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Population or habitat connectivity is a key component in maintaining species and community-level regional biodiversity as well as intraspecific genetic diversity. Ongoing human activities cause habitat destruction and fragmentation, which exacerbate the connectivity due to restricted animal movements across local habitats, eventually resulting in the loss of biodiversity. The Baekdudaegan Mountain Range (BMR) on the Korean Peninsula represents “biodiversity hotspots” and eight of the 22 Korean national parks are located within the BMR. Given the striped field mouse (Apodemus agrarius) is the most common and ecologically important small mammals in these protected areas, the population genetic assessment of this species will allow for identifying “genetic diversity hotspots” and also “genetic barriers” that may hinder gene flow, and will therefore inform on effective conservation and management efforts for the national park habitats. We collected samples from hair, tail, or buccal swabs for 252 A. agrarius individuals in 2015 and 2019. By using mitochondrial DNA cytochrome b (cyt b) sequences and nine microsatellite loci, we determined levels of genetic diversity, genetic differentiation, and gene flow among eight national park populations of A. agrarius along the BMR. We found high levels of genetic diversity but the occurrences of inbreeding for all the nine samples analyzed. Our results also indicated that there was detectable temporal genetic variation between the 2015 and 2019 populations in the Jirisan National Park, which is probably due to a short-term decline in genetic diversity caused by reduced population sizes. We also found a well-admixed shared gene pool among the national park populations. However, a significant positive correlation between geographic and genetic distances was detected only in mtDNA but not microsatellites, which might be attributed to different dispersal patterns between sexes. There was a genetic barrier to animal movements around the Woraksan National Park areas. The poor habitat connectivity surrounding these areas can be improved by establishing an ecological corridor. Our findings of the presence of genetic barriers in some protected areas provide insights into the conservation and management efforts to improve the population or habitat connectivity among the national parks.

KEYWORDS
 biodiversity hotspot, connectivity, female philopatry, genetic diversity, habitat management, male-biased gene flow, national parks, non-random mating


Introduction

Population connectivity or habitat connectivity, the integration of sub-populations of organisms into a functional unit (sensu Merriam, 1984) is a key component in maintaining species and community-level biodiversity and also ensuring genetic diversity, adaptive potential, and long term persistence of wild populations (Horskins et al., 2006). Knowledge of degrees of connectivity informs decisions regarding conservation and management plans to facilitate the movements of animals, particularly for fragmented populations or habitats (Epps et al., 2018; Thapa et al., 2018; Jang et al., 2021). Recently, habitat connectivity has become exacerbated in terrestrial ecosystems, primarily due to severe habitat destruction and fragmentation, resulting from ongoing human activities such as road and railway constructions, which ultimately leads to the declines in all levels of biodiversity (Pereira et al., 2010; Rands et al., 2010; Almasieh et al., 2022; Mohammadi et al., 2022; Rezaei et al., 2022). Habitat fragmentation has adverse effects on dispersal of organisms, leading to the reduction in gene flow among populations, which depletes within-population genetic diversity, causing escalating inbreeding and genetic drift effects (Khimoun et al., 2016). The subsequent reduced adaptability may cause the local extinction (Keyghobadi, 2007) as genetic diversity is associated with ecological integrity or ecological performance of a given population (Freeland et al., 2012). Gene flow by dispersal among populations helps to maintain within-population genetic diversity, which is critical for population persistence following environmental changes (Aitken et al., 2008; Boulding, 2008). Therefore, population connectivity may also play a crucial role in facilitating the population and community recovery after disturbances (Allendorf et al., 2013; Binks et al., 2019).

To determine a priority and establish an appropriate strategy for conservation planning of ecosystems and habitats, especially protected areas such as national parks, molecular-based assessment of levels of genetic diversity, genetic differentiation, and gene flow among populations as well as patterns of local adaptation to different environments is essential (Manel et al., 2003; Wultsch et al., 2016; Matocq et al., 2017; Hanson et al., 2021). While there are a handful of studies that have conducted population genetic analysis to develop habitat conservation and management plans, such as the establishment of ecological corridor between poorly connected areas (Streatfeild, 2009; Ballesteros-Mejia et al., 2020), little attention has been paid to the genetic diversity and population connectivity among protected reserves for the conservation and management efforts in general (e.g., Thapa et al., 2018; Jang et al., 2021).

The Baekdudaegan Mountain Range (BMR), located on the Korean Peninsula, functions as a key ecological axis with a “biodiversity hotspot” as an astonishingly high number of endemic (and endangered) wild animals and plants inhabits there (Choi, 2004; Chung et al., 2018). In the BMR, there are 26% of the total bird species occurring in Korea, 29% of mammal species, 60% of amphibians and reptiles, which represent the highest terrestrial biodiversity ever in the Korean Peninsula (Shin et al., 2016; Chung et al., 2018). Eight of the 22 national parks are located within the BMR. Forty-five percentage of Korean indigenous and 65% of Korean endangered species reside there (Kang and Jeong, 2017). Although some ecological studies have performed to investigate a biota within the BMR on birds (Lee, 2003), and vascular plants (Lim et al., 2004), population genetic studies for the purpose of conservation and management for the protected areas and mammalian species remain understudied (Byeon et al., 2018; Jang et al., 2021). The population genetic investigation of ecologically important and widespread animals will shed insights into designing conservation and management plans for wildlife and habitats, particularly national park areas.

Small mammals play ecologically important roles in terrestrial ecosystems as insect population regulators, pollinators, seed dispersal mediators, prey for carnivores, and also forest regeneration facilitators (Jones and Safi, 2011). In particular, rodents, one of the small mammals, serve as a keystone species and an ecosystem engineer in terrestrial forest ecosystems. Stephens’s kangaroo rats (Dipodomys stephensi), which are endemic to the Southern California, are found to regulate the abundance of the plants (genus Erodium) and thereby the whole plant community (Brock and Kelt, 2004). Burrows of prairie dogs (Cynomys gunnisoni and Cynomys ludovicianus) and banner-tailed kangaroo rats (Dipodomys spectabilis) can provide habitats for a diverse array of arthropods and therefore they facilitate arthropod abundances and species richness (Davidson and Lightfoot, 2007). Because small mammals have short lifespans, lessened generation time, and high turn-over rates may lead to a change in the genetic structure of populations over a relatively short time period (Merritt, 2010). In addition, most small social mammals show the tendency for sex differences in philopatry and dispersal, e.g., female philopatry with male-biased dispersal (Clutton-Brock and Lukas, 2012; García-Navas et al., 2016).

The most common small mammal in Korea is the striped field mouse (Apodemus agrarius), which is a socially monogamous rodent species widely distributed across farmlands and/or forests in Eurasia including eastern Asia (Johnson, 2001; Sakka et al., 2010). In the Korean Peninsula, the presence of four subspecies of A. agrarius (northern parts: A. a. manchuricus; coastal lowlands of the southernmost parts: A. a. pallescens; major central parts: A. a. coreae; Jeju Island: A. a. chejuensis) was initially suggested. However, A. a. pallescens and A. a. coreae were reported as a synonym and thus only two subspecies, A. a. coreae and A. a. chejuensis, probably exist (Koh and Yoo, 1992; Koh et al., 2000). Apodemus agrarius is the most widely distributed but is known to be susceptible to environmental changes such as ongoing climate changes (Serizawa et al., 2002; Liu et al., 2004; Zając et al., 2019). Previous studies of A. agrarius observed no significant genetic differences between northeastern and southwestern regions of the mainland of Korea, suggesting that A. agrarius populations are well connected along the BMR (Kim and Park, 2015). Also, Jo et al. (2018) found that genetic differences exist according to their habitat environments, and also that the areas with many anthropogenic influences act as a genetic barrier. Although only a handful of ecological and genetic studies on small mammals and rodents have been conducted in Korea, population genetic based assessments for the habitat connectivity in national park areas within the BMR, the core ecological axis of the Korean Peninsula, remain overlooked. The genetic structure assessment of A. agrarius inhabiting the national parks will allow for identifying “genetic diversity hotspots” and also “genetic barriers” that hinder gene flow and will provide crucial information for designing effective conservation and management plans for A. agrarius populations as well as the national park habitats.

In this study, by performing phylogeographic and population genetic analyses using mitochondrial DNA (mtDNA) cytochrome b (cyt b) sequences and nine microsatellite loci, we assessed the genetic diversity, population differentiation, and gene flow among the eight national park populations along the BMR to determine the level of population connectivity among these protected habitats. We further tested for temporal stability in the genetic structure by comparing genetic diversity and genetic composition of the Jirisan National Park population between 2015 and 2019. We hypothesized that A. agrarius populations show high dispersal ability but female philopatry, as suggested in previous studies (Clutton-Brock and Lukas, 2012; García-Navas et al., 2016; Jo et al., 2017). Therefore, we predicted that there would be elevated levels of population connectivity via high gene flow occurring across the BMR populations and also that maternally inherited mtDNA marker would exhibit more geographic structure than biparental microsatellites, due to female’s home-site fidelity with male dispersal.



Materials and methods


Study sites and sample collection

Eight national parks within the BMR house legally protected species (including CITES and endangered species) of mammals, including order Carnivora (leopard cat Prionailurus bengalensis, Eurasian otter Lutra lutra, yellow-throated marten Martes flavigula, and least weasel Mustela nivalis), order Artiodactyla (long-tailed goral Naemorhedus caudatus), and order Rodentia (Siberian flying squirrel Pteromys volans). Also several bird species, including Japanese sparrowhawk Accipiter gularis, Chinese sparrowhawk Accipiter soloensis, Eurasian sparrowhawk Accipiter nisus, long-billed plover Charadrius placidus, Eurasian eagle-owl Bubo bubo, black woodpecker Dryocopus martius, Mandarin duck Aix galericulata, common kestrel Falco tinnunculus, common buzzard Buteo buteo, and Eurasian hobby Falco Subbuteo occur in the protected areas (Kwon, 2009; Kim, 2010).

In 2015 and 2019, a total of 252 A. agrarius individuals [mtDNA (N = 221), microsatellites (N = 179)] were collected from eight national parks within the BMR [Seoraksan (SA), Odaesan (OD), Taebaeksan (TB), Sobaeksan (SB), Woraksan (WA), Songnisan (SN), Deogyusan (DY), and Jirisan (JR)] in South Korea (Table 1; Figure 1). The populations from SA, WA, and JR were sampled twice both in 2015 and in 2019 to test for the temporal stability in the genetic structure of A. agrarius. However, only the JR population was possible to be formally assessed, as sample sizes for the other populations [SA (N = 2 for the 2019 sample) and WA (N = 6 for the 2019 sample)] were insufficient (Table 1). At least more than 10 samples were attempted to be collected for every population, but we could only sample two to six individuals for three populations (SA_19, WA_19, and DY_19). To obtain A. agrarius samples, we set the Sherman traps at diverse habitat environments, including forest, grassland, and agricultural land. Hair, oral swab, or tail tissue samples were collected after captured using the traps and all the specimens were fixed in 99% ethanol and stored at −20°C. The mice were released immediately back to the original sites after taking samples. The tail tissue samples were only obtained when the already dead carcasses were found. Apodemus agrarius has been classified as “Least Concern (LC)” on the IUCN Red List (Kaneko et al., 2016). The capture and use of the study animals for this study were approved by Korea National Park Research Institute and National Institute of Ecology, Ministry of Environment in Korea. Sample collections were followed by guidelines (the Animal Protection Act) of Department of Animal Protection and Welfare, Animal and Plant Quarantine Agency (APQA) in Korea. We mainly took hair or oral swab samples to minimize unnecessary inhumane procedures.



TABLE 1 Summary of genetic diversity statistics in 11 populations (including three temporal samples) of Apodemus agrarius in eight national parks within the Baekdudaegan Mountain Range (BMR) in South Korea at both mtDNA cyt b and nine microsatellite loci. The numbers 15 and 19 for population ID indicate sampling years of 2015 and 2019, respectively.
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FIGURE 1
 Sampling sites of the eight national park populations of Apodemus agrarius in South Korea. The range in dark red displays the Baekdudaegan Mountain Range (BMR) and areas in green denote the eight national parks examined in this study. The geographic map was generated by Quantum Geographical Information System (QGIS) software v3.10.




Sequencing of mitochondrial DNA cytochrome b gene

Genomic DNA was extracted using a DNeasy Blood and Tissue Kit (Qiagen, Germany), according to its protocol guidelines. We used published primers, L14724 and H15915 (Irwin et al., 1991) and also our newly developed A. agrarius specific primers for amplifying mtDNA cyt b gene in this study (FW: 5′-ACTTTGGCTCCCTCCTAGGT-3′; RV: 5′-GTTGTCCGCCGATTCAGGTA-3′). Polymerase chain reaction (PCR) amplification was carried out using a 2070 thermal cycler (Applied Biosystems, United States) in a total reaction volume of 15 μL containing 10× Dream Taq Green buffer (Thermo Fisher Scientific, United States), 2.0 mM dNTPs (Bio Basic Inc., Canada), 10 pmol each primer, 0.2 U of Taq polymerase (Thermo Fisher Scientific), and 4–30 ng/μL of DNA template. The following thermal cycling conditions were applied for every PCR: initial denaturation at 95°C for 3 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 57°C for 30 s and extension at 72°C for 1 min, and final extension at 72°C for 5 min. PCR products were checked in 2% agarose gels stained with Redsafe (iNtRON Biotechnology, Korea), purified enzymatically using Exonuclease I and Shrimp Alkaline Phosphatase (New England BioLabs, United States), and then sequenced in the reverse direction using an ABI 3730xl automated DNA sequencer (Applied Biosystems). The obtained cyt b sequences were edited using CHROMAS v2.4 computer software and aligned using BIOEDIT v7.2.5 (Hall et al., 2011) and finally verified manually.



Microsatellite genotyping

Nine polymorphic microsatellite loci were amplified with published primers, SFM3, SFM9, SFM14, CAA2A, GATAE10A, GACAB3A, GCATD7S, GTTC4A, and MSAA5 for genotyping (Makova et al., 1998; Ohnishi et al., 1998; Wu et al., 2008). Each of the forward primers was labeled with a fluorescent dye (FAM, HEX, or TAMRA) and PCR amplifications were conducted as the same as described for the mtDNA cyt b gene. PCR reactions were carried out using appropriate conditions for each primer pair: 95°C for 5 min, followed by 35 cycles at 95°C for 1 min, 56°C–62°C for 30 s and 72°C for 45 s, and final extension was conducted at 72°C for 20 min. The PCR products were verified, and then were electrophoresed on an ABI 3730xl automated DNA sequencer (Applied Biosystems). Sizes of amplified microsatellite fragments were determined with the ROX 500 bp size standard (ABI) using GENEMAPPER software v5.0 (Applied Biosystems). All alleles were scored manually and checked for an error using Microsatellite Toolkit in MS Excel (Park, 2000).



Population genetic analyses


Genetic diversity

Number of haplotypes (N), haplotype diversity (H), and nucleotide diversity (π) for the mtDNA cyt b were estimated for each national park population and the entire pooled sample of A. agrarius using ARLEQUIN v3.5 (Excoffier and Lischer, 2010). To calculate haplotype richness (HR), the rarefaction method was applied using CONTRIB v1.02 (Petit et al., 1998), which corrected for unbalanced sample sizes across the striped field mouse populations. Two populations (SA_19 and DY_19), which were sampled in 2019, were excluded from this and subsequent analyses, with the exception of mtDNA haplotype network and microsatellite STRUCTURE analyses as these populations had insufficient sample sizes (N < 5). We analyzed the WA and JR populations in 2015 and 2019 separately to compare the genetic diversity between the years. To construct a haplotype network, HAPSTAR v0.7 (Teacher and Griffiths, 2011) was used to infer the phylogenetic relationships among the haplotypes identified.

To investigate levels of microsatellite diversity in A. agrarius from eight national parks within the BMR, mean number of alleles per locus (NA), allelic richness (AR) corrected for unequal sample sizes, observed (HO) and expected (HE) heterozygosity, inbreeding coefficient (FIS), and Hardy–Weinberg equilibrium (HWE) were calculated using GENEPOP v4.0 (Rousset, 2008) and FSTAT v2.9.3.2 (Goudet, 2001). The 95% significance levels for exact test for HWE was corrected using a Bonferroni correction.



Spatio-temporal population structure

To assess the degree of spatial and temporal genetic differentiation among national park populations of A. agrarius, pair-wise FST estimates were statistically evaluated for both mtDNA cyt b and microsatellite genotypes using ARLEQUIN and GENEPOP. The 95% significance levels for pairwise population comparisons were also corrected using the Bonferroni correction. The population genetic structure was further analyzed using a Bayesian model-based clustering algorithm implemented in STRUCTURE v2.3.4 under a model of admixed ancestry among the stripe field mouse populations and correlated allele frequencies. STRUCTURE calculates a likelihood score when the data are forced into a given number of genetic clusters (K) = 1–11. We applied 10 iterations, with 100,000 burn-in steps followed by 1,000,000 Markov Chain Monte Carlo (MCMC) generations. The most likely number of genetic clusters (K value) was determined by using the delta K (ΔK) method implemented in the web-based tool STRUCTURE HARVERSTER website,1 based on the rate of change in the log probability of data between successive K values (Earl and VonHoldt, 2012). Also, STRUCTURE analyses were carried out to assess temporal variation between JR populations that were sampled between 2015 (JR_15) and 2019 (JR_19).

In addition, we tested for isolation by distance (IBD) among the six populations sampled in 2019 at both mtDNA cyt b and microsatellites using the Mantel test in GENALEX v6.502 (Peakall and Smouse, 2006). Populations sampled in 2015 were excluded from this analysis, as detectable temporal differentiation was found (see Results). The geographic surface distance in kilometers between two sampling sites was obtained from the website,2 based on the coordinate information (latitude/longitude) for each location.

We used BARRIER v2.2 (Manni et al., 2004) to investigate the presence of genetic barriers representing the largest genetic discontinuity (i.e., low connectivity) across the BMR populations, which used Voronoi tessellation and Delaunay triangulation to characterize the spatial relationships among the sites in GPS coordinates and applied the Monmonier’s maximum difference algorithm using the pairwise FST matrix generated in ARLEQUIN.



Continental-scale phylogenetic analyses

We investigated phylogenetic relationships across entire Eurasian populations of A. agrarius using previously determined 290 mtDNA cyt b sequences (Liu et al., 2004, 2018; Suzuki et al., 2008; Sakka et al., 2010; Oh et al., 2011, 2013; Yue et al., 2012; Koh et al., 2014; Kim and Park, 2015; Wang et al., 2015; Pereverzeva et al., 2017) (plus our determined 134 haplotype sequences; 802 bp; Supplementary Table S1). Apodemus chevrieri (HQ896683; Yue et al., 2012) and Apodemus peninsulae (HQ660074; Oh et al., 2011) were used as an outgroup. The phylogenetic tree was constructed with Neighbor Joining (NJ) method using as implemented in Mega v10.0.5 (Kumar et al., 2018) and the statistical support was estimated by 1,000 bootstrap replicates.





Results


Levels of genetic diversity in national park populations within the BMR

We found 134 haplotypes in the mtDNA cyt b (802 bp) segments among the 221 individuals from 11 national park populations of A. agrarius including three temporally replicated samples (Table 1; Supplementary Table S2). The analyses revealed that H ranged from 0.800 (WA_19) to 0.988 (JR_15), π from 0.001 (SA_19) to 0.011 (SA_15), and HR from 3.0 (WA_19) to 4.8 (SA_15, TB_19 and JR_15). GenBank accession numbers for the mtDNA haplotypes are ON569125-ON569256.

The identified 134 haplotypes of A. agrarius were connected by 1–38 mutational steps, which showed a “star-like” topology indicative of a relatively shallow evolutionary history (Figure 2A). H001, the most common haplotype, was found in eight populations (OD_19, TB_19, SB_19, WA_15, WA_19, SN_19, JR_15, and JR_19), with a frequency of 18.8% (30 out of 221 individuals), which is likely to be the most ancestral matrilineal lineage. The second most frequent haplotype (H002) occurred only in a frequency of 3.6% (eight individuals). The JR populations had a total of 46 haplotypes and the JR_15 and JR_19 samples had 29 and 19 haplotypes, respectively, and connected by 1–13 mutational steps (Figure 2B). There were only two haplotypes (H001 and H052) shared between JR_15 and JR_19 populations, suggesting that temporal variation might exist in mtDNA genetic composition of the JR populations of A. agrarius.
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FIGURE 2
 Haplotype network of the observed 134 haplotypes in Apodemus agrarius from entire pooled population (A) and 46 haplotypes from the Jirisan National Park population (JR_15 and JR_19) (B), based on mtDNA cyt b sequences (802 bp). Each line in the network represents a single mutational step between haplotypes, irrespective of its length. The size of the circle is proportional to individual numbers that belong to the respective haplotypes and small, filled circles denote intermediate haplotypes that are not present in our samples, but are necessary to connect all of the observed haplotypes to the network. Different colors indicate different national park populations. Population abbreviations as Table 1.


The NA per population was 9.0, ranging from 3.0 (DY_19) to 12.9 (SN_19). The AR values ranged from 5.8 (WA_19) to 7.1 (WA_15; mean = 6.8), and HO and HE each ranged from 0.593 (WA_19) to 0.798 (OD_19; mean = 0.706) and from 0.805 (WA_19) to 0.892 (WA_15; mean = 0.873), respectively. Most populations except populations of SA_19 and WA_19 had private alleles (PAs), and the highest number of PAs was found in the SN_19 (PAs = 7). The range of FIS values was from 0.089 (OD_19) to 0.283 (WA_19), suggesting moderately high levels of inbreeding occurring within the populations examined (Table 1).



Genetic structure and differentiation

STRUCTURE analyses based on the microsatellites revealed the most likely two genetic clusters (K = 2), but all populations showed similar distributions of individual genotypes, in which all individuals were assigned to approximately equal proportions of the inferred two genetic clusters (Figure 3A), probably because of very low levels of FST values [(overall mean FST = 0.011; Latch et al., 2006)]. The results suggest that populations in the BMR are comprised of a well admixed single gene pool in the national park populations and are impossible to be genetically differentiated. Pairwise FST estimates for mtDNA and microsatellites showed generally low levels of genetic differentiation, but some statistically significant genetic differentiation between populations, including JR_15 vs. JR_19 populations, although they were from the same national park (Table 2). When STRUCTURE analysis was performed for only two temporal samples of the JR population, approximately equal proportions of the two genetic groups exist (Figure 3B), although there was a significant difference in FST statistics (mtDNA cyt b: FST = 0.031; microsatellites: FST = 0.010). The magnitude of genetic differentiation at mtDNA (overall mean FST = 0.044) was found to be exactly four-fold higher than at microsatellites, which is what population genetic theory predicts, as effective population size (Ne) of mtDNA is one quarter of nuclear DNA due to its haploidy and unisexual inheritance (Hartl and Clark, 2007).

[image: Figure 3]

FIGURE 3
 Results of genetic structure using a Bayesian population assignment test with STRUCTURE for the national park populations of Apodemus agrarius, based on nine microsatellite loci. Each individual is represented along the x-axis, and the y-axis denotes the probability of that individual belonging to each of the genetic clusters. (A) Analyses of population structure for the all 11 populations combined. (B) Results of the Jirisan National Park population assignment test with STRUCTURE assuming K = 2.




TABLE 2 Pairwise genetic differentiation (FST) based on mtDNA cyt b sequences (below diagonal) and nine microsatellite loci genotypes (above diagonal) for nine national park populations of Apodemus agrarius within the Baekdudaegan Mountain Range (BMR).
[image: Table2]

The Mantel test of six populations sampled in 2019 showed a significant positive correlation between geographic (km) and genetic (FST values) distances only in mtDNA but not in microsatellites (mtDNA: r = 0.76, p = 0.04; microsatellites: r = 0.07, p = 0.57; Figure 4), which may represent sex-biased gene flow (Jang et al., 2021). The first barrier identified by Monmonier’s maximum difference algorithm is located between Sobaeksan (SB) and Woraksan (WA) National Parks, and the second barrier existed between Woraksan (WA) and Songnisan (SN) National Parks, as shown in both mtDNA and microsatellites (Figure 5). These results suggest that national parks located at halfway points along the BMR in South Korea, where the geographic orientation of mountain ranges changes, may act as a major physical barrier to the movements of the small rodents.

[image: Figure 4]

FIGURE 4
 Results of isolations-by-distance (IBD) analysis with the Mantel tests for Apodemus agrarius in national parks within the Baekdudaegan Mountain Range (BMR). (A) and (B) are the results of mtDNA and microsatellites, respectively. The relationship between genetic (FST) and geographic distances was statistically significant only for the mtDNA data set (r = 0.76, p = 0.04).


[image: Figure 5]

FIGURE 5
 Genetic barriers (shown by red lines) of Apodemus agrarius populations ranked in an order of impermeability (indicated by line thickness) using Delaunay triangulation (connection of each national park; green lines) and Voronoi tessellation (GPS information for each national park; blue lines) as implemented in BARRIER, based on FST values of mtDNA and microsatellites.




Phylogenetic relationships among Eurasian Apodemus agrarius populations

The large-scale mtDNA phylogeny of A. agrarius populations inhabiting Eurasian regions, including the mainland of South Korea, Jeju Island (the southernmost region of South Korea), China, Taiwan, Kazakhstan, Russia, Germany, Italy, and Hungary revealed that three major clades have evolved and Taiwanese clades (Clade 3) were the most ancestral (Supplementary Figure S1). Asian and European populations including our samples (the mainland of South Korea) formed a monophyletic group (Clade 1). Apodemus chejuensis occurring in Jeju Island formed a separate clade (Clade 2).




Discussion


Genetic diversity and inbreeding

We found that while A. agrarius populations inhabiting eight national parks in South Korea have high genetic diversity, they show a genetic signal of non-random mating (based on microsatellites), which strongly suggests the occurrences of inbreeding, as HO is significantly lower than HE for every population analyzed (Table 1). A previous study (Jo et al., 2017) showed that FIS values for 13 populations of A. agrarius in South Korea ranged from 0.023 to 0.280, which are similar levels as what we observed (FIS = 0.089–0.283), supporting the “inbreeding prevalence” hypothesis. Many mammalian species are known to have evolved behaviors that lower the incidences of inbreeding as it may be selected against due to its adverse effects on the fitness (Blouin and Blouin, 1988). However, rodents are generally philopatric, particularly females, despite their large home range for small body size. Therefore, inbreeding can often occur because they do not move away far from their habitat range (Dewsbury, 1988). The observed significant results of IBD at only mtDNA, but not microsatellites may support the hypothesis of female philopatry and male-mediated dispersal in the striped field mouse (Jang et al., 2021). A paradoxical hypothesis would be that the striped field mouse populations may be selected for inbreeding. Some recent studies of mammalian species have suggested that several species may not discriminate against inbreeding and actually seek for inbreeding, particularly when the reproductive cost of inbreeding is low (Szulkin et al., 2009; Rioux-Paquette et al., 2010; Olson et al., 2012). Although the ultimate ecological and evolutionary explanations as to the mechanisms of inbreeding are uncertain, the significant IBD patterns only found in mtDNA would provide genetic evidence supporting the notion that especially female A. agrarius has a higher homing fidelity and therefore more tends to be sedentary (García-Navas et al., 2016; Jang et al., 2021). However, additional analysis using more microsatellite markers would be required to substantiate the findings, as larger number of microsatellite markers (e.g., N > 12) could provide more accurate results, although the number of markers needed may differ among species (Wang et al., 2021).



Population connectivity and female philopatry with male dispersal

The results of our genetic structure analyses at both mtDNA and microsatellites show overall low inter-population genetic differentiation, suggesting their shared a well-admixed gene pool, supported by low FST values of pairwise comparisons and STRUCTURE analyses. Weak genetic differentiation suggests high gene flow taking place among populations (i.e., high connectivity) due to their large dispersal capacity (Jo et al., 2017). However, we should be cautious about the conclusion of the lack of genetic structure, given significant IBD patterns in mtDNA and also the presence of genetic barriers. Although some studies showed that there is a significant relationship between genetic and geographic distances at microsatellites (Jo et al., 2017, 2018), our results revealed the IBD present only in mtDNA, but not in microsatellites. This pattern can be explained by the fact that since Ne of mtDNA is one-quarter of the nuclear genome, population differentiation/divergence time is theoretically predicted to progress four times faster (Moore, 1995). However, a more plausible hypothesis would be that different behavioral patterns between sexes of A. agrarius (i.e., female homing and male-biased dispersal) give rise to the contrasting patterns of IBD between two different marker sets. Most small mammals (e.g., Microtus oeconomus, Mus spicilegus, Eptesicus fuscus, Ctenomys australis, and Rhinolophus ferrumequinum) have male-biased long-distance dispersal selected for inbreeding avoidance (Gundersen and Andreassen, 1998; Poteaux et al., 2008; Mora et al., 2010; Jang et al., 2021; Richardson et al., 2021). The sex differences in dispersal in A. agrarius can therefore likely contribute to the observed patterns of IBD between two marker sets with contrasting modes of inheritance.

Our results of genetic structure and differentiation suggest relatively high gene flow and high connectivity among A. agrarius populations in eight national parks within the BMR, although genetic isolation is also present in some national park areas. In particular, there is a genetic barrier to the dispersal of animals centered around the Woraksan National Park (Figure 5). The previous findings that the Woraksan population of another mammalian species, the great horseshoe bat Rhinolophus ferrumequinum serves as a major “sink” as well as its surrounding areas being as a major genetic barrier support the notion that animal movements in this region would be somehow problematic (Jang et al., 2021). One plausible explanation would be that a provincial highway line 597, which is notorious for a very high risk of roadkill occurrences, traverses the Woraksan National Park and this national road may act as a genetic barrier (Song et al., 2009). Roads can also cause noise pollution by traffic and it has been documented that the main source of noise in the Woraksan comes from roads, which can be stressful for wildlife animals (Korea National Park Research Institute, 2021). Noise can act as a stressor causing physiological and behavioral impairments in wildlife animals (e.g., memory and hearing impairments, depression), which may have led to the isolation of the Woraksan population from nearby populations (Ravindran et al., 2005; Haider et al., 2012; Barzegar et al., 2015). In addition, campsites are increasing now in the Woraksan National Park, which renders large human interference and also grassland, the main habitat of A. agrarius, is steadily declining (Korea National Park Research Institute, 2021). In general, road and rail construction is the main cause of habitat fragmentation, which has severe negative impacts on organism’s movements. In a previous study of investigating landscape elements to pinpoint habitat fragmentation effects on four rodent species (Clethrionomys glareolus, Apodemus flavicollis, Apodemus sylvaticus, and A. agrarius) in Poland, different species responded differently to spatial characteristics because of species-specific behaviors, mobility, and habitat preferences (Kozakiewicz et al., 1999). With respect to the habitat preferences, the impact of habitat fragmentation may be species specific as well, and it can affect demographic characteristics of rodent species in different ways, such as increased mortality due to road kills, modification of behavior, and/or changes in environmental factors (Forman and Deblinger, 2000; Almasieh et al., 2022; Rhim et al., 2003). A study evaluating the role of road edges for wood mice, A. sylvaticus showed that while roads themselves serve as barriers to movement of this species by reducing overall connectivity, road verges may play a role in promoting short-distance movement, suggesting that road edges may be important for improving “small-scale connectivity” in small mammals in Mediterranean woodland (Galantinho et al., 2020). A previous study that calculated minimum-cost path modeling to conserve key habitats and connectivity for large mammals Hyaena hyaena found that roads represent a high risk and therefore proposed a management considering conservation of corridors and reduction of roadkills (Almasieh et al., 2022). For the effective habitat management and conservation, we need to improve the connectivity surrounding the Woraksan National Park by establishing an ecological corridor between poorly connected areas or preserving the landscaping at the edges of roads. As the connectivity of small mammals increases, it would be expected that the entire ecosystem of the BMR protected habitats might more stably sustain.



Temporal genetic structure in the Jirisan National Park population

The results of our temporal analysis indicate that the 2015 and 2019 Jirisan National Park populations considerably differed genetically. A plausible hypothesis would be that environmental changes such as ongoing climate change cause temporal variation in demographic characteristics (e.g., abundances) of the population, which will eventually lead to detectable temporal genetic structure caused by a reduction in genetic diversity. It is well-documented that ongoing climate change has drastic effects on local biodiversity, geographic distribution, life-history evolution, and population sizes (Martinez et al., 2018; Hidasi-Neto et al., 2019; Ruaro et al., 2019). In South Korea, average annual temperature has risen at a rate of 0.23°C decade−1 over the past 50 years during 1954 to 2000s with much faster warming trends since 1980s (Jung et al., 2002). Annual precipitation has also increased sharply during the last several decades, while this rise is primarily due to the increase in frequency and intensity of heavy precipitation during summer (albeit a decrease in spring and winter; Jung et al., 2002, 2011). We postulated that these regional climate changes might have negatively affected A. agrarius abundances, which causes a decrease in Ne and genetic diversity, resulting in the observed temporal structure. This hypothesis would be conceivable, given the mice could not be observed at all at a particular site (the Daeseong area) in Jirisan National Park in 2020, although they had been observed there during 2006 to 2010, based on the 5th Natural Environment Survey (National Institute of Ecology, 2021). The climate change effects would be prevalent across all the national parks (Kim and Kim, 2016). The striped field mice are known to prefer wet habitat environments (Herzig-Straschil et al., 2003). However, during our study period, the Jirisan National Park region encountered a severe drought. According to the Korea Meteorological Administration,3 the average temperature in the Jirisan National Park area gradually increased from 12.8°C in (2014), 13.0°C (2015), 13.6°C (2016), 12.9°C (2017), 12.9°C (2018), and 13.4°C (2019), and annual average precipitation was 1,368 mm (2014), 1,084 mm (2015), 1,349 mm (2016), 746 mm (2017), 1,567 mm (2018), and 1,522 mm (2019) with a severe drought in 2015 and 2017. The catastrophic environmental events and climate change may cause a decline in the population sizes of A. agrarius in recent years, resulting in the temporal genetic structure as an outcome of genetic drift effects. The lower genetic diversity of the Jirisan population sampled in 2019 than in 2015 supports this hypothesis (Table 1). Moreover, our median estimates of linkage disequilibrium (LD)-based contemporary Ne for the Jirisan population are infinity of 246.9~∞ (95% CI) and 100.4 of 48.3~2105.1 for JR_15 and JR_19, respectively, further supporting the hypothesis. Alternative hypothesis would be a simply sampling artifact (e.g., insufficient sample size) that could explain the reason why we observed some temporal variation over 4 years in the gene pool of the populations.



Evolutionary history of Eurasian populations of Apodemus agrarius

The mtDNA based phylogenetic tree shows that Eurasian A. agrarius populations have diverged into three well-separated lineages, Clade 1 representing the mainland of South Korea, Russia, China, Kazakhstan, and Europe, Clade 2 representing Jeju Island and Clade 3 the Taiwan population, which is the most ancestral lineage. These phylogenetic patterns are consistent with previous studies (Kim and Park, 2015; Latinne et al., 2020; Kozyra et al., 2021) that found that geographically distinct clades have evolved in A. agrarius throughout its entire geographical range. Apodemus agrarius seems to share the recently evolved common lineage probably because this species has colonized and expanded its distributional range rapidly throughout Central Asia and Europe during the last interglacial periods, which would have been facilitated by its ecological characteristics such as high ecological plasticity and synanthropic habits of the striped field mouse (Latinne et al., 2020).

Also, our haplotype network analysis for the BMR populations forms a star-like structure, which means that A. agrarius population has occurred a rapid differentiation during a short period of time (Slatkin and Hudson, 1991). As suggested in previous studies, due to the influence of the LGM (last glacial maximum) about 20,000 to 30,000 years ago, A. agrarius population experienced a bottleneck at the BMR during the Ice Age, which is known as a refuge on the Korean Peninsula and it is estimated that the populations rapidly increased for a short period of time after the retreat of the glacier (Suzuki et al., 2008; Sakka et al., 2010; Kim and Park, 2015). Also, considering the overall low genetic distances among the haplotypes, it would be conceivable that geographic/historic isolation following population expansion after the LGM may have led to the shallow phylogeographic structure (Hewitt, 2000).



Implications for conservation and management

Small mammals might be susceptible to deteriorating population connectivity caused by habitat destruction and fragmentation (Streatfeild, 2009). Small social mammals may be even more vulnerable to the low habitat connectivity as they often show different behavioral patterns between sexes (female home-site fidelity and male-mediated dispersal; García-Navas et al., 2016; Jang et al., 2021). Because the connectivity largely affects dispersal of not only mice, but also other mammalian species across the national park habitats, large efforts need to be made to improve the connectivity for the purpose of sustaining regional biodiversity (Kahilainen et al., 2014; Almasieh et al., 2022). Particular attention should be paid to restoring possible “genetic barrier” located in the Woraksan National Park and continuous monitoring and priority on development of conservation and management program, such as prioritization or construction of ecological corridor would be required (Thapa et al., 2018; Rezaei et al., 2022). In order to improve the connectivity, it is necessary to identify physical barriers (e.g., roads) to animal movements that cause population disconnection or isolation (Almasieh et al., 2022). For this, we need to conduct ecological and genetic surveys at a smaller geographic scale surrounding the Workasan National Park areas and pinpoint the exact geographical points where the genetic barrier really occurs. Moreover, we suggest that Seoraksan (SA) and Songnisan (SN) National Parks should be given high priority for conservation and management by considering them as “genetic diversity hotspots” for the protection of A. agrarius’s diversity and endemism, as they have relatively higher haplotype/allelic richness and more unique haplotypes/alleles. Studying other coexisting rodents with a similar dispersal range and habitat utilization in the national parks, such as Apodemus peninsulae and Myodes rufocanus will help to better understand the habitat connectivity and landscape genetic structure in these protected areas. Continuous ecological as well as genetic monitoring will be important for identifying how the biodiversity hotspot regions in Korea will sustain over the long term under ongoing climate changes.

Overall, our study shows that national park populations of the most common rodent species, A. agrarius harbor extraordinarily high levels of genetic diversity, despite the occurrences of inbreeding, which is partly due to female’s home-site fidelity. Unexpectedly, there is temporal genetic variation detected in the Jirisan National Park population over 4 years, which is likely due to the declines in population sizes caused by environmental changes. While A. agrarius populations in the BMR represents relatively high gene flow and high connectivity, genetic barriers also exist in some areas. The discovery of these genetic barriers advocates a need for a variety of effective habitat management, e.g., the prioritization and construction of ecological corridors, to improve the connectivity surrounding the Woraksan National Park areas. Our study highlights the need for population or habitat connectivity managements of small mammals in protected areas in South Korea and provide insights into habitat managements for the terrestrial biodiversity hotspots.
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