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Introduction 

Genetic diversity is the foundation of evolutionary resilience, long-term viability, and 

successful breeding. These principles are equally relevant to wildlife conservation and 

livestock improvement. A particular focus has been placed on population genetic diversity, as 

lower genetic diversity is associated with reduced adaptive potential and increased risks of 

inbreeding depression, which may ultimately lead to local extinction (DeWoody et al., 2021). 

Patterns emerging from whole-genome sequence data in natural systems reveal that long runs 

of homozygosity (ROH) are reliable genomic markers of inbreeding depression (Kyriazis et 

al., 2025), especially when interpreted alongside background levels of genetic diversity. In 

livestock, the consequences of genomic inbreeding are less straightforward, partly due to 

strong interactions between artificial (genomic) selection and relaxed natural selection under 

managed conditions (Doekes et al., 2021). However, with recent developments in animal 

breeding and a growing emphasis on more natural and sustainable production systems, 

livestock populations may increasingly resemble small or semi-natural populations. Drawing 

parallels between livestock and wildlife genomics is therefore valuable, and lessons learned 

are bidirectional. Small populations have a higher propensity for inbreeding and associated 

inbreeding depression. A better understanding of how genetic diversity—neutral, adaptive, 

and potentially harmful—is distributed across genomes can improve the identification of 

suitable donor populations for supplementation or genetic rescue. Here, I provide a 

perspective on how whole-genome data can be used to inform reintroduction and 

supplementation strategies by disentangling the relevant genomic signals that emerge from 

patterns of diversity along the genome. 

 

Materials & Methods 

Whole-genome resequencing data from both managed and wild populations were used to 

assess genetic health across a range of study systems, including domestic breeds, wild boar, 

European bison, pelicans, and endangered species such as red pandas, Asian elephants, deer, 

and iguanas. Genetic health was dissected into multiple genomic components following 

established frameworks (Segelbacher et al., 2021), focusing on within-population measures 

relevant for conservation decision-making. Specifically, analyses included estimates of 

historical effective population size as reflected by genome-wide genetic diversity 

(heterozygosity and nucleotide diversity, π), genomic inbreeding coefficients derived from 

runs of homozygosity, and the distribution of putatively deleterious alleles, inferred using 

Variant Effect Predictor (VEP) annotations and GERP scores as proxies. Cross-species 

comparisons were used to formulate individual-level and population-level measures relevant 

for reintroduction and supplementation strategies. General patterns emerging from these 

analyses are described here based on the authors interpretation. 

 

Results 

Genome-wide genetic diversity varied substantially among species and populations, with 

differences observed in both the overall background level of diversity and the heterogeneity 
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of that diversity along individual genomes. Key differences are summarized in the schematic  

Figure 1. Species with histories of larger or more connected populations retained higher 

heterozygosity, even when census population sizes were comparable (figure 1A). 

Importantly, individual genomes with similar values of observed heterozygosity (Hₒ) could 

display markedly different distributions of diversity along the genome. Substantial variation 

was also observed in the extent and length distribution of runs of homozygosity. Variation 

occurred both among populations and among individuals within populations. Differences 

were detected in total ROH coverage in individuals (Froh) as well as in the degree to which 

ROH segments were clustered in specific genomic regions on a population level (Figure 1B). 

Populations with recent bottlenecks or intensive management exhibited elevated levels of 

long ROH. In managed populations, ROH tended to form localized hotspots such as in the 

first pabel of figure 1B, whereas in less managed or more natural populations ROH segments 

were more evenly scattered across the genome as visualized in the second panel.  

 

          
Figure 1. Schematic overview of different genomic patterns of variation that can inform 

decision making in reintroduction of genetic rescue efforts. A. distribution of diversity within 

individual genomes, sampled at different evolutionary timepoints. Note that individuals 

sampled during and after the bottleneck have equal genome-wide heterozygosity; B. 

Distribution of genetic diversity (ROH density) within populations with different selection 

histories. Note that overall ROH occurrence in both populations is identical. 

 

Predicted deleterious alleles were disproportionately found in homozygous state within long 

ROH segments. Simulation analyses indicated that supplementation strategies based solely 

on minimizing genome-wide inbreeding coefficients did not consistently minimize genetic 

load. Strategies that incorporated information on the genomic location of ROH and the 

distribution of deleterious alleles more effectively reduced homozygosity for harmful variants 

while maintaining overall genetic diversity. Comparisons with livestock populations revealed 
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similar genomic patterns, in which historical selection and demographic management 

resulted in localized increases in homozygosity and shaped the genomic distribution of 

deleterious mutations. 

 

Discussion 

A major challenge in conservation genomics remains the accurate prediction of multi-

generational fitness consequences following genetic rescue or hybridization (Goedert et al., 

2025). Despite a growing number of genomic studies, empirical data linking genomic 

patterns to long-term fitness outcomes in natural systems remain limited. Nevertheless, recent 

advances across both wildlife and livestock genomics provide valuable insights into how 

genetic diversity is structured across genomes and populations. While summary statistics 

such as genome-wide heterozygosity or estimates of lethal equivalents can be informative 

(Bertorelle et al., 2022), the results presented here suggest that management interventions can 

benefit from a more nuanced interpretation of genomic data. In particular, integrating 

information on the distribution of diversity within individual genomes and the distribution of 

diversity within populations provides a more complete picture of genetic health than any 

single metric alone. Based on the observed patterns, several genomic components are 

particularly informative for management decisions: Genome-wide heterozygosity reflects 

long-term adaptive potential by capturing the pool of standing genetic variation from which 

future adaptive responses may arise. This is particularly relevant under rapid environmental 

change, where adaptive potential can determine persistence or extinction (Kohn et al., 2006). 

The number and length of ROH provide information on recent demographic history and 

consanguinity. Numerous and long ROH indicate recent inbreeding and elevated risk of 

inbreeding depression. Importantly, the genomic distribution of ROH—whether clustered or 

dispersed—can inform whether homozygosity is primarily driven by drift, management 

practices, or selection. Predicted deleterious variants, particularly when present in 

homozygous state within long ROH, reflect the realized genetic load of a population. 

Because many deleterious mutations are recessive, quantifying the masked load present in 

heterozygous state can serve as an early warning indicator for populations that are highly 

susceptible to future inbreeding depression. Although lethal mutations constitute only a small 

fraction of the total genetic load, their severe fitness effects warrant special consideration in 

small populations. Identifying such variants may allow their targeted management, for 

example by specifically selecting compatible animals for supplementation that do not carry 

those alleles, or, in some systems, even exploring gene-editing approaches. Genomic regions 

showing signatures of selection or high differentiation among populations may underlie local 

adaptation. Maintaining high frequency of these variants is critical when reintroducing 

individuals into their native habitat. Supplementation from genetically distant populations 

may be undesirable when strong local adaptation is present, due to the risk of outbreeding 

depression. Taken together, these results support a shift from single-metric decision-making 

toward multi-layered genomic assessments in reintroduction and supplementation programs. 

Specifically: Donor selection should prioritize individuals that combine high genome-wide 

diversity with low homozygosity in long ROH, as well as genetic load, rather than 

minimizing inbreeding coefficients alone. Especially when the rescued population is 

expected to remain small in numbers, caution should be taken when introducing animals from 

large ancestral populations, since masked load can be substantial in these populations, and 

thus cause inbreeding depression in later generations when new inbred segments arise (Wang 

et al, 2025). Population sourcing decisions should consider compatibility in locally adapted 

genomic regions, not just neutral genetic similarity. Supplementation strategies should aim to 

reduce homozygosity for deleterious alleles while preserving adaptive potential, which may 

require balancing multiple donor populations. Monitoring programs should track changes in 
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ROH patterns and deleterious allele frequencies over time, enabling early detection of 

emerging genetic risks. 

 

Conclusions 

Conservation and livestock genomics jointly provide powerful insights for sustaining healthy 

and resilient populations. This perspective highlights how whole-genome data can inform 

more targeted and effective reintroduction and supplementation strategies across a wide 

range of species. By moving beyond genome-wide summary statistics and incorporating 

information on genomic distribution patterns, genomics-informed management can improve 

founder selection, sourcing decisions, and long-term planning, while reducing the risks of 

unrecognized inbreeding and outbreeding depression. Despite these advances, substantial 

uncertainty remains in translating genomic patterns into predictable fitness outcomes, 

emphasizing the importance of cross-system comparisons and continued empirical validation. 
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