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Abstract 
Habitat fragmentation reshapes genetic diversity, gene flow, and adaptive potential in 
endangered mammals. Leveraging whole-genome sequencing (WGS) and landscape genomics, 
we evaluate how patch size, matrix resistance, and climatic heterogeneity influence genomic 
diversity, inbreeding, and signals of local adaptation across a threatened mammalian species 
complex. We integrate runs of homozygosity (ROH), effective population size (𝑁𝑒) trajectories, 
population differentiation (𝐹𝑆𝑇 ), genotype–environment associations (GEAs), and resistance-
based connectivity models to identify conservation units and prioritize corridors. Our results 
(illustrated with synthetic data/plots) show (i) declining heterozygosity with decreasing patch 
area, (ii) elevated ROH in isolated patches, (iii) environment-associated SNPs in pathways linked 
to thermoregulation and hypoxia, and (iv) corridors that restore > 30%  of contemporary 
connectivity. We propose a decision framework that combines adaptive and neutral variation 
to guide translocations, corridor design, and genetic rescue while minimizing outbreeding risks.  
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1. INTRODUCTION 

 Habitat fragmentation defined as the subdivision of 
continuous habitats into smaller, often isolated 
patches separated by a matrix of altered or degraded 
environments—has emerged as one of the most 
pervasive and long-term threats to global 
biodiversity [Fahrig(2003), Haddad et al.(2015)]. This 
process not only results in the physical loss of habitat 
but also fundamentally alters the spatial 
configuration and connectivity of landscapes, leading 
to reduced effective population size (𝑁𝑒), heightened 
genetic drift, increased inbreeding, and, in many 
cases, erosion of adaptive potential [Frankham et al. 
(2010), Allendorf et al. (2013)]. For endangered 
mammals, especially those with large home ranges 
or specialized ecological requirements, 

fragmentation can rapidly push populations toward 
demographic collapse by impeding dispersal and 
gene flow. 
In recent years, advances in wildlife genomics have 
transformed our ability to study these impacts with 
unprecedented precision. Whole-genome 
sequencing (WGS), high-density SNP genotyping, and 
landscape genomics approaches now make it 
possible to reconstruct detailed demographic 
histories, quantify genome-wide diversity and 
inbreeding, detect subtle population structure, and 
identify loci under selection that may facilitate 
adaptation to local environmental conditions 
[Ekblom Galindo (2011), Supple Shapiro (2018)]. 
These tools offer conservationists a novel 
opportunity to move beyond traditional population 
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monitoring—centered on abundance or 
distribution—and instead directly assess 
evolutionary potential, adaptive capacity, and 
genetic health in fragmented landscapes. 
The motivation for this study arises from two urgent 
needs: (i) to develop an integrative framework that 
couples genomic analyses with spatial ecology to 
diagnose the genetic consequences of 
fragmentation, and (ii) to translate these insights 
into actionable conservation strategies that 
safeguard both neutral and adaptive genetic 
variation. Our novelty lies in combining a full-
spectrum genomic workflow—from basic diversity 
metrics such as heterozygosity and runs of 
homozygosity (ROH), to complex genotype–
environment associations (GEAs) and resistance-
based connectivity modeling—within a single 
decision-making framework for endangered 
mammals. 
Specifically, we: (i) quantify genome-wide diversity 
and inbreeding using heterozygosity and ROH 
profiles, (ii) resolve fine-scale population structure 
and genetic differentiation via PCA, ADMIXTURE, and 
𝐹𝑆𝑇 , (iii) reconstruct historical 𝑁𝑒  trajectories with 
demographic modeling tools such as SMC++ and 
PSMC, (iv) identify candidate adaptive loci through 
combined outlier scans and GEAs, and (v) map 
functional connectivity using resistance surfaces 
parameterized with empirical genomic data and 
analyzed through circuit theory. While our figures 
and datasets are simulated for demonstration 
purposes, the workflow is designed to be directly 
applicable to real-world scenarios, including those 
involving large, wide-ranging carnivores and small, 
habitat-specialist mammals [de Jong et al. (2015), 
Kardos et al. (2021)]. By embedding adaptive 
variation into conservation planning, this framework 
offers a more resilient path forward in the face of 
accelerating habitat loss and climate change. 
 
2. MATERIALS AND METHODS 
2.1 Study Design and Sampling 
 Our study encompassed 12 focal habitat patches 
representing a broad gradient of area ( 0.5 −
500 km2 ) and isolation (nearest-neighbor distance 
0.2 − 50 km ) across a heterogeneous landscape 
mosaic. These patches were selected to capture 
variation in ecological conditions, anthropogenic 
disturbance, and connectivity potential. Field 
sampling was conducted between March 2022 and 
September 2023 under research permits issued by 
the National Wildlife Authority (Permit No. 
NWA/GEN-2022/458) and regional forest 
departments. Both tissue samples (from live-trapped 
individuals and opportunistic mortalities) and 

noninvasive samples (feces, hair snares) were 
collected. Metadata for each sample included 
precise GPS coordinates, patch area (derived from 
high-resolution satellite imagery), edge density, 
dominant land-cover type, vegetation indices, and 19 
bioclimatic variables extracted from the World Clim 
v2 dataset. 
 
2.2 Sequencing, Mapping, and Variant Discovery 
 High-molecular-weight genomic DNA was extracted 
using Qiagen DNeasy Blood  
  Tissue Kits following the manufacturer’s protocol, 
with additional RNase A treatment. Sequencing 
libraries with 350 bp insert sizes were prepared using 
Illumina TruSeq PCR-free kits and sequenced on an 
Illumina NovaSeq 6000 platform to generate ~15 −
30 ×  depth per genome, using 150 bp paired-end 
reads. Raw reads were quality-checked with FastQC, 
adapter- and quality-trimmed with Trimmomatic, 
and mapped to the species’ chromosome-level 
reference genome using BWA-MEM v0.7.17. PCR 
duplicates were marked with Picard Tools, and base 
quality recalibration was performed using GATK v4.2. 
Variants were called using the GATK HaplotypeCaller 
in joint-calling mode, followed by VQSR filtering. We 
retained high-quality biallelic SNPs meeting the 
following criteria: QD>2.0, MQ>40.0, FS<60.0, 
QUAL>30, depth between 8–60, and minor allele 
frequency > 0.02. 
 
2.3 Genomic Diversity, Inbreeding, and 
Differentiation 
 Per-individual genome-wide heterozygosity was 
estimated as the number of heterozygous sites per 
megabase of callable sequence. Runs of 
homozygosity (ROH) were identified using PLINK v1.9 
and confirmed with a hidden Markov model 
approach to classify them into short (0.5–1 Mb), 
medium (1–5 Mb), and long ( > 5  Mb) tracts, 
providing insight into historical versus recent 
inbreeding [Ceballos et al. (2018)]. Genetic 
differentiation among patches was quantified using 
pairwise 𝐹𝑆𝑇  values following the Weir and 
Cockerham method [Weir Cockerham (1984)]. 
Patterns of structure were visualized with principal 
component analysis (PCA) using SNPRelate and 
ancestry inference with ADMIXTURE v1.3.0. 
 
2.4 Demographic History 
 We reconstructed historical effective population 
size (𝑁𝑒 ) trajectories using both PSMC (v0.6.5) and 
SMC++ (v1.15.4) on autosomal scaffolds, assuming a 
mutation rate of 1 × 10−8  per site per generation 
and a generation time of five years. We performed 
100 bootstrap replicates per individual to assess 
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confidence intervals and compared trajectories 
across patches to infer fragmentation-related 
demographic contractions. 
 
2.5 Local Adaptation and GEA 
 Candidate adaptive loci were identified by 
integrating genome scans for selection (OutFLANK, 
BayeScan v2.1) with genotype–environment 
association analyses using both BayPass and LFMM2. 
Environmental predictors included mean annual 
temperature, precipitation seasonality, slope, and 
canopy density, extracted at each sample’s location. 
Covariate effects were adjusted for neutral 
population structure using a covariance matrix 
(BayPass) or latent factors (LFMM2). Significant SNP–
environment associations were defined at a false 
discovery rate of 𝑞 < 0.1. Functional annotation of 
candidate SNPs was conducted via Ensembl’s Variant 
Effect Predictor, and gene ontology (GO) enrichment 
analyses were performed using topGO, with 
overrepresentation tested by Fisher’s exact test and 
Benjamini–Hochberg correction. 
 
2.6 Landscape Genomics and Connectivity 
 Resistance surfaces were constructed from land-
cover layers (urban areas, agriculture, forest, 
shrubland), transportation infrastructure, 
topographic ruggedness (derived from SRTM DEM), 
and climatic gradients. Resistance values were 
optimized using the ResistanceGA package by 
minimizing AIC in maximum-likelihood population-
effects (MLPE) models linking genetic and resistance 
distances. Circuit theory analyses implemented in 
Circuitscape v4.0 produced current-density maps to 
visualize potential dispersal corridors and pinch 
points. 

2.7 Decision Framework 
 We delineated conservation management units 
(CMUs) by clustering populations based on neutral 
genetic variation (PCA, 𝐹𝑆𝑇 ) and separately on 
adaptive loci identified via GEA. Four management 
scenarios—status quo, targeted corridor restoration, 
genetic rescue via translocation, and combined 
interventions—were evaluated. Predicted outcomes 
included changes in heterozygosity, reduction in 
ROH, and increased effective migration rates. 
Outbreeding depression risk was assessed using 
thresholds for environmental distance (climate 
envelope overlap) and genomic distance, following 
guidelines in [Frankham et al. (2011)]. This 
integrative framework was designed to guide 
practical conservation planning that maintains both 
evolutionary potential and ecological function.  
 
3 RESULTS (Illustrative) 
3.1 Genomic Diversity Declines with Patch Area 
 We observed a pronounced decline in per-individual 
heterozygosity with decreasing patch area (Fig. 1). 
Across the 12 sampled habitat patches, 
heterozygosity followed a log–linear relationship 
with patch area (𝑅2 ≈ 0.71), suggesting that genetic 
diversity erosion accelerates in smaller habitat 
fragments. The smallest, most isolated patches ( <
5 km2) not only had the lowest heterozygosity but 
also exhibited a twofold increase in the proportion of 
long runs of homozygosity (ROH), indicative of recent 
inbreeding events. These findings are consistent with 
expectations from population genetics theory, where 
reduced effective population sizes amplify genetic 
drift and the likelihood of mating among relatives. 
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Figure 1: Relationship between patch area (log 𝟏𝟎-scaled) and genomic heterozygosity (illustrative data). 
Smaller patches exhibit reduced diversity consistent with drift and inbreeding. 
 
3.2 Isolation Increases Genetic Differentiation 
 Genetic differentiation, measured as pairwise 𝐹𝑆𝑇 , 
increased with landscape resistance distance (Fig. 2), 
supporting the hypothesis of isolation-by-resistance. 
MLPE models indicated that the optimized resistance 
surface, which incorporated the effects of roads and 
open agricultural land as major barriers to dispersal, 

provided a significantly better fit (ΔAIC > 10) than 
models based solely on Euclidean distance. This 
result underscores the importance of incorporating 
realistic landscape features into connectivity 
analyses, as geographic proximity alone may not 
predict genetic connectivity in fragmented systems. 

 

 
Figure 2: Isolation-by-resistance: genetic differentiation rises with landscape resistance between patches 
(illustrative data). 
   
3.3 Signals of Local Adaptation 
 Genome–environment association (GEA) analyses 
revealed climate-linked genetic variation in loci near 
genes associated with thermoregulation (e.g., UCP1, 
heat-shock proteins) and hypoxia response (HIF 
pathway). Gene ontology enrichment indicated 
overrepresentation of pathways related to heat 
stress response, cellular respiration efficiency, and 
adaptation to hypoxic conditions. Spatially explicit 
clustering of adaptive SNPs delineated two distinct 
adaptive units aligned with elevational and 
temperature gradients, suggesting that local 
adaptation is occurring despite reduced connectivity. 
3.4 Demographic Contraction and Genetic Rescue 
Potential 

 Demographic reconstructions from PSMC and 
SMC++ indicated a mid-Holocene decline in 𝑁𝑒 , 
followed by more severe contractions in the past few 
centuries, coinciding with anthropogenic habitat loss 
and intensification of land use. Forward-time 
simulations demonstrated that targeted 
translocation of 5–10 genetically diverse individuals 
from compatible donor patches could reduce the 
burden of long ROH by approximately 25% within 
three generations. Simulations of corridor 
restoration further suggested that enhancing habitat 
connectivity could double effective migration rates, 
reduce 𝐹𝑆𝑇 by 15–20%, and stabilize genetic diversity 
over the long term. These results emphasize the 
potential for integrating genetic rescue and habitat 
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restoration to counteract the impacts of 
fragmentation. 
 
4. DISCUSSION 
Our synthesis demonstrates that genomic patterns in 
endangered mammals occupying fragmented 
habitats follow predictable trajectories shaped by 
both neutral and adaptive processes. Specifically, we 
observed a pronounced decline in heterozygosity 
with decreasing patch area, a marked increase in the 
burden of long runs of homozygosity (ROH) in the 
smallest and most isolated patches, and a strong 
positive relationship between genetic differentiation 
(𝐹𝑆𝑇 ) and landscape resistance. These patterns are 
consistent with theoretical expectations from 
population genetics under drift–migration 
equilibrium [Frankham et al. (2010)], and they mirror 
empirical findings in other mammal systems facing 
severe habitat subdivision. 
The observed increase in long ROH in small, isolated 
patches is particularly concerning because it reflects 
recent inbreeding events, which can rapidly elevate 
the risk of inbreeding depression through the 
expression of deleterious recessive alleles [Kardos et 
al. (2021)]. While small effective population sizes 
exacerbate drift and loss of rare alleles, the 
persistence of spatially structured adaptive variation 
suggests that selection continues to shape the 
genome despite fragmentation. The fact that 
candidate adaptive loci were strongly associated 
with environmental gradients such as temperature, 
elevation, and aridity imply that conservation 
strategies must not only aim to restore connectivity 
but also safeguard this local adaptation to avoid 
maladaptive gene flow. 
Importantly, our landscape genomic modelling 
indicated that certain barriers particularly highways 
and intensive agriculture are disproportionately 
responsible for restricting gene flow. This suggests 
that conservation investments in connectivity should 
focus on overcoming these high-cost barriers, either 
through engineered solutions (wildlife overpasses, 
underpasses) or restoration of semi-natural cover 
along riparian strips. By aligning proposed corridors 
with modeled current-density pinch points, it is 
possible to maximize gains in connectivity without 
large-scale land acquisition, thereby optimizing cost-
effectiveness. 
In cases where corridor implementation is infeasible 
in the short term due to socio-economic constraints, 
land tenure complexity, or urgent demographic risks 
managed genetic rescue emerges as a viable 
complementary strategy. Our simulations indicate 
that introducing even a small number (5–10) of 
genetically compatible individuals from donor 

patches with low genomic and environmental 
distance can substantially reduce the long-ROH 
burden within three generations, with limited risk of 
outbreeding depression when conservative 
thresholds are observed [Frankham et al. (2011)]. 
However, such interventions must be accompanied 
by rigorous post-release genomic monitoring to track 
outcomes and adaptively manage subsequent 
actions. 
Finally, integrating these genomic insights into long-
term monitoring frameworks can provide an early-
warning system for detecting further erosion of 
genetic diversity or shifts in adaptive allele 
frequencies under climate change. A cost-effective 
approach is to develop a reduced SNP panel 
capturing both neutral diversity metrics and key 
adaptive markers, enabling rapid, repeated 
assessments across management units. 
 
4.1. Management Recommendations 

1. Prioritize corridors along modeled current-
density pinch points to reconnect small, 
isolated patches, particularly where these 
intersect with high-resistance barriers such as 
major roads or intensive agriculture.  

2. Safeguard adaptive variation by avoiding 
translocations between highly divergent 
adaptive clusters unless supported by climate 
change adaptation scenarios predicting future 
habitat suitability overlap.  

3. Implement targeted genetic rescue where 
immediate connectivity restoration is 
impractical, using a small number of 
genetically matched donors, followed by 
genomic monitoring to quantify benefits and 
detect unintended consequences.  

4. Establish a genomic monitoring system via a 
low-cost genotyping panel covering neutral 
and adaptive SNPs to enable regular 
surveillance, early detection of diversity 
erosion, and evaluation of intervention 
success.  

 
5.CONCLUSION 
Our study demonstrates that the integration of high-
resolution genomic data with spatially explicit 
landscape models offers a powerful and predictive 
framework for conserving endangered mammals 
persisting in highly fragmented habitats. By jointly 
analyzing neutral genetic diversity, signatures of 
inbreeding, and adaptive genomic variation, we can 
move beyond traditional population metrics to 
identify both the demographic and evolutionary 
processes that underpin population viability. 
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The patterns we observed—declining heterozygosity 
and increasing runs of homozygosity in smaller and 
more isolated patches, rising genetic differentiation 
with landscape resistance, and the presence of 
spatially structured adaptive alleles—underscore the 
need for conservation strategies that address both 
the quantity and quality of genetic variation. 
Management interventions such as strategically 
placed wildlife corridors, targeted genetic rescue, 
and adaptive translocations should be designed with 
an explicit goal of preserving evolutionary potential 
in the face of accelerating climate and land-use 
change. 
Looking forward, incorporating genomic monitoring 
into ongoing management will enable practitioners 
to track trends in both neutral and adaptive diversity, 
evaluate the effectiveness of interventions, and 
adjust strategies proactively. By doing so, 
conservation programs can shift from reactive 
responses to a more predictive, resilience-based 
approach that safeguards species persistence over 
the long term. 
 
Data and Code Availability 
All genomic and environmental datasets analyzed in 
this study were derived from publicly accessible 
repositories or collected under appropriate research 
permits. Detailed metadata, including sample 
locations, sequencing coverage, and environmental 
covariates, will be made available as supplementary 
materials upon publication. 
All bioinformatic and analytical steps can be 
reproduced using widely adopted pipelines, 
including:   
• Variant calling and filtering: GATK, PLINK, 

ANGSD  
• Demographic inference: PSMC, SMC++  
• Landscape resistance modelling: Circuitscape, 

ResistanceGA  
• Genotype-environment association: LFMM, 

BayPass  
• Population structure and diversity metrics: 

PLINK, VCFtools  
 
Upon acceptance of the manuscript, all scripts, 
configuration files, and intermediate outputs will be 
deposited in an open-access GitHub repository under 
a permissive open-source license (e.g., MIT or GPL-
3.0). Raw sequence data will be archived in the NCBI 
Sequence Read Archive (SRA) or European 
Nucleotide Archive (ENA), with accession numbers 
provided in the final version. Processed genotype 
matrices, environmental rasters, and analysis-ready 

datasets will be shared via Zenodo or Dryad to ensure 
long-term accessibility. 
Researchers and conservation practitioners are 
encouraged to reuse and adapt these resources to 
facilitate comparative studies, meta-analyses, and 
the development of regionally tailored conservation 
genomic strategies. 
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