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Abstract

The conservation of threatened mammal species faces unprecedented challenges from habitat loss, climate change, and
anthropogenic pressures. Conservation genetics has emerged as a critical discipline integrating molecular tools,
population genetics theory, and conservation practice to address genetic threats to biodiversity. This review examines the
application of conservation genetics to threatened mammals, focusing on the assessment of genetic diversity,
identification of inbreeding depression, delineation of management units, and implementation of genetic rescue strategies.
Recent advances in genomic technologies have revolutionized our capacity to detect adaptive variation, quantify genetic
load, and predict population viability. Evidence demonstrates that small, isolated populations experience significant losses
in heterozygosity, increased inbreeding coefficients, and accumulation of deleterious mutations. Effective conservation
requires integration of genetic data into policy frameworks at international, national, and local scales. The Convention on
Biological Diversity's Kunming-Montreal Global Biodiversity Framework explicitly recognizes genetic diversity as a
conservation target. This paper synthesizes current knowledge on conservation genetics applications in mammalian
systems, evaluates evidence-based management interventions, and provides recommendations for translating genetic
science into effective conservation policy and practice.

Keywords:- Conservation Genomics, Genetic Diversity, Inbreeding Depression, Effective Population Size, Threatened
Species, Biodiversity Policy

I. INTRODUCTION

Mammalian biodiversity faces an extinction crisis of unprecedented magnitude. According to the International
Union for Conservation of Nature (IUCN), approximately 27% of assessed mammal species are threatened with
extinction, representing 1,376 species classified as Vulnerable, Endangered, or Critically Endangered (IUCN, 2024).
Habitat fragmentation, overexploitation, invasive species, disease, and climate change act synergistically to drive
population declines, with genetic factors playing a central but often underappreciated role in extinction risk (Ceballos et
al., 2017).Conservation genetics emerged in the 1970s when Otto Frankel recognized the imperative to maintain
evolutionary potential in the face of environmental uncertainty (Frankel, 1974; Frankel & Soulé, 1981). The field has
since evolved from theoretical foundations into an empirical discipline applying molecular tools to conservation
challenges (Allendorf et al., 2022). The transition from conservation genetics to conservation genomics, enabled by next-
generation sequencing technologies, has dramatically expanded our capacity to assess genetic diversity at genome-wide
scales, detect functional variation underlying adaptation, and predict evolutionary responses to environmental change
(Hoban et al., 2016).

Genetic diversity constitutes one of three fundamental components of biodiversity alongside species diversity and
ecosystem diversity. Small populations inevitably lose genetic diversity through genetic drift, with rates inversely
proportional to effective population size (Ne). This loss has immediate fitness consequences through inbreeding
depression and long-term implications for adaptive capacity (Frankham et al., 2010). A recent global meta-analysis
demonstrated that within-population genetic diversity is being lost over timescales consistent with human impacts,
affecting 628 species across terrestrial and marine ecosystems (Shaw et al., 2025). For mammals specifically, habitat
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fragmentation correlates significantly with decreased allelic diversity, allelic richness, and heterozygosity, with effects
particularly pronounced in large-bodied species requiring extensive home ranges (Lino et al., 2019).This review
synthesizes current knowledge on conservation genetics applications in threatened mammals, evaluates empirical
evidence for genetic threats and management interventions, and examines pathways for integrating genetic science into
conservation policy and practice.

We address four primary questions:

What genetic metrics are most informative for assessing conservation status?

How do genetic factors interact with demographic and environmental threats?

What management interventions effectively maintain or restore genetic diversity?

How can genetic data be effectively integrated into policy frameworks to guide conservation action?

Il. GENETIC DIVERSITY ASSESSMENT IN THREATENED MAMMALS

2.1. Molecular Markers and Genomic Approaches

The revolution in DNA sequencing technologies has transformed conservation genetics from a discipline relying
on dozens of markers to one utilizing millions of genome-wide variants. Contemporary studies employ single nucleotide
polymorphisms (SNPs) derived from restriction site-associated DNA sequencing (RADseq), whole-genome sequencing
(WGS), or targeted capture approaches. These methods enable unprecedented resolution of population structure,
demographic history, and adaptive variation (Robinson et al., 2020).Genomic approaches have proven particularly
valuable for threatened mammals. For example, whole-genome sequencing of the critically endangered black-footed
ferret (Mustela nigripes) revealed a chromosome-length reference genome enabling identification of deleterious mutations
related to inbreeding and comparison of plague susceptibility with Eurasian congeners (Koepfli & Gooley, 2023).
Similarly, genomic analysis of greater gliders (Petauroides volans) following Australia's 2019-2020 megafires utilized
8,493 SNPs to assess baseline genetic diversity, adaptive potential, and population structure, providing critical data for
post-fire conservation management (Luo et al., 2023).

2.2. Key Genetic Metrics

Several genetic parameters are routinely estimated to assess population health. Expected heterozygosity (He)
measures the probability that two randomly chosen alleles differ at a locus, providing an index of overall genetic diversity.
Allelic richness (AR) quantifies the mean number of alleles per locus, standardized for sample size. Observed
heterozygosity (Ho) compares to He to calculate the inbreeding coefficient FIS = 1 - (Ho/He), with positive values
indicating heterozygote deficiency consistent with inbreeding. Effective population size (Ne) represents the size of an
idealized population experiencing equivalent rates of genetic drift, typically estimated from linkage disequilibrium or
temporal changes in allele frequencies (Wang et al., 2020).Genome-wide data enable additional metrics with direct fitness
implications. Runs of homozygosity (ROH) identify chromosomal segments identical by descent, providing precise
estimates of individual inbreeding and enabling breeding decisions that minimize offspring homozygosity (Robinson et
al., 2019; Saremi et al., 2019). Genetic load can be quantified by counting deleterious mutations, classified by predicted
effect severity using functional annotations. Studies of arctic foxes and Florida panthers demonstrate that expression of
strongly harmful mutations reduces reproduction and survival, while moderately harmful mutations decrease longevity
(Kyriazis et al., 2021).

Figure 1 illustrates the temporal decline in heterozygosity across populations with different effective sizes. Large
populations (Ne > 500) maintain heterozygosity near baseline levels over 20 generations, consistent with the Franklin-
Soulé 50/500 rule. Medium populations (Ne 100-500) show moderate decline, while small populations (Ne < 50)
experience rapid loss, often crossing critical thresholds for population persistence within a few generations (Franklin,
1980; Frankham et al., 2014).

Figure 1: Temporal Decline in Genetic Diversity of Threatened Mammal Populations
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2.3. Inbreeding Depression and Genetic Load

Inbreeding depression, the reduction in fitness following mating between related individuals, poses a primary
genetic threat to small populations. Meta-analyses across 44 mammal populations demonstrate consistent deleterious
effects on juvenile survival, adult lifespan, and reproductive output, with effect sizes averaging 33% fitness reduction per
10% increase in inbreeding coefficient (Crnokrak & Roff, 1999; Hedrick & Garcia-Dorado, 2016). The mechanistic basis
involves expression of recessive deleterious alleles in homozygous state and loss of heterozygote advantage at
overdominant loci.

Recent genomic studies have elucidated the mutational architecture underlying inbreeding depression. Simulations
and empirical analyses indicate that strongly deleterious mutations (selection coefficients s > 0.01) are primary
determinants of extinction risk, with population decline causing their fixation through genetic drift when Ne falls below
critical thresholds (Kyriazis et al., 2020, 2021). This genetic extinction vortex creates positive feedback wherein
population decline increases inbreeding, which reduces fitness, further accelerating decline.

Case studies illustrate severe inbreeding effects in threatened mammals. The Isle Royale wolf population declined
to near extinction (two individuals in 2016) with inbreeding coefficients exceeding 0.30 and observable skeletal
deformities (Robinson et al., 2019). Florida panthers (Puma concolor coryi) exhibited cryptorchidism, kinked tails, and
reduced sperm quality before genetic rescue through Texas panther translocation (Hostetler et al., 2013). The
Scandinavian wolf population, founded by only four individuals, carries elevated genetic load despite substantial
population growth, demonstrating long-term consequences of founder effects (Kardos et al., 2018).

2.4. Population Structure and Genetic Connectivity

Understanding population genetic structure is essential for delineating conservation units and managing gene flow.
Wright's F-statistics quantify differentiation: FST measures among-population genetic variance, with values > 0.15
suggesting substantial restriction of gene flow. Contemporary estimates using genomic data achieve high precision,
enabling detection of subtle structure and recent demographic changes (Whitlock & McCauley, 1999).

Habitat fragmentation has dramatically altered connectivity in many mammal populations. Large-bodied species
are disproportionately affected due to extensive space requirements. Jaguars (Panthera onca) in Costa Rican rainforests
show elevated FST values and reduced Ne in fragmented landscapes, with anthropogenic barriers (roads, agricultural
development) inhibiting dispersal between forest patches (Wultsch et al., 2016). Similarly, giant anteaters
(Myrmecophaga tridactyla) exhibit low genetic structure overall but show signatures of recent bottlenecks and elevated
inbreeding in human-modified landscapes (Barragan-Ruiz et al., 2022).

Figure 2 contrasts historical high-connectivity scenarios with contemporary fragmented landscapes. Panel A
illustrates continuous habitat supporting large populations with frequent gene flow (Nm > 1, FST < 0.05), maintaining
high heterozygosity and allelic richness. Panel B depicts fragmented habitats with isolated populations experiencing
restricted dispersal (Nm < 0.1, FST > 0.25), resulting in reduced diversity, elevated inbreeding, and accumulation of
deleterious mutations. Panel C quantifies these genetic consequences, showing 38% reduction in heterozygosity and 14-
fold increase in inbreeding coefficient in fragmented versus connected populations.

Figure 2.: Population Genetic Structure and Connectivity in Fragmented Hcbitats
A. Historical Connectivity B. Current Fragmentation
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C. Genetic Diversity Consequences

Parameter Historical Current
Heterozygosity (He) 0.72 0.45
Allelic Richness (AR) 8.4 3.2
Inbreeding Coefficient (FIS) 0.02 0.28
Effective Size (Ne) =500 <50
Deleterious Mutations Low High

Note: Values represent typical patterns observed in mammal populations. He = expected heterozygosity; AR = allelic richness,
FIS = inbreeding coefficient; Ne = effective population size.
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I1l. EVIDENCE-BASED MANAGEMENT INTERVENTIONS
3.1. Genetic Rescue

Genetic rescue, the intentional movement of individuals to increase genetic diversity and alleviate inbreeding
depression, has emerged as a powerful conservation tool when implemented judiciously. The Florida panther provides a
textbook example: introduction of eight Texas panthers in 1995 restored heterozygosity, eliminated genetic abnormalities,
and tripled population size from 25 to over 200 individuals (Hostetler et al., 2013; Fitzpatrick et al., 2020). Similar success
has been documented in greater prairie chickens (Westemeier et al., 1998), Mexican wolves (Hedrick et al., 2014), and
Isle Royale wolves (Robinson et al., 2019).

However, genetic rescue carries risks of outbreeding depression if populations are locally adapted or have diverged
sufficiently to disrupt co-adapted gene complexes. Predictive frameworks based on genetic differentiation (FST < 0.10
suggests low risk), divergence time (< 500 generations), and environmental similarity help minimize outbreeding
depression risk (Frankham et al., 2011). Genomic analysis of maned three-toed sloths (Bradypus torquatus) revealed that
northern populations, despite higher diversity, carry greater genetic load and show recent inbreeding linked to
deforestation, suggesting potential targets for genetic rescue if demographic decline continues (Arantes et al., 2024).

3.2. Captive Breeding Programs

Ex situ conservation through captive breeding provides demographic insurance for critically endangered species
while facilitating genetic management. Effective programs maximize founder representation, minimize kinship in
breeding pairs, and equalize family sizes across generations to preserve genetic diversity and minimize inbreeding (Ballou
& Lacy, 1995). The Scottish wildcat (Felis silvestris) program, managing a population with census size below 500,
employs genomic data to select breeding pairs that minimize genomic inbreeding while maintaining functional diversity
at immune genes (Wright et al., 2021).

Challenges include genetic adaptation to captivity, which can reduce wild fitness, and limited capacity to
accommodate large effective population sizes. The black-footed ferret program successfully increased numbers from 18
individuals to over 300 in captivity, but reintroduction faces challenges from low diversity (He = 0.48 versus 0.72 in
museum specimens) and plague susceptibility (Wisely et al., 2008). Recent development of chromosome-length reference
genomes enables precise tracking of deleterious mutations and informs breeding decisions to minimize genetic load
(Koepfli & Gooley, 2023).

3.3. Habitat Restoration and Corridor Creation

In situ conservation prioritizes habitat protection and connectivity restoration to maintain natural evolutionary
processes. Corridors linking isolated populations can restore gene flow, as demonstrated in European brown bears (Ursus
arctos) where habitat connectivity increased migration rates and reduced population differentiation (Gimenez et al., 2019).
Landscape genetics approaches integrate spatial and genetic data to identify optimal corridor placement, prioritizing
routes that maximize dispersal probability and genetic exchange (Manel et al., 2003). For large carnivores like jaguars
and pumas, corridor effectiveness depends on maintaining substantial habitat width (> 1 km) and reducing anthropogenic
mortality risks at pinch points (Rabinowitz & Zeller, 2010).

IV. INTEGRATION INTO CONSERVATION POLICY AND PRACTICE
4.1. International Policy Frameworks

The Kunming-Montreal Global Biodiversity Framework (GBF), adopted by the Convention on Biological
Diversity (CBD) in December 2022, explicitly recognizes genetic diversity as a conservation priority. Target 4 calls for
maintaining the genetic diversity of wild populations, with specific emphasis on maintaining effective population sizes
above 500 and preventing loss of genetically distinct populations (CBD, 2022). This represents a historic milestone in
elevating genetic considerations to equivalent status with species and ecosystem diversity in international policy.

Implementation challenges include developing standardized genetic indicators suitable for global monitoring and securing
resources for genetic data collection. Proposed headline indicators include:

e Proportion of populations with Ne > 500
e Percentage of species with recent genetic assessments
e Temporal trends in heterozygosity for monitored populations (Hoban et al., 2023).

The GEO-BON (Group on Earth Observations Biodiversity Observation Network) genetics working group is
coordinating global efforts to operationalize these indicators and integrate genetic monitoring into existing biodiversity
observation systems.

4.2. National and Regional Implementation

National legislation increasingly incorporates genetic considerations into species protection frameworks. The U.S.
Endangered Species Act (ESA) recognizes distinct population segments (DPS) as listable entities, though genetic data
remain underutilized in DPS designation and recovery planning (Waples et al., 2012). The European Union's Habitats
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Directive mandates maintenance of favorable conservation status including genetic structure, but implementation varies
substantially among member states (Laikre et al., 2010).

Australia's Threatened Species Strategy has led development in systematically integrating genetic data into
recovery planning. The Threatened Species Initiative generates reference genomes for priority species, enabling detailed
assessment of genetic health and identification of conservation units (Hogg et al., 2024). For example, the greater bilby
(Macrotis lagotis) genome supports population monitoring and translocation planning across its fragmented range.
California's Conservation Genomics Project similarly produces genomic resources for state-listed species, demonstrating
scalable approaches to genetic data generation (Shaffer et al., 2022).

Figure 3 presents an integrated framework connecting genetic data collection through policy implementation. The
framework emphasizes bidirectional information flow, with genetic assessments informing management actions and
policy decisions, while conservation outcomes feed back to refine genetic monitoring priorities and analytical approaches.
This adaptive management cycle is essential for effective conservation in dynamic systems facing ongoing environmental
change.

Figure 3: Framework for Integrating Genetic into Policy and Practice
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V. DISCUSSION
5.1. Synthesis of Evidence

The evidence base demonstrates unequivocally that genetic factors play a critical role in extinction risk for
threatened mammals. Small populations consistently show reduced heterozygosity, elevated inbreeding coefficients,
accumulation of deleterious mutations, and diminished adaptive capacity (Frankham et al., 2014; Kardos et al., 2021).
These genetic changes have measurable fitness consequences, contributing to demographic decline through reduced
reproduction, survival, and disease resistance. The genetic extinction vortex, wherein genetic deterioration accelerates
population decline, has been documented across diverse taxa including wolves, panthers, prairie chickens, and ferrets
(Robinson et al., 2019; Hostetler et al., 2013).

Genomic technologies have revolutionized conservation genetics by enabling genome-wide assessment of
diversity, precise quantification of inbreeding through ROH analysis, and identification of functional variation underlying
adaptation (Robinson et al., 2020). These advances support more informed management decisions, from selecting
translocation sources for genetic rescue to prioritizing populations for protection based on adaptive potential. However,
substantial gaps remain in genomic resources, particularly for tropical mammals and non-charismatic species, limiting
application of genomic approaches to conservation prioritization.

5.2. Management Recommendations

Five evidence-based paradigms should guide conservation management of threatened mammals. First, maintain
effective population sizes above 500 to preserve genetic diversity over 100-200 generations, with 5,000 for long-term
adaptive potential (Franklin & Frankham, 1998; Jamieson & Allendorf, 2012). Second, prevent population fragmentation
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and maintain connectivity through habitat protection and corridor development, particularly for large-bodied species
requiring extensive ranges. Third, implement genetic rescue when populations show evidence of inbreeding depression
and suitable source populations exist (FST < 0.10, divergence < 500 generations). Fourth, integrate genetic considerations
into all captive breeding programs, using genomic data to maximize diversity and minimize inbreeding and genetic load.
Fifth, establish long-term genetic monitoring programs to detect temporal trends and provide early warning of genetic
deterioration.

5.3. Research Priorities

Critical research needs include expanding genomic resources for threatened species, particularly reference
genomes enabling functional analyses. The Earth BioGenome Project and allied initiatives (200 Mammals Project,
Threatened Species Initiative) are addressing this gap systematically (Hogg et al., 2024). Better understanding is needed
of the relationship between neutral and adaptive diversity, as neutral markers may poorly predict adaptive variation
important for responses to environmental change (Funk et al., 2012). Long-term studies tracking genetic and fitness
changes following management interventions are essential for evaluating intervention effectiveness and refining
approaches.

Integration of genetic data with demographic and environmental information through predictive modeling can
improve population viability assessments and guide proactive interventions before populations reach critical thresholds
(Pérez-Espona et al., 2024). Machine learning approaches show promise for predicting extinction risk from genetic data,
though validation across diverse taxa is needed. Indigenous data sovereignty and benefit-sharing frameworks must be
developed to ensure ethical conduct of genetic research on species with cultural significance to Indigenous peoples
(Robbins et al., 2023).

5.4. Policy Implications

Effective translation of conservation genetics into policy requires several actions. First, develop standardized
genetic indicators suitable for implementation across jurisdictions and taxa, building on GBF targets and GEO-BON
recommendations. Second, establish capacity building programs training conservation practitioners in genetic data
interpretation and application. Third, create accessible genetic databases and decision support tools enabling managers to
incorporate genetic information without specialized expertise. Fourth, secure sustained funding for genetic monitoring as
core component of biodiversity observation infrastructure. Fifth, strengthen legal frameworks to explicitly consider
genetic factors in listing decisions, critical habitat designation, and recovery planning.

VI. CONCLUSION

Conservation genetics has matured from theoretical foundation to applied discipline providing essential tools for
threatened species management. Genetic diversity loss, inbreeding depression, and reduced adaptive capacity represent
primary threats to mammalian biodiversity, particularly for small, isolated populations. Genomic technologies enable
unprecedented insights into population health and evolutionary potential, supporting evidence-based management
interventions including genetic rescue, captive breeding optimization, and connectivity restoration.

The explicit recognition of genetic diversity in the Kunming-Montreal Global Biodiversity Framework marks a
watershed moment for conservation genetics, elevating genetic considerations to equal status with species and ecosystem
conservation. However, realizing the potential of genetic science to inform conservation practice requires sustained
investment in genomic infrastructure, capacity building, standardized monitoring protocols, and policy integration
mechanisms. The path forward demands interdisciplinary collaboration linking geneticists, population biologists,
conservation practitioners, and policy makers to translate genetic knowledge into effective action preventing extinctions
and maintaining evolutionary potential.

As habitat loss and climate change intensify threats to biodiversity, genetic management will become increasingly
critical for population persistence. Success stories from Florida panthers to Isle Royale wolves demonstrate that well-
designed genetic interventions can reverse population declines and restore evolutionary potential. Scaling these successes
to the global level requires political will, adequate resources, and institutional frameworks integrating genetic science
throughout the conservation enterprise. The biodiversity crisis demands nothing less than full integration of genetic
considerations into conservation policy and practice.
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