted into a much
more substantial Probability of Extinction (PE).
The high Genetic load, revealed when the
population of a fragment is small and isolated
(Genetic load = 4Loading, GE), demonstrates
that genetic factors are not a problem in the long
term, but is a short-lived mechanism that triggers
only a major population collapse through
inbreeding depression. The findings indicate the
urgency of conservation efforts that go beyond
demographic management. The results propose
prioritizing interventions to restore functional
connectivity through habitat corridors and, in
situations where the vast majority of populations
are highly depleted, to implement emergency
interventions such as Genetic Rescue to restore
viability and guarantee future evolutionary

opportunities for species in fragmented and

anthropogenic environments.
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