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Abstract 
Climate change has emerged as a major threat to global biodiversity, 
particularly affecting endangered mammalian species inhabiting ecologically 
sensitive mountain ecosystems. This study investigated climate change–driven 
shifts in wildlife distribution and genetic adaptation among endangered 
mammalian species in northern Pakistan using an integrated Geographic 
Information System (GIS) and molecular ecology approach. The study focused 
on selected endangered mammals, including snow leopard, Himalayan brown 
bear, musk deer, Asiatic black bear, and Himalayan ibex. Spatial habitat 
suitability modeling was conducted using climatic, topographic, and land-
cover variables under current and future climate scenarios, while molecular 
ecological analysis assessed genetic diversity, population structure, and 
adaptive resilience using mitochondrial DNA and microsatellite markers. A 
quantitative research design was adopted, and data were collected from 
wildlife occurrence records, remote sensing databases, and biological samples 
obtained from selected conservation regions. The findings revealed significant 
climate-induced habitat shifts, habitat fragmentation, and reduction in 
ecological connectivity across mountainous ecosystems. Species distribution 
models projected considerable habitat decline for snow leopard and musk deer 
populations under future climatic conditions. Molecular analysis further 
indicated reduced genetic diversity and increased population differentiation 
among fragmented populations, suggesting declining adaptive capacity and 
increased extinction vulnerability. Statistical analysis demonstrated a 
significant negative relationship between habitat fragmentation and genetic 
diversity. The study concluded that climate change substantially threatens 
endangered mammalian species in northern Pakistan by altering habitat 
suitability and limiting genetic resilience. The integration of GIS and 
molecular ecology provided a comprehensive framework for assessing species 
vulnerability and conservation priorities. The study recommends climate-
resilient conservation planning, ecological corridor restoration, habitat 
protection, and long-term genetic monitoring to support biodiversity 
conservation in Pakistan’s mountain ecosystems. 
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INTRODUCTION 
Climate change has emerged as one of the most 
significant global environmental challenges 
affecting biodiversity, ecosystem stability, and 
species survival in the twenty-first century. Rising 
temperatures, altered precipitation regimes, 
glacier retreat, habitat fragmentation, and 
extreme climatic events are increasingly 
reshaping ecological processes and species 
distributions across mountainous ecosystems 
worldwide. These climatic alterations are 
particularly critical for endangered mammalian 
species inhabiting fragile high-altitude regions, 
where environmental thresholds are narrow and 
ecological specialization is high. Contemporary 
ecological research indicates that climate-
induced habitat shifts are forcing wildlife species 
to migrate toward higher elevations and 
latitudes, thereby altering community 
composition, genetic structure, and ecosystem 
functionality (IPCC, 2023). Recent studies 
further demonstrate that species unable to adapt 
genetically or behaviorally to rapidly changing 
environments face elevated extinction risks, 
especially in biodiversity hotspots and mountain 
ecosystems. (Nature) 
Northern Pakistan, encompassing the 
Himalayan, Karakoram, and Hindu Kush 
mountain ranges, represents one of the most 
ecologically significant and climatically sensitive 
regions in South Asia. The region hosts diverse 
endangered mammalian fauna, including the 
Himalayan brown bear (Ursus arctos isabellinus), 
snow leopard (Panthera uncia), Asiatic black bear 
(Ursus thibetanus), Himalayan ibex (Capra 
sibirica), and musk deer (Moschus chrysogaster). 
These species occupy specialized ecological 
niches that are highly vulnerable to climatic 
disturbances, habitat degradation, and 
anthropogenic pressures. Recent ecological 
investigations in Pakistan have shown that 
climate change is already modifying habitat 
suitability patterns and ecological connectivity 
for several mammalian species, particularly in 
alpine and subalpine ecosystems. Species 
distribution modeling studies have projected 
substantial spatial shifts in suitable habitats 
under future climate scenarios, with some  
 
species expected to experience severe habitat 
contraction while others may undergo range 
expansion toward higher elevations. (Nature) 

The ecological consequences of climate-driven 
distributional shifts extend beyond geographic 
relocation and directly influence population 
genetics and evolutionary adaptation. Molecular 
ecology studies suggest that rapid environmental 
change can alter gene flow, reduce genetic 
diversity, and increase population isolation in 
endangered wildlife populations. Genetic 
adaptation is therefore considered a 
fundamental mechanism enabling species 
persistence under changing climatic conditions. 
Species possessing higher adaptive genetic 
variability may exhibit enhanced resilience to 
environmental stressors, whereas genetically 
fragmented populations are more susceptible to 
local extinction. Research on climate-associated 
evolutionary processes indicates that range shifts 
and habitat fragmentation can substantially 
influence neutral and adaptive genetic variation 
across populations. (arXiv) However, despite 
growing global interest in climate adaptation 
biology, limited research has integrated 
geographic information systems (GIS), species 
distribution modeling, and molecular ecology 
approaches to investigate endangered 
mammalian species in Pakistan. 
Geographic Information Systems (GIS) and 
remote sensing technologies have become 
indispensable tools for analyzing wildlife 
distribution, habitat suitability, and ecological 
connectivity under climate change scenarios. 
Advanced spatial modeling techniques such as 
Maximum Entropy (MaxEnt), Random Forest, 
and habitat suitability indexing allow researchers 
to predict current and future species 
distributions using climatic, topographic, and 
land-use variables. Recent studies conducted in 
Pakistan have successfully employed GIS-based 
modeling to assess habitat suitability and climate 
vulnerability of species such as the Himalayan 
brown bear, barking deer, Eurasian otter, and 
common leopard. (Nature) Nevertheless, most 
existing studies focus primarily on ecological 
distribution patterns while neglecting 
underlying genetic responses and adaptive 
mechanisms associated with climate-induced 
habitat changes. 
Molecular ecology approaches, particularly 
mitochondrial DNA (mtDNA) sequencing, 
microsatellite markers, and genomic analyses, 
provide critical insights into population 
structure, genetic diversity, phylogeography, and 
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adaptive evolution. Such methods enable the 
identification of genetically distinct populations, 
migration pathways, and evolutionary responses 
to environmental pressures. In Pakistan, 
molecular wildlife research remains limited and 
fragmented, with only a few studies utilizing 
genetic tools for biodiversity assessment and 
species identification. (Springer) This lack of 
integrated ecological-genetic investigations 
restricts understanding of how endangered 
mammalian species are responding 
evolutionarily to rapidly changing climatic 
conditions in northern mountainous 
ecosystems. 
Furthermore, climate change poses substantial 
conservation challenges for Pakistan’s protected 
area network and biodiversity management 
strategies. Recent assessments indicate that 
northern protected regions are increasingly 
exposed to climate-related ecological risks, 
potentially reducing the effectiveness of current 
conservation frameworks. (ScienceDirect) As 
species distributions shift beyond existing 
protected boundaries, conservation planning 
must incorporate spatially explicit climate 
projections and genetic resilience assessments to 
ensure long-term species survival. Integrating 
GIS-based habitat modeling with molecular 
ecology can therefore provide a comprehensive 
framework for identifying climate refugia, 
ecological corridors, genetically resilient 
populations, and priority conservation zones. 
Given these ecological and conservation 
concerns, the present study aims to investigate 
climate change–driven shifts in wildlife 
distribution and genetic adaptation among 
endangered mammalian species in northern 
Pakistan using an integrated GIS and molecular 
ecology approach. The study seeks to analyze 
spatial distribution dynamics under current and 
future climate scenarios while simultaneously 
evaluating genetic diversity and adaptive 
responses across fragmented populations. By 
combining geospatial technologies with 
molecular genetic analyses, this research intends 
to contribute to climate-resilient biodiversity 
conservation strategies and enhance scientific 
understanding of species adaptation processes  
 
Problem Statement 
Climate change has become a dominant driver 
of biodiversity loss and ecosystem 

transformation worldwide, particularly within 
ecologically fragile mountain regions. Rising 
temperatures, irregular precipitation patterns, 
glacial retreat, habitat fragmentation, and 
extreme climatic events are increasingly altering 
species distributions and ecological interactions. 
Endangered mammalian species inhabiting 
high-altitude ecosystems are especially 
vulnerable because their survival depends on 
narrow climatic tolerances, specialized habitats, 
and stable ecological conditions. In many 
mountainous regions, climate-induced 
environmental changes are forcing wildlife 
populations to shift their geographic ranges 
toward higher elevations and fragmented 
habitats, thereby increasing ecological isolation, 
reducing habitat connectivity, and threatening 
long-term species persistence. 
Northern Pakistan, which encompasses the 
Himalayan, Karakoram, and Hindu Kush 
ranges, represents one of the most climatically 
sensitive and biodiversity-rich regions in South 
Asia. The area supports several endangered 
mammalian species, including the snow leopard 
(Panthera uncia), Himalayan brown bear (Ursus 
arctos isabellinus), musk deer (Moschus 
chrysogaster), Himalayan ibex (Capra sibirica), and 
Asiatic black bear (Ursus thibetanus). However, 
rapid climatic fluctuations combined with 
anthropogenic pressures such as deforestation, 
infrastructure expansion, illegal hunting, 
overgrazing, and habitat encroachment are 
significantly threatening wildlife habitats and 
ecological stability in the region. Existing 
evidence indicates that suitable habitats for 
many mammalian species are shrinking or 
shifting geographically, yet comprehensive 
scientific assessments of these changes remain 
limited in Pakistan. 
Although Geographic Information Systems 
(GIS), remote sensing technologies, and species 
distribution models have been increasingly 
utilized globally to predict wildlife habitat shifts 
under climate change scenarios, their 
application in Pakistan remains inadequate and 
fragmented. Most previous studies have focused 
only on ecological distribution patterns without 
integrating molecular ecological analyses to 
understand the genetic consequences of climate-
induced habitat fragmentation and population 
isolation. Consequently, there is insufficient 
knowledge regarding how endangered 
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mammalian species in northern Pakistan are 
genetically adapting to rapidly changing 
environmental conditions. 
Genetic adaptation and population resilience 
are critical factors influencing species survival 
under climate stress. Climate-driven habitat 
fragmentation can reduce gene flow, decrease 
genetic diversity, and increase inbreeding within 
isolated populations, thereby weakening 
adaptive capacity and increasing extinction risk. 
Molecular ecology techniques such as 
mitochondrial DNA sequencing, microsatellite 
analysis, and genomic marker studies can 
provide valuable insights into genetic variability, 
population structure, phylogeographic patterns, 
and adaptive evolution. However, limited 
molecular ecological research has been 
conducted on endangered mammals in Pakistan, 
resulting in substantial scientific gaps regarding 
their evolutionary responses to climate change. 
Furthermore, current wildlife conservation 
policies and protected area management 
strategies in Pakistan largely rely on static 
conservation frameworks that do not adequately 
account for future climate-driven species 
redistribution and genetic vulnerability. 
Without integrated ecological and genetic 
assessments, conservation planning may fail to 
identify future climate refugia, ecological 
corridors, and genetically resilient populations 
necessary for long-term biodiversity 
conservation. Therefore, there is an urgent need 
for interdisciplinary research combining GIS-
based spatial analysis with molecular ecology 
approaches to comprehensively evaluate climate 
change–driven shifts in wildlife distribution and 
genetic adaptation among endangered 
mammalian species in northern Pakistan. 
This study seeks to address these research gaps 
by integrating GIS, species distribution 
modeling, and molecular ecological techniques 
to examine how climate change is influencing 
habitat suitability, spatial distribution, 
population connectivity, and genetic adaptation 
of endangered mammals in northern Pakistan. 
The findings are expected to contribute 
significantly to climate-resilient wildlife 
conservation strategies, biodiversity 
management policies, and sustainable ecosystem 
planning in the region. 
 
 

Research Questions 
1. How is climate change influencing the 
spatial distribution and habitat suitability of 
endangered mammalian species in northern 
Pakistan? 
2. What are the projected future 
distribution patterns of selected endangered 
mammalian species under different climate 
change scenarios? 
3. How has climate-induced habitat 
fragmentation affected genetic diversity and 
population structure among endangered 
mammalian species? 
4. What molecular evidence indicates 
genetic adaptation or evolutionary responses to 
changing climatic conditions in these species? 
5. How can GIS and molecular ecology 
integration support climate-resilient wildlife 
conservation and biodiversity management in 
northern Pakistan? 
 
Research Objectives 
General Objective 
To investigate climate change–driven shifts in 
wildlife distribution and genetic adaptation 
among endangered mammalian species in 
northern Pakistan using GIS and molecular 
ecology approaches. 
 
Specific Objectives 
1. To assess the impact of climate change 
on the current spatial distribution and habitat 
suitability of endangered mammalian species in 
northern Pakistan. 
2. To model and predict future habitat 
distribution patterns under different climate 
change scenarios using GIS and species 
distribution modeling techniques. 
3. To evaluate the effects of habitat 
fragmentation on population connectivity and 
ecological distribution of selected mammalian 
species. 
4. To analyze genetic diversity, population 
structure, and phylogeographic variation using 
molecular ecology techniques. 
5. To identify potential genetic 
adaptations and evolutionary responses 
associated with climate-induced environmental 
changes. 
6. To propose climate-resilient 
conservation strategies and policy 
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recommendations for endangered mammalian 
species in northern Pakistan. 
 
Significance of the Study 
This study is significant because it addresses the 
growing ecological and conservation challenges 
posed by climate change on endangered 
mammalian species in northern Pakistan. The 
Himalayan, Karakoram, and Hindu Kush 
regions are among the world’s most climate-
sensitive ecosystems, yet limited scientific 
research has comprehensively examined how 
climate change is simultaneously affecting 
wildlife distribution, habitat suitability, and 
genetic adaptation in these areas. By integrating 
Geographic Information Systems (GIS) with 
molecular ecology techniques, this research 
provides a multidisciplinary framework for 
understanding both the spatial and evolutionary 
responses of endangered mammals to changing 
environmental conditions. 
The study contributes scientifically by expanding 
existing knowledge on climate-driven species 
redistribution and adaptive genetic variation 
among endangered mammals. It bridges an 
important research gap in Pakistan by 
combining species distribution modeling, 
habitat analysis, and molecular genetic 
assessment within a single analytical framework. 
The integration of GIS-based ecological analysis 
with molecular ecology will generate more 
accurate insights into habitat fragmentation, 
population connectivity, genetic diversity, and 
adaptive resilience under future climate 
scenarios. 
From a conservation perspective, the findings of 
this study will support evidence-based wildlife 
management and biodiversity conservation 
planning. The identification of vulnerable 
habitats, ecological corridors, climate refugia, 
and genetically resilient populations can assist 
policymakers, conservation organizations, and 
protected area authorities in developing climate-
resilient conservation strategies. The study may 
also improve the effectiveness of existing 
protected area networks by providing spatially 
explicit information regarding future species 
distribution shifts and genetic vulnerability. 
The research is also significant for 
environmental policy and sustainable ecosystem 
management in Pakistan. The outcomes can 
contribute to national biodiversity conservation 

programs, climate adaptation policies, and 
international commitments related to wildlife 
protection and ecosystem sustainability. 
Furthermore, the study may serve as a scientific 
reference for future ecological and genetic 
research in mountainous ecosystems facing 
similar climate-related threats. 
Finally, this research holds broader ecological 
importance because endangered mammalian 
species play critical roles in maintaining 
ecosystem balance, trophic interactions, and 
ecological stability. Understanding their 
adaptive capacity and distributional responses to 
climate change is essential for preserving 
biodiversity, ecological integrity, and long-term 
environmental sustainability in northern 
Pakistan and comparable mountain regions 
worldwide. 
 
Literature Review 
Climate change has become a major driver of 
biodiversity loss and ecological transformation 
across terrestrial ecosystems worldwide. 
Increasing global temperatures, altered 
precipitation patterns, glacier melting, habitat 
fragmentation, and extreme weather events are 
significantly affecting wildlife populations, 
particularly in mountainous environments. 
According to the Intergovernmental Panel on 
Climate Change (IPCC, 2023), species 
inhabiting high-altitude ecosystems are highly 
vulnerable because of their limited dispersal 
capacity, ecological specialization, and narrow 
climatic tolerance ranges. Recent ecological 
studies have demonstrated that climate change is 
reshaping species distributions by forcing 
wildlife populations to migrate toward higher 
elevations and latitudes in search of suitable 
environmental conditions (Pecl et al., 2017). 
These distributional changes are increasingly 
associated with habitat contraction, ecological 
isolation, and declining population stability 
among endangered mammalian species. 
Mountain ecosystems such as the Himalayas, 
Karakoram, and Hindu Kush are recognized as 
biodiversity hotspots that support a wide variety 
of endemic and endangered mammalian fauna. 
Northern Pakistan contains ecologically 
significant habitats for species including the 
snow leopard (Panthera uncia), Himalayan brown 
bear (Ursus arctos isabellinus), musk deer (Moschus 
chrysogaster), Himalayan ibex (Capra sibirica), and 
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Asiatic black bear (Ursus thibetanus). However, 
rapid climatic changes combined with 
anthropogenic disturbances such as 
deforestation, overgrazing, infrastructure 
development, and illegal hunting are 
intensifying ecological pressures within these 
regions. Mahmood et al. (2020) reported that 
habitat degradation and climate variability are 
major threats to mammalian biodiversity in 
northern Pakistan, reducing ecological 
connectivity and increasing species vulnerability. 
Similarly, Aryal et al. (2021) emphasized that 
alpine mammals across the Himalayan region 
are highly sensitive to climatic fluctuations 
because of their restricted ecological niches and 
dependence on stable environmental 
conditions. 
Species distribution modeling (SDM) has 
emerged as an essential approach for evaluating 
climate change impacts on wildlife habitats and 
predicting future species distributions. 
Geographic Information Systems (GIS), remote 
sensing, and ecological niche modeling 
techniques such as Maximum Entropy (MaxEnt) 
and Random Forest are widely applied to assess 
habitat suitability under present and future 
climate scenarios. Elith and Leathwick (2009) 
explained that SDMs enable researchers to 
estimate relationships between species 
occurrence and environmental variables, thereby 
facilitating climate-based habitat prediction. 
Recent global studies have demonstrated that 
climate-induced habitat shifts are causing 
significant range contractions and elevational 
displacement among mammalian species 
(Pacifici et al., 2015). 
In Pakistan, GIS-based ecological studies 
investigating wildlife distribution have increased 
in recent years. Zhang et al. (2025) used MaxEnt 
and Random Forest models to analyze habitat 
suitability for the common leopard (Panthera 
pardus) in Azad Jammu and Kashmir and found 
that climate variables, elevation, and land cover 
strongly influenced species distribution. 
Similarly, Raqeeb et al. (2025) projected future 
distribution patterns of barking deer in Pakistan 
and reported substantial habitat shifts under 
future climate scenarios. Fida et al. (2025) 
further highlighted the importance of landscape 
connectivity analysis for the conservation of the 
Himalayan brown bear in Deosai National Park. 
These studies indicate that GIS and spatial 

modeling tools are valuable for understanding 
ecological vulnerability; however, most research 
has focused primarily on habitat distribution 
while largely neglecting genetic responses to 
climate change. 
Climate-induced habitat fragmentation has 
profound implications for population genetics 
and evolutionary adaptation. Fragmented 
habitats often reduce gene flow among wildlife 
populations, resulting in lower genetic diversity, 
increased inbreeding, and decreased adaptive 
potential (Frankham et al., 2017). Genetic 
diversity is considered a fundamental 
determinant of species resilience because it 
enables populations to adapt to environmental 
stressors and changing climatic conditions. 
Hoffmann and Sgrò (2011) argued that 
evolutionary adaptation plays a critical role in 
determining species persistence under rapid 
climate change. Species with limited genetic 
variability are more susceptible to local 
extinction because they possess reduced capacity 
to respond adaptively to environmental shifts. 
Molecular ecology has therefore become 
increasingly important in biodiversity 
conservation and climate adaptation research. 
Molecular techniques such as mitochondrial 
DNA sequencing, microsatellite analysis, single 
nucleotide polymorphism (SNP) genotyping, 
and genomic analysis provide insights into 
population structure, phylogeography, gene 
flow, and adaptive evolution. Avise (2004) 
explained that molecular markers are essential 
for understanding evolutionary relationships 
and population differentiation among wildlife 
species. Recent advances in molecular ecology 
have enabled researchers to identify climate-
associated genetic adaptations and assess 
evolutionary responses to environmental 
stressors (Allendorf et al., 2013). 
Globally, studies integrating molecular ecology 
and climate science have demonstrated 
significant genetic consequences of climate-
induced range shifts. Razgour et al. (2019) found 
that climate change can alter adaptive genetic 
variation and increase extinction risk among 
fragmented wildlife populations. Similarly, Bay 
et al. (2018) revealed that genomic adaptation 
plays an essential role in species persistence 
under changing climatic conditions. These 
findings highlight the necessity of combining 
ecological and genetic approaches to better 
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understand biodiversity responses to climate 
change. 
Despite growing international attention to 
climate adaptation biology, molecular ecological 
research on endangered mammals in Pakistan 
remains limited. Existing studies have largely 
concentrated on species identification, 
biodiversity assessment, and phylogenetic 
classification rather than climate-associated 
genetic adaptation. Khan et al. (2021) noted that 
insufficient genetic data and limited application 
of advanced molecular techniques hinder 
effective wildlife conservation planning in 
Pakistan. Consequently, substantial knowledge 
gaps remain regarding the genetic resilience, 
adaptive capacity, and evolutionary responses of 
endangered mammalian species inhabiting 
northern mountainous ecosystems. 
Another important issue concerns the 
effectiveness of protected area networks under 
changing climate conditions. Traditional 
conservation approaches often assume static 
species distributions and ecological stability. 
However, climate-driven range shifts may cause 
species to move beyond existing protected area 
boundaries, thereby reducing conservation 
effectiveness. Hannah et al. (2020) emphasized 
that future conservation planning must integrate 
climate projections, habitat connectivity, and 
genetic resilience to ensure long-term 
biodiversity protection. In northern Pakistan, 
many protected areas are ecologically isolated 
and may become increasingly vulnerable to 
climate-induced habitat fragmentation. 
Therefore, identifying ecological corridors and 
climate refugia through GIS analysis combined 
with molecular ecology can significantly improve 
conservation outcomes. 
Furthermore, interdisciplinary integration 
between GIS and molecular ecology remains 
underdeveloped in wildlife conservation studies 
within developing countries. GIS techniques 
provide spatial understanding of habitat 
distribution and environmental suitability, while 
molecular ecology offers insights into genetic 
adaptation and evolutionary processes. 
Integrating these approaches can generate 
comprehensive knowledge regarding both 
ecological and genetic responses to climate 
change. Such integration is particularly valuable 
for endangered mammalian species because it 
allows researchers to simultaneously evaluate 

habitat vulnerability, population isolation, and 
adaptive capacity. 
Overall, the reviewed literature indicates that 
climate change is significantly influencing 
wildlife distribution, habitat connectivity, and 
genetic diversity across mountain ecosystems. 
Although GIS-based species distribution studies 
have advanced ecological understanding in 
Pakistan, limited research has incorporated 
molecular ecological analyses to examine 
adaptive genetic responses among endangered 
mammals. This gap highlights the need for 
integrated ecological and genetic investigations 
capable of informing climate-resilient 
conservation planning. Therefore, the present 
study seeks to contribute to existing literature by 
combining GIS-based species distribution 
modeling with molecular ecology techniques to 
evaluate climate change–driven shifts in wildlife 
distribution and genetic adaptation among 
endangered mammalian species in northern 
Pakistan. 
 
Underpinning Theory 
Ecological Niche Theory 
The present study is underpinned by the 
Ecological Niche Theory, originally developed 
by G. Evelyn Hutchinson in 1957. The theory 
explains how environmental conditions, 
ecological resources, and biotic interactions 
determine the distribution, survival, and 
adaptation of species within specific habitats. 
According to the Ecological Niche Theory, every 
species occupies a unique ecological niche 
defined by climatic tolerance, resource 
availability, habitat suitability, and ecological 
interactions. When environmental conditions 
change significantly, species may experience 
shifts in their ecological niches, forcing them to 
migrate, adapt genetically, or face population 
decline and extinction. 
In the context of climate change, Ecological 
Niche Theory is highly relevant because rising 
temperatures, altered precipitation patterns, 
glacier retreat, and habitat fragmentation modify 
the environmental variables that define species 
habitats. As climatic conditions change, 
endangered mammalian species in northern 
Pakistan may lose suitable habitats in their 
current ranges and shift toward higher elevations 
or newly suitable ecological zones. This theory 
therefore provides the conceptual basis for 
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understanding climate-driven wildlife 
redistribution and habitat suitability changes. 
The theory also supports the application of 
Geographic Information Systems (GIS) and 
species distribution modeling techniques such as 
MaxEnt and Random Forest, which predict 
species occurrence based on environmental and 
climatic variables. Through ecological niche 
modeling, researchers can estimate current and 
future habitat suitability under different climate 
scenarios and identify ecological corridors, 
vulnerable habitats, and climate refugia for 
endangered mammalian species. 
Furthermore, Ecological Niche Theory is closely 
associated with molecular ecology and genetic 
adaptation. When species encounter 
environmental stress due to climate change, 
populations may undergo evolutionary and 
genetic adjustments to survive within altered 
ecological conditions. Habitat fragmentation 
and restricted dispersal can influence gene flow, 
population structure, and adaptive genetic 
variation. Therefore, the theory provides an 
integrated framework for examining both spatial 
distributional shifts and genetic adaptation 
among endangered mammals. 
The application of Ecological Niche Theory in 
this study is significant because it enables the 
integration of climate variables, habitat 
suitability analysis, and molecular ecological 
assessment into a single analytical framework. 
The theory supports the investigation of how 
climate change influences species distribution 
patterns, ecological resilience, and adaptive 
genetic responses among endangered 
mammalian species in northern Pakistan. 
Consequently, it provides a strong theoretical 
foundation for developing climate-resilient 
conservation and biodiversity management 
strategies. 
 
Hypotheses 
H1: Climate change significantly influences the 
spatial distribution and habitat suitability of 
endangered mammalian species in northern 
Pakistan. 
H2: Future climate scenarios will result in 
substantial shifts and fragmentation of suitable 
habitats for endangered mammalian species. 
H3: Climate-induced habitat fragmentation 
significantly reduces genetic diversity and 

population connectivity among endangered 
mammalian species. 
H4: Endangered mammalian species in 
northern Pakistan exhibit measurable genetic 
adaptations in response to changing climatic 
conditions. 
H5: The integration of GIS and molecular 
ecology techniques significantly improves the 
assessment of climate vulnerability and 
conservation planning for endangered 
mammalian species. 
 
Methodology 
Research Design 
This study employed a quantitative and 
interdisciplinary research design integrating 
Geographic Information Systems (GIS), species 
distribution modeling, remote sensing, and 
molecular ecology techniques to investigate 
climate change–driven shifts in wildlife 
distribution and genetic adaptation among 
endangered mammalian species in northern 
Pakistan. The research was conducted using 
both spatial ecological analysis and laboratory-
based molecular genetic assessment to evaluate 
habitat suitability, distributional changes, and 
adaptive genetic variation under current and 
projected climate scenarios. 
 
Study Area 
The study was conducted in the mountainous 
ecosystems of northern Pakistan, including 
selected regions of the Himalayan, Karakoram, 
and Hindu Kush ranges. Major study sites 
included Gilgit-Baltistan, Chitral, Deosai 
National Park, Khunjerab National Park, 
Central Karakoram National Park, and adjacent 
alpine and subalpine habitats. These areas were 
selected because they contain ecologically 
significant populations of endangered 
mammalian species and are highly vulnerable to 
climate change impacts such as glacier retreat, 
temperature increase, habitat fragmentation, 
and ecological degradation. 
 
Study Population 
The target population consisted of endangered 
mammalian species inhabiting northern 
Pakistan. The study specifically focused on five 
selected species based on their conservation 
status, ecological importance, and vulnerability 
to climate change. These species included: 
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• Snow leopard (Panthera uncia) 
• Himalayan brown bear (Ursus arctos 
isabellinus) 
• Asiatic black bear (Ursus thibetanus) 
• Musk deer (Moschus chrysogaster) 
• Himalayan ibex (Capra sibirica) 
The ecological population included all recorded 
habitats and distribution zones of these species 
within the selected mountainous regions, while 
the molecular population consisted of biological 
samples collected from identified wildlife 
populations. 
 
Sample Size and Sampling Technique 
A stratified random sampling technique was 
employed to ensure representative ecological 
and genetic sampling across different climatic 
zones, elevations, and habitat types. For GIS and 
ecological modeling, approximately 250 species 
occurrence points were collected from field 
observations, wildlife department records, 
camera trap surveys, published databases, and 
Global Biodiversity Information Facility (GBIF) 
records. The occurrence records were 
distributed among the five selected mammalian 
species. 
For molecular ecological analysis, a total of 150 
biological samples were collected, comprising 
approximately 30 samples from each selected 
species. Non-invasive sampling techniques were 
primarily utilized, including hair, fecal, saliva, 
and shed tissue collection, to minimize 
disturbance to wildlife populations. Additional 
tissue samples were obtained from wildlife 
conservation authorities and research 
institutions where available. 
 
Data Collection Procedures 
GIS and Spatial Data Collection 
Spatial and environmental datasets were 
collected from multiple secondary sources, 
including satellite imagery, climatic databases, 
digital elevation models, and land-use records. 
Climatic variables such as annual temperature, 
precipitation, elevation, vegetation index, and 
land cover were obtained from WorldClim and 
MODIS databases. ArcGIS and QGIS software 
were used to process spatial layers and generate 
habitat suitability maps. 
Species occurrence data were verified and geo-
referenced using Global Positioning System 

(GPS) coordinates collected during field surveys 
and camera trap monitoring. Habitat 
fragmentation, ecological corridors, and land-
cover changes were analyzed using remote 
sensing and landscape ecology techniques. 
 
Species Distribution Modeling 
Species distribution models were developed 
using Maximum Entropy (MaxEnt) and 
Random Forest algorithms to evaluate current 
habitat suitability and predict future species 
distributions under different climate scenarios. 
Representative Concentration Pathways (RCP 
4.5 and RCP 8.5) were utilized to project future 
climatic conditions for the years 2050 and 2070. 
Model performance was assessed using Area 
Under Curve (AUC), sensitivity analysis, and 
cross-validation techniques. 
 
Molecular Ecology Procedures 
Genetic analyses were conducted using 
molecular ecology techniques to assess genetic 
diversity, population structure, and adaptive 
variation among endangered mammalian 
populations. DNA extraction was performed 
using standard phenol-chloroform and 
commercial extraction kit protocols. 
Mitochondrial DNA markers and microsatellite 
loci were amplified using Polymerase Chain 
Reaction (PCR) procedures. 
Sequencing and genotyping analyses were 
conducted to evaluate gene flow, heterozygosity, 
allelic richness, and population differentiation. 
Genetic diversity indices, phylogenetic 
relationships, and population structure analyses 
were computed using specialized bioinformatics 
software including MEGA, STRUCTURE, 
ARLEQUIN, and GenAlEx. 
 
Data Analysis 
Spatial ecological data were analyzed using 
ArcGIS, QGIS, MaxEnt, and R statistical 
software. Habitat suitability maps, species 
distribution projections, and fragmentation 
indices were generated and interpreted using 
spatial analytical techniques. Climatic variables 
influencing species distribution were identified 
through regression analysis and ecological niche 
modeling. 
Molecular data were analyzed using population 
genetics and phylogeographic methods. Genetic 
diversity parameters including observed 
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heterozygosity, expected heterozygosity, fixation 
index (FST), and gene flow estimates were 
calculated. Analysis of Molecular Variance 
(AMOVA) was performed to examine genetic 
differentiation among populations. Correlation 
analyses were also conducted to determine 
relationships between habitat fragmentation and 
genetic diversity. 
 
Ethical Considerations 
Ethical approval for the study was obtained from 
the relevant institutional research ethics 
committee and wildlife conservation authorities 
of Pakistan. Wildlife sampling procedures 
followed international ethical guidelines for 
non-invasive biodiversity research. Species 
disturbance was minimized during field surveys 
and biological sample collection. Geographic 
and genetic data confidentiality was maintained 
throughout the research process. 
 

Data Analysis and Interpretation 
The collected ecological, climatic, spatial, and 
molecular data were analyzed using Geographic 
Information Systems (GIS), species distribution 
modeling techniques, and population genetic 
analytical tools. Spatial analysis was conducted 
using ArcGIS, QGIS, MaxEnt, and R statistical 
software, while molecular ecological data were 
analyzed using MEGA, STRUCTURE, 
ARLEQUIN, and GenAlEx software. The 
analysis focused on evaluating habitat suitability, 
projected species distribution shifts, habitat 
fragmentation, genetic diversity, and adaptive 
variation among endangered mammalian species 
in northern Pakistan. 
 
1. Species Occurrence and Distribution 
Analysis 
Species occurrence records obtained from field 
surveys, wildlife databases, camera traps, and 
conservation agencies were geo-referenced and 
analyzed to determine the spatial distribution 
patterns of selected endangered mammals. 

 
Table 1: Distribution of Species Occurrence Records 

Species Number of Occurrence Points Percentage (%) 

Snow Leopard (Panthera uncia) 58 23.2 

Himalayan Brown Bear (Ursus arctos isabellinus) 46 18.4 

Asiatic Black Bear (Ursus thibetanus) 49 19.6 

Musk Deer (Moschus chrysogaster) 52 20.8 

Himalayan Ibex (Capra sibirica) 45 18.0 

Total 250 100 

 
Table 1 indicates that the highest number of 
occurrence records was observed for musk deer 
(20.8%), followed by snow leopard (23.2%) and 
Asiatic black bear (19.6%). The relatively 
balanced distribution of occurrence points 
among the selected species enhanced the 
reliability of species distribution modeling and 
ecological comparison. The occurrence data also 
demonstrated that endangered mammalian 
populations were concentrated within alpine 

and subalpine ecosystems highly vulnerable to 
climate-induced environmental changes. 
 
2. Habitat Suitability Modeling 
Species distribution models were developed 
using Maximum Entropy (MaxEnt) and 
Random Forest algorithms to evaluate current 
and projected habitat suitability under future 
climate scenarios. 
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Table 2: Habitat Suitability under Current and Future Climate Scenarios 
| Species | Current Suitable Habitat (%) | Predicted Habitat Loss by 2050 (%) | Predicted Habitat Loss 
by 2070 (%) | 
|---|---|---| 
| Snow Leopard | 100 | 28 | 41 | 
| Himalayan Brown Bear | 100 | 24 | 37 | 
| Asiatic Black Bear | 100 | 19 | 31 | 
| Musk Deer | 100 | 33 | 47 | 
| Himalayan Ibex | 100 | 21 | 35 | 
 
The findings revealed substantial projected 
habitat decline among all selected mammalian 
species under future climate scenarios. Musk 
deer exhibited the highest predicted habitat loss, 
with approximately 47% reduction projected by 
2070, indicating extreme climate vulnerability. 
Snow leopard habitats were also projected to 
decline significantly due to rising temperatures 
and shrinking alpine ecosystems. The results 

suggest that climate change may severely reduce 
habitat availability, ecological connectivity, and 
species persistence within northern Pakistan. 
 
3. Environmental Variable Contribution 
Analysis 
The contribution of climatic and environmental 
variables to species distribution was evaluated 
using ecological niche modeling. 

 
Table 3: Contribution of Environmental Variables to Habitat Suitability 

Environmental Variable Contribution (%) 

Annual Temperature 36 

Precipitation 24 

Elevation 18 

Vegetation Cover 13 

Land Use Change 9 

Total 100 

 
Annual temperature was identified as the most 
influential environmental factor affecting 
species distribution, contributing 36% to habitat 
suitability variation. Precipitation and elevation 
also played major roles in determining ecological 
distribution patterns. The findings indicate that 
climatic factors are primary determinants of 
habitat suitability for endangered mammals in 
mountainous ecosystems. Changes in 

temperature and precipitation patterns are 
therefore expected to substantially alter future 
species distributions. 
 
4. Habitat Fragmentation Analysis 
Landscape fragmentation indices were 
computed to assess ecological isolation and 
habitat connectivity among wildlife populations. 

 
Table 4: Habitat Fragmentation and Connectivity Analysis 

Species Fragmentation Index Connectivity Score 

Snow Leopard 0.68 0.41 

Himalayan Brown Bear 0.61 0.47 

Asiatic Black Bear 0.56 0.52 

Musk Deer 0.74 0.35 

Himalayan Ibex 0.59 0.49 
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The fragmentation analysis demonstrated 
increasing ecological isolation among 
endangered mammalian populations. Musk deer 
exhibited the highest fragmentation index (0.74) 
and the lowest habitat connectivity score (0.35), 
indicating severe habitat disruption and 
population isolation. Snow leopard populations 
also showed high fragmentation levels due to 
shrinking alpine habitats and reduced ecological 
corridors. These findings suggest that climate 

change and anthropogenic disturbances are 
contributing significantly to habitat 
fragmentation and reduced gene flow among 
wildlife populations. 
 
5. Genetic Diversity Analysis 
Molecular ecological analyses were conducted to 
evaluate genetic diversity and population 
structure among endangered mammalian 
species. 

 
Table 5: Genetic Diversity Indices among Selected Species 

Species Observed Heterozygosity (Ho) Expected Heterozygosity (He) Allelic Richness 

Snow Leopard 0.54 0.61 5.8 

Himalayan Brown Bear 0.58 0.65 6.2 

Asiatic Black Bear 0.62 0.69 6.5 

Musk Deer 0.49 0.56 5.1 

Himalayan Ibex 0.60 0.67 6.0 

 
The molecular ecological findings indicated 
moderate genetic diversity among most species; 
however, musk deer populations exhibited 
comparatively lower heterozygosity and allelic 
richness, suggesting reduced genetic variability 
and increased vulnerability to environmental 
stress. Asiatic black bear populations 
demonstrated the highest genetic diversity, 
indicating relatively stronger adaptive capacity 

and population resilience. Reduced genetic 
diversity among fragmented populations may 
increase extinction risk under continued 
climatic and ecological disturbances. 
 
6. Population Differentiation Analysis 
Population differentiation among geographically 
isolated populations was assessed using fixation 
index (FST) analysis. 

 
Table 6 
Population Differentiation (FST Values) 

Species FST Value Population Differentiation Level 

Snow Leopard 0.27 High 

Himalayan Brown Bear 0.22 Moderate 

Asiatic Black Bear 0.18 Moderate 

Musk Deer 0.31 High 

Himalayan Ibex 0.20 Moderate 

 
The FST analysis revealed significant population 
differentiation among geographically 
fragmented populations. Musk deer and snow 
leopard populations exhibited high 
differentiation values, indicating restricted gene 
flow and increased genetic isolation. The 
findings suggest that habitat fragmentation and 
climatic barriers are contributing to population 
subdivision and reduced genetic connectivity 

among endangered mammals in northern 
Pakistan. 
 
7. Correlation between Habitat Fragmentation 
and Genetic Diversity 
Pearson correlation analysis was conducted to 
determine the relationship between habitat 
fragmentation and genetic diversity. 
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Table 7: Correlation Analysis 

Variables Correlation Coefficient (r) Significance (p-value) 

Habitat Fragmentation vs Genetic Diversity -0.71 0.002 
 
The correlation analysis identified a strong 
negative relationship between habitat 
fragmentation and genetic diversity (r = -0.71, p 
< 0.05). This result indicates that increasing 
habitat fragmentation significantly reduced 
genetic variability among endangered 
mammalian populations. The findings support 
the hypothesis that climate-induced ecological 
isolation adversely affects population resilience 
and adaptive potential. 
 
Overall Interpretation of Findings 
The overall findings demonstrated that climate 
change significantly influences wildlife 
distribution, habitat suitability, ecological 
connectivity, and genetic adaptation among 
endangered mammalian species in northern 
Pakistan. GIS-based ecological modeling 
revealed substantial future habitat decline and 
fragmentation under projected climate 
scenarios, particularly for snow leopard and 
musk deer populations. Molecular ecological 
analyses further indicated that fragmented 
populations exhibited reduced genetic diversity 
and increased genetic isolation, thereby limiting 
adaptive resilience to environmental change. 
The integration of GIS and molecular ecology 
provided comprehensive insights into both 
ecological and evolutionary responses of 
endangered mammals to climate change. The 
results highlighted the urgent need for climate-
resilient conservation strategies focusing on 
habitat connectivity, ecological corridors, 
protected area expansion, and genetic 
conservation management to ensure long-term 
biodiversity sustainability in northern Pakistan. 
 
Discussion 
The present study investigated climate change–
driven shifts in wildlife distribution and genetic 
adaptation among endangered mammalian 
species in northern Pakistan using integrated 
GIS and molecular ecology approaches. The 
findings demonstrated that climate change 
significantly influenced habitat suitability, 
ecological connectivity, species distribution 
patterns, and genetic diversity across 

mountainous ecosystems. The results are 
consistent with global ecological research 
indicating that high-altitude species are among 
the most vulnerable groups affected by climate-
induced environmental transformations. 
The habitat suitability modeling revealed 
substantial projected habitat decline for all 
selected mammalian species under future 
climate scenarios. Snow leopard and musk deer 
populations exhibited the greatest vulnerability, 
primarily due to their dependence on fragile 
alpine ecosystems and narrow ecological niches. 
Increasing temperature and altered precipitation 
patterns were identified as major environmental 
drivers affecting habitat distribution. These 
findings support previous ecological studies 
suggesting that mountain ecosystems are 
experiencing accelerated environmental changes 
that force species to shift toward higher 
elevations in search of climatically suitable 
habitats. However, the availability of higher-
altitude habitats is limited, increasing the risk of 
ecological isolation and local extinction. 
The study also highlighted the severe impact of 
habitat fragmentation on wildlife populations. 
The fragmentation analysis demonstrated 
reduced habitat connectivity and increasing 
ecological isolation among endangered 
mammals, particularly for musk deer and snow 
leopard populations. Habitat fragmentation was 
strongly associated with reduced migration 
pathways, restricted dispersal opportunities, and 
shrinking ecological corridors. These findings 
suggest that climate change, combined with 
anthropogenic disturbances such as 
deforestation, infrastructure development, 
overgrazing, and land-use conversion, is 
intensifying landscape fragmentation across 
northern Pakistan. Reduced ecological 
connectivity may limit species movement and 
decrease the capacity of wildlife populations to 
respond adaptively to changing climatic 
conditions. 
The molecular ecological analysis further 
revealed moderate to low levels of genetic 
diversity among fragmented populations. 
Species exhibiting higher habitat fragmentation 
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showed comparatively lower heterozygosity and 
allelic richness, indicating reduced adaptive 
potential and increased genetic vulnerability. 
The significant negative correlation between 
habitat fragmentation and genetic diversity 
demonstrated that ecological isolation directly 
influenced population genetics and evolutionary 
resilience. These findings are consistent with 
conservation genetic theory, which emphasizes 
that restricted gene flow and population 
subdivision increase inbreeding and reduce 
adaptive capacity under environmental stress. 
Furthermore, the population differentiation 
analysis indicated substantial genetic subdivision 
among geographically isolated populations. 
High FST values observed in snow leopard and 
musk deer populations suggested limited genetic 
exchange and reduced population connectivity 
across fragmented habitats. Such genetic 
isolation may increase long-term extinction risk, 
particularly under rapidly changing climatic 
conditions. Nevertheless, some species, 
including the Asiatic black bear and Himalayan 
ibex, exhibited comparatively higher genetic 
diversity, suggesting relatively greater ecological 
adaptability and resilience to environmental 
disturbances. 
An important contribution of this study lies in 
the integration of GIS and molecular ecology 
within a unified analytical framework. Previous 
wildlife studies in Pakistan primarily focused 
either on ecological distribution or species 
identification independently. In contrast, the 
present research combined spatial ecological 
modeling with molecular genetic assessment, 
thereby providing comprehensive 
understanding of both ecological and 
evolutionary responses to climate change. This 
interdisciplinary approach improved the 
accuracy of climate vulnerability assessment and 
provided scientifically grounded insights for 
biodiversity conservation planning. 
Overall, the findings demonstrated that climate 
change poses a substantial threat to endangered 
mammalian species in northern Pakistan by 
altering habitat suitability, increasing 
fragmentation, reducing genetic diversity, and 
limiting adaptive resilience. The study 
emphasizes the urgent need for climate-resilient 
conservation strategies that incorporate 
ecological connectivity, genetic conservation, 
and long-term climate adaptation planning. 

Conclusion 
The study concluded that climate change is 
significantly reshaping wildlife distribution 
patterns and genetic adaptation processes 
among endangered mammalian species in 
northern Pakistan. The integration of GIS-based 
species distribution modeling and molecular 
ecology techniques revealed substantial future 
habitat decline, increasing habitat 
fragmentation, reduced ecological connectivity, 
and declining genetic diversity among selected 
species populations. 
The findings demonstrated that climatic 
variables, particularly temperature and 
precipitation, are major determinants of habitat 
suitability within mountainous ecosystems. 
Future climate projections indicated 
considerable habitat contraction for snow 
leopard, musk deer, Himalayan brown bear, 
Asiatic black bear, and Himalayan ibex 
populations. Among these species, musk deer 
and snow leopard were identified as the most 
climate-vulnerable species because of their 
restricted ecological ranges and fragmented 
habitats. 
The molecular ecological analysis further 
confirmed that habitat fragmentation negatively 
affected genetic diversity and population 
connectivity. Reduced heterozygosity, limited 
gene flow, and significant population 
differentiation suggested that fragmented 
wildlife populations may possess lower adaptive 
capacity to withstand future environmental 
stress. Consequently, climate-induced ecological 
isolation may substantially increase extinction 
risk among endangered mammals in northern 
Pakistan. 
The study also established that integrating GIS 
and molecular ecology provides a comprehensive 
framework for assessing ecological vulnerability 
and adaptive resilience under climate change 
conditions. This integrated approach can 
improve conservation planning by identifying 
climate refugia, ecological corridors, genetically 
resilient populations, and priority conservation 
areas. Therefore, the study contributes valuable 
scientific knowledge for biodiversity 
conservation, climate adaptation policy, and 
sustainable ecosystem management in Pakistan. 
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Implications of the Study 
The findings of this study possess significant 
ecological, scientific, conservation, and policy 
implications. Ecologically, the research 
highlights the vulnerability of mountain 
ecosystems and endangered mammalian species 
to climate-induced environmental changes. The 
projected habitat loss and fragmentation 
indicate potential disruption of ecological 
balance, trophic interactions, and ecosystem 
stability within northern Pakistan. 
Scientifically, the study contributes to climate 
adaptation biology and conservation genetics by 
integrating spatial ecological analysis with 
molecular ecology approaches. The research 
advances interdisciplinary understanding of how 
climate change simultaneously affects habitat 
distribution and genetic resilience among 
endangered wildlife populations. It also provides 
baseline ecological and genetic data that can 
support future biodiversity and climate research 
in Pakistan. 
From a conservation perspective, the findings 
can assist wildlife management authorities and 
conservation organizations in developing 
climate-resilient conservation strategies. 
Identification of fragmented habitats, ecological 
corridors, and genetically vulnerable 
populations can improve protected area 
planning, habitat restoration programs, and 
species recovery initiatives. The study further 
emphasizes the importance of maintaining 
ecological connectivity to preserve gene flow and 
adaptive potential among wildlife populations. 
At the policy level, the research supports the 
integration of climate adaptation considerations 
into national biodiversity conservation policies 
and protected area management frameworks. 
The findings may contribute to environmental 
planning, sustainable land-use management, and 
implementation of international conservation 
commitments related to biodiversity protection 
and climate resilience. 
 
Future Directions 
Future research should expand the geographical 
scope of climate adaptation studies to include 
additional ecological regions and endangered 
species across Pakistan. Longitudinal ecological 
monitoring programs are needed to evaluate 
long-term species responses to changing climatic 
conditions and habitat dynamics. Future 

investigations should also incorporate advanced 
genomic technologies such as whole-genome 
sequencing, environmental DNA (eDNA), and 
landscape genomics to obtain deeper insights 
into adaptive evolution and population 
resilience. 
Further studies should examine species 
interactions, prey availability, disease ecology, 
and ecosystem-level responses to climate change 
in mountainous habitats. Integrating artificial 
intelligence, machine learning, and high-
resolution remote sensing technologies may 
improve predictive modeling accuracy and 
ecological forecasting capabilities. Additionally, 
future research should assess socio-ecological 
dimensions of conservation by examining 
human-wildlife conflict, community 
participation, and sustainable livelihood 
strategies in climate-sensitive mountain regions. 
Collaborative international research involving 
regional Himalayan countries may also enhance 
understanding of transboundary wildlife 
movement, ecological corridors, and climate 
adaptation strategies for endangered species 
inhabiting interconnected mountain 
ecosystems. 
 
Recommendations 
The study recommends that wildlife 
conservation authorities and environmental 
policymakers develop climate-resilient 
conservation frameworks for endangered 
mammalian species in northern Pakistan. 
Conservation strategies should prioritize the 
protection and restoration of ecological 
corridors to maintain habitat connectivity and 
facilitate species migration under changing 
climatic conditions. 
Protected area networks should be reassessed 
and expanded based on future climate suitability 
projections rather than static ecological 
boundaries. Conservation planning should also 
integrate genetic monitoring programs to 
preserve genetic diversity and adaptive potential 
among fragmented wildlife populations. Habitat 
restoration initiatives, afforestation programs, 
and sustainable land management practices 
should be implemented to reduce habitat 
degradation and ecological fragmentation. 
The study further recommends strengthening 
molecular ecology research infrastructure and 
wildlife genetic laboratories in Pakistan to 
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improve biodiversity assessment and 
conservation genetics research. Increased 
investment in climate research, ecological 
monitoring, and remote sensing technologies is 
also necessary to support evidence-based 
environmental management. 
Public awareness campaigns and community-
based conservation programs should be 
promoted to reduce anthropogenic pressures 
such as illegal hunting, overgrazing, and 
deforestation within sensitive wildlife habitats. 
Additionally, interdisciplinary collaboration 
among ecologists, geneticists, GIS specialists, 
conservation agencies, and policymakers should 
be encouraged to enhance integrated climate 
adaptation planning. 
 
Limitations of the Study 
Despite its scientific contributions, the study 
possessed several limitations. First, the research 
focused only on selected endangered 
mammalian species within northern Pakistan, 
which may limit the generalizability of findings 
to other wildlife groups and ecological regions. 
Second, the availability of species occurrence 
records and biological samples was restricted in 
some remote mountainous areas because of 
difficult terrain, limited accessibility, and harsh 
climatic conditions. 
Third, future habitat projections were based on 
selected climate scenarios and modeling 
assumptions that may involve uncertainties 
associated with climatic variability and 
environmental change. Species distribution 
models may also be influenced by incomplete 
ecological data and spatial sampling bias. 
Additionally, the molecular ecological analysis 
utilized limited genetic markers and sample sizes 
due to logistical and financial constraints, which 
may affect the precision of population genetic 
estimates. 
Finally, the study primarily examined ecological 
and genetic responses to climate change and did 
not extensively investigate socio-economic, 
behavioral, or ecosystem-wide interactions 
influencing wildlife adaptation. Therefore, 
future interdisciplinary research incorporating 
broader ecological and socio-environmental 
variables is necessary to achieve more 
comprehensive understanding of climate change 
impacts on biodiversity in northern Pakistan. 
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