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Introduction: Dispersal is a multi-causal, crucial life-history event in shaping the genetic and behavioral structure of mammals. We assessed the dispersal pattern of dholes aka Asiatic wild dog (Cuon alpinus), a social monogamous mammal at two tiger reserves of Maharashtra with different degrees of pack size and competition with tigers i.e. Tadoba-Andhari (TATR, smaller pack size, higher tiger density) and Nawegaon-Nagzira (NNTR, larger pack size, lower tiger density).

Methods: We used the microsatellite data of 174 individual genotypes (98 males and 67 females) to assess the dispersal pattern of dholes from two populations with varying pack size, tiger density, and landscape connectivity using gene flow as a proxy. We compared the population structure, pairwise F statistics, assignment index, and relatedness across a spatial scale.

Results and discussion: Overall, the results suggested a difference in sex-bias dispersal pattern for the two sub-populations, exhibiting significant results for female-biased dispersal in the TATR population with a smaller pack size and higher tiger density. Our study highlights the variability in sex-biased dispersal patterns in two different populations which could be the consequence of different variables such as pack size, tiger density, and geographical scale. The study warrants further quantitative investigation including several factors such as individual behavior, pack composition, pack size, tiger density, etc. In the present Anthropocene era, determining the sex bias in dispersal patterns for a short-range, pack-living carnivore will help in devising an effective conservation management plan for their long-term survival.
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Introduction

Dispersal of individuals from the natal group to other breeding sites is one of the most important aspects of an organism’s life history and governs a range of ecological and evolutionary processes (Lawson Handley and Perrin, 2007). Effective dispersal is the key process for the maintenance of population genetic connectivity and persistence across the fragmented landscape (Bowler and Benton, 2005; Lowe and Allendorf, 2010) and affects the genetic structure across the populations or social groups (Ross, 2001). It is a costly but inevitable decision with risks of injury and mortality, depending on the dispersal distance, habitat quality and connectivity, mating system, and individual’s personality as well as sex (van Overveld et al., 2014; Burgess et al., 2016). The three major drivers to induce individuals to disperse have been proposed as follows: resource competition, inbreeding avoidance, and competition with the kin (Pusey, 1987; Dieckmann et al., 1999; Gandon, 1999; Perrin and Mazalov, 2000; Szulkin and Sheldon, 2008). Species, populations, and individuals do not always react similarly to the cues that trigger dispersal, which sometimes results in contrasting dispersal strategies between individuals (Baguette et al., 2013) governed by external information and internal state of individuals resulting in variable dispersal patterns such as personality dependent or sex-biased dispersal patterns.

In the Anthropocene era with limited resources and habitat patches, there are a few other factors that can play a decisive role in an individual’s dispersal such as landscape connectivity and interspecific as well as intraguild competition. Interspecific competition affects virtually all species and has long been recognized as an important force structuring large carnivore guilds (Palomares and Caro, 1999; Courchamp and Macdonald, 2001).

Tiger (Panthera tigris), leopard (Panthera leo), and the Asiatic wild dog (Cuon alpinus) represent the major carnivore guilds in the Indian sub-continent with the tiger as the dominant predator. Of the three, the Asiatic wild dog is the least studied group; they are socially monogamous canid exhibiting communal breeding, paternal care, and large packs often with multiple breeding females in a group (Fox, 1984; Johnsingh, 1985). Dholes are cooperative breeders where the sub-ordinate females of the group provide parental care to the offsprings of the breeding alpha female and show a highly organized social dominance hierarchy with an alpha male and female as main breeders. The species mainly thrives in deep forests and comes under the endangered category by the International Union for Conservation of Nature (IUCN) (Kamler et al., 2015). Preference for deeply forested habitat and home range of 58.67 sq. km (±4.08) (Habib et al., 2021a), smaller as compared to other large carnivores, makes this species vulnerable to habitat fragmentation and disrupted gene flow which may result in reproductive isolation, decrease in fitness, and reduced genetic diversity in the population, posing major concerns for their long-term survival (Pavlova et al., 2017). Previous studies have suggested three genetically differentiated major dhole populations in India: Western and Eastern Ghats (WEG), Central Indian Landscape (CIL), and North-East India (NEI) (Rodrigues et al., 2022).

Previous telemetry, behavioral, and genetic studies on dholes have suggested a bias toward female dispersal due to the majority of male-biased packs (Johnsingh, 1982; Venkataraman, 1998; Iyengar et al., 2005), but, to date, no extensive study has been done, comprehending the effects of competition, group size, density, and spatial heterogeneity on dhole dispersal (Miyamoto et al., 2013; Groom et al., 2017). Though the male-biased sex ratio in dhole packs possibly be a consequence of female-biased nature of dhole dispersal (Venkataraman, 1998; Modi et al., 2018), the dispersal pattern of a pack-living animal is further complicated by other variables. Dholes are socially monogamous, which contributes to the male-biased packs and female dispersal due to delayed dispersal in males, resource competition, and biparental care (Iyengar et al., 2005; Randall et al., 2007). Female dholes dispersal can be favorable to the sub-ordinate female by enhancing the possibilities of breeding and resources in other packs and reducing the likelihood of inbreeding with closely related kin (Sterck et al., 1997). A study done on red colobus monkeys found that female dispersal is more frequent in larger groups to avoid the increased competition for food resources within the group (Miyamoto et al., 2013). In the case of dholes, there is also a significant difference in the average pack size: a larger pack in Nawegaon-Nagzira Tiger Reserve (NNTR) and a smaller pack size in Tadoba-Andhari Tiger Reserve (TATR) within the landscape (Bhandari et al., 2021). The wide-scale assessment of local patterns of variation in pack size showed a significant inverse relationship between tiger density and pack size of dhole while accounting for the variability in resources and habitat heterogeneity (Bhandari et al., 2021). High intraguild competition from larger predators is known to result in lower group sizes and low recruitment rates in sub-ordinate social carnivores (Groom et al., 2017).

To understand the evolutionary pressures giving rise to asymmetric dispersal owing to the difference in sex and pack size and its genetic and ecological consequences, we describe the dispersal pattern of this group-living canid by using sex-specific population structure as a proxy for dispersal. Changes in dispersal patterns influence the geneflow and are predicted to affect a population’s genetic composition and conservation needs (Radespiel and Bruford, 2014). This information on dispersal patterns will also provide a baseline for delineating dispersal corridors and managing land use in the areas surrounding the dhole habitat. However, determining sex-biased dispersal in the wild can be difficult for elusive species like dholes. The direct methods based on field observations using mark-recapture and telemetry (Cozzi et al., 2020; Woodroffe et al., 2020) can be impractical, time-consuming, and expensive to apply considering the need for the large sample size for such experiments (Goudet et al., 2002; Solberg et al., 2006). Most importantly, the data obtained from the direct research methods to deduce dispersal patterns refer to the present migration status but do not reveal the effective dispersal followed by genetic exchange and reduced genetic differentiation between subpopulations. Advancements in non-invasive techniques and population genetics have provided tools for inferring dispersal patterns via indirect estimates coupled with faster, more accessible, and wide sampling coverage with the use of biparental markers (Goudet et al., 2002; Andrew et al., 2013).

In this study, we hypothesized that dispersal could be sex-biased in dholes due to their complex social hierarchy and cooperative breeding. The male-biased packs in dholes could be an outcome of female-biased dispersal. We tested whether there is any relationship between pack size and sex-biased dispersal pattern between two populations with varying tiger densities and habitat contiguity. To test our hypothesis, we used the microsatellite dataset of two different populations (NNTR and TATR) having different average pack sizes, which is an outcome of different top predator and prey densities between the two populations (Bhandari et al., 2021). We expected that the bias in the dispersal pattern, if there is any, would be more evident in the TATR population compared to the NNTR population. We found a strong genetic differentiation with five genetic clusters across the major protected areas of Maharashtra and each sub-population exhibiting its own signature in our previous study on dhole population genetics (Modi et al., 2021). Based on the findings, we expected the nature of dispersal to be short and within the sub-population.



Materials and methods


Study area

The study was conducted in two tiger reserves, namely TATR and NNTR, of Eastern Vidarbha Landscape which holds a major part of the Asiatic wild dog population in Maharashtra. Both parks have different topographic and climatic conditions where TATR has dry-deciduous forest and plain terrain while NNTR possesses moist deciduous forest and undulating terrain. Both the protected areas are separated by an average distance of 200 kms and interspersed by human habitation and roads possibly acting as a barrier for gene flow. Apart from physical differences, both tiger reserves exhibit an interesting sympatric predator dynamic due to comparative differences in tiger population and pack size variation (Bhandari et al., 2021).



Sampling

The sampling for dhole scats was conducted in the two tiger reserves of Maharashtra comprising an almost similar number of dhole individuals and a significant difference in their average pack size (Bhandari et al., 2021), i.e., TATR (area—1727.59 sq. km; smaller packs—6.4 ± 1.3; tiger density—5.36/100 km2) and NNTR (area—1894.94 sq. km; larger packs—16.8 ± 3.1; tiger density—0.46/100 km2). Our study primarily focuses on the dispersal bias within the population at the inter-pack level. Extensive sampling was conducted in both areas during the winter months of November and December (2018–2019) looking for possible dhole scats, focusing mainly on the junction of the road and trails where dholes generally defecate. We conducted opportunistic sampling and collected a total of 180 scats from TATR, while 194 scats from NNTR along with their geographic location. Only the scats with large bolus were collected to target the adult dholes (Keiter et al., 2016). The samples were collected in butter paper with separate zip-lock bags and temporarily preserved with silica gel (Sigma-Aldrich, Cat:85340) and further stored at −20°C for an average period of 20–25 days in the Conservation Genetics lab, Wildlife Institute of India, until processing.



DNA extraction, microsatellite loci genotyping, and molecular sexing

DNA extraction was performed using the QIAamp DNA Tissue Kit (QIAGEN Inc., Hilden, Germany), following a modified approach by Ball et al. (2007) by replacing the swabbing technique with the scraping method. Negative controls were maintained during all the steps of extraction to detect any contamination. Scats were confirmed to be from dholes using the DNA barcoding technique with the help of species-specific primers (DholespID-F/R) targeted at the ND4 gene (Modi et al., 2018). Species ascertainment was done through the visualization of dhole-specific bands (236 bp) and comparison with a positive dhole blood sample in a 2% agarose gel. The confirmed dhole scats were further analyzed using a cross-species microsatellite panel of 12 markers (Modi et al., 2019). To obtain reliable consensus data for analysis, we used the multiple tube strategy paired with the quality index protocol established by Modi et al. (2019) and repeated each locus genotyping four times. Only genotypes that yielded data for at least seven of the 12 loci in the consensus (Goudet et al., 2002) were included. For the samples to be eligible for downstream analysis, a quality index threshold of 0.66 per locus was set, with a mean quality index of 0.75 across loci. We utilized GIMLET’s v 1.3.3 genotyping error (Valière, 2002) estimate module to assess overall genotyping error rates and MICRO CHECKER v 2.2.3 (Van Oosterhout et al., 2004) to determine large allele dropouts. We used GENEPOP v 4.7 and ARLEQUIN v 3.1 to examine deviations from Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium (LD) (Excoffier et al., 2005).

The probability of identity (pID) and probability of identity among sibs (pIDsibs) (Waits et al., 2001) were computed for both populations separately. The genetic recaptures were determined using the identity analysis module implemented in CERVUS v 3.0.7 (Kalinowski et al., 2007). The sex of the confirmed individual genotypes was determined using a multiplex sexing approach (Modi et al., 2018). The sexing multiplex PCR resulted in a three-band pattern (112, 190, and 199 bp from DBY, AHTX-40, and SRY genes, respectively) for males and a single band (190 bp from AHTX-40 gene) for females. We conducted three independent PCR repeats for the sex identification of all the individuals identified. The amplification was confirmed by electrophoresis at 90 V followed by visualization on 2% agarose gel.



Data analyses


Fine-scale genetic structure

To develop a broad understanding of the population structure at the reserve level, we used the Bayesian clustering method implemented in STRUCTURE v 2.3.4 (Pritchard et al., 2000). The analysis was conducted first on NNTR and TATR populations as a whole, and then separately on TATR and NNTR, males and females to understand their assignment within the population. The dispersing sex should be less genetically structured. Ten independent runs for k = 1 to 10 were performed using an admixture model with 100,000 burn in steps and 1,000,000 Markov Chain Monte Carlo (MCMC) repetitions to ensure chain stabilization. We used the LOCPRIOR model to improve the genetic assignment in case of a weak structure within the population. The optimum k (the number of clusters) was determined with the help of the highest estimated log-likelihood, the ad hoc ΔK (Evanno’s method) using STRUCTURE HARVESTER v 6.8 (Evanno et al., 2005; Earl and VonHoldt, 2012). We also used a Bayesian approach implemented in BAYESASS ver. 3.0.3 (Wilson and Rannala, 2003) to infer the directional contemporary migration rate (m) between the two populations.



Sex-biased dispersal

To understand the dispersal pattern of dholes, we compared different genetic indices between males and females for both reserves based on biparentally inherited markers (Goudet et al., 2002).



Genetic diversity, inbreeding coefficient, and relatedness

We calculated the observed (Ho) and expected (He) heterozygosity per locus, H–W equilibrium, and linkage disequilibrium using FSTAT v2.9.4 and Arlequin 3.1 for both populations (Excoffier et al., 2005). To determine the dispersing bias, we calculated the genetic diversity measured by allelic richness per locus, observed heterozygosity (Ho), expected heterozygosity (He), and inbreeding coefficient (F) of males and females to determine whether there was a significant deviation of the genotype frequencies of an individual from the H–W equilibrium (Goudet et al., 2002). The evaluation was done using the demerelate function for F calculation incorporated in the r package “Demerelate” (Kraemer and Gerlach, 2017) with R version 1.1.453 (R Core Team, 2018). F-value should be higher, and the pool of genotypes will be deficient for the dispersing sex as compared to the philopatric sex as it will be a mixture of two populations, residents, and immigrants. Due to the Wahlund effect, the sample should have a heterozygote deficit and a positive Fis. In general, members of the dispersing sex should, therefore, display a higher Fis than the more philopatric sex (Goudet et al., 2002). We used the most common and unbiased method (Weir and Cockerham, 1984) for the determination of the F-value.

We estimated the relatedness within male and female groups of NNTR and TATR with all the 12 microsatellites using the Queller–Goodnight index (Queller and Goodnight, 1989) incorporated in GenAlEx v 6.502 (Peakall and Smouse, 2006). This index calculates the relatedness between any two individuals by comparing the alleles shared by these individuals with the allele frequency of the group and relatedness coefficients value R ranging from −1 to 1 (Queller and Goodnight, 1989) with jackknifing over the loci to estimate the standard error. We estimated the relatedness in three categories males (M–M), females (F–F), and female–male (F–M) for the two populations. In the context of sex-biased dispersal, the dispersing sex is expected to have lower mean relatedness than the philopatric sex and between opposite-sex individuals. If there is bisexual philopatry, there will be no substantial difference in mean relatedness (Queller and Goodnight, 1989).



Spatial autocorrelation analyses

GenAlEx v 6.502 was used to compare the spatial genetic structure between the sexes referred to as spatial genetic autocorrelation (Smouse and Peakall, 1999). It uses the matrices of pairwise genetic and geographic distance to determine the spatial autocorrelation coefficient r. We first calculated the pairwise codominant genetic distance and linear genetic distance for male and female individuals separately. Geographical distances were calculated using the GPS coordinates of the samples registered in the UTM (Universal Transversal Mercator) coordinate system and translated to km using GenAlEx.

The autocorrelation coefficient r (−1 to 1) measures the genetic similarity (r > 0) or dissimilarity (r < 0) between pairs of individuals grouped in distance classes. Significant spatial structure (P < 0.05) is present when r lies outside a 95% upper and lower confidence interval, obtained by permutation with 9,999 replicates. Samples were distributed in fourteen distance classes of 5-km intervals based on the maximum geographic distance between two samples in a particular area. The maximum Euclidean distance between two sampling points was used to consider the maximum distance for dispersal within the protected area. We used the squared paired sample test and omega test to compare the heterogeneity between correlograms. If there is a sex-biased dispersal, the correlograms of males and females are expected to be distinct, and the philopatric sex should display significant positive genetic structure at shorter distances and significant negative genetic structure at longer distances (Smouse and Peakall, 1999). Spatial autocorrelation has proved to be a powerful and flexible tool to detect fine-scale genetic structure in animals, and this method does not make any assumption about the relationship between geographic and genetic distance (Banks and Peakall, 2012).



Assignment index

Program FSTAT v 2.9.4 was used to compare the assignment index of males and females in a population. This statistic was first introduced by Paetkau et al. (1995) and modified later by Favre et al. (1997) to differentiate the dispersers from residents in a population. We calculated the corrected assignment index, mAIC, and vAIC to determine the bias in the dispersal of dholes. The distribution of the AIC is centered on zero, and a positive value indicates a genotype more likely than average to occur in the sub-population in which the individual was sampled (probably resident), while a negative value indicates a potential immigrant (Goudet et al., 2002). This implies that the dispersing sex would show a lower mean of the AIC (mAIC) and a higher variance of AIC (vAIC) compared to the more philopatric sex.





Results


Genotyping and sex determination

Of the total samples collected, 84 were individually identified from TATR and 90 were identified from the NNTR population. The probability of identity for the NNTR and TATR population using the set of 12 markers was 5.98 × 10–8 and 4.52 × 10–8, while the probability of identity sibs was 8.52 × 10–4 and 6.16 × 10–4, respectively. We removed 12 genotypes from TATR and 15 from the NNTR population as recaptures. The panel calculated from three genotyping repeats had a low genotyping error rate, with a mean allelic dropout rate of 0.15 per allele per locus, a mean false allele frequency of 0.14 per allele per locus, and a null allele frequency of 0.01. There was no evidence of strong linkage disequilibrium between any pair of loci, according to the panel. However, few loci from the panel were found to be out of HW equilibrium in each population, but no loci were found to be out of HW equilibrium in all populations (Supplementary Table 1). All genotype datasets are deposited at Dryad.1

Molecular sexing confirmed 44 males and 32 females (90% success rate) in the TATR population, while 54 males and 35 females (98% success rate) in the NNTR population (Figure 1 and Table 1). The remaining individuals for which the sex was not confirmed were removed from the final dataset. The number of males is proportionately higher than females in both populations.
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FIGURE 1
Study area map with locations of identified male and female individuals in Nawegaon-Nagzira Tiger Reserve (NNTR) and Tadoba-Andhari Tiger Reserve (TATR). The inset map represents the geographical location of the tiger reserves in the state of Maharashtra.



TABLE 1    Detailed description of dhole individuals and tiger density in the study area.
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Genetic diversity

The genetic diversity of NNTR was found to be three to 12 alleles per locus with expected heterozygosity of He = 0.51 and observed heterozygosity of Ho = 0.32, while the genetic diversity of TATR was three to eight alleles per locus with expected and observed heterozygosity of He = 0.54 and Ho = 0.42, respectively. One locus was found to be out of HW equilibrium. The details of genetic diversity for males and females from each protected area are shown in Table 2.


TABLE 2    Detailed estimates of genetic diversity (number of alleles per locus, expected (He), and observed (Ho) heterozygosity for males and females).
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Fine-scale genetic structure

The structure results for both populations were found to be k = 2, suggesting that NNTR and TATR are two genetically differentiated populations (Supplementary Figure 1 and Supplementary Table 2). A minimal amount of gene flow was found between the two populations (Supplementary Table 3). The k-value obtained by running the STRUCTURE for NNTR (n = 76) and TATR (n = 84) individuals suggests k = 3 and k = 2, respectively, as per the largest log-likelihood and delta k-values. The plot for ranked average partial membership q for each cluster shows q > 0.75 for most individuals with only 10 and 12 as admixed individuals (0 < q < 0.75) for NNTR and TATR, respectively. Males and females did not show any distinct genetic clustering for both protected areas.

When STRUCTURE was run for males and females separately, the log-likelihood values for TATR_M suggest k = 4, while the log-likelihood values for TATR_F suggest k = 2. In the case of NNTR, both males and females showed the same value of log-likelihood (k = 2) (Figure 2 and Supplementary Figure 2).
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FIGURE 2
Bar-plot graph of the estimated membership coefficient of dhole male and female genotypes separately using STRUCTURE. The log-likelihood value confirms the number of clusters (A) TATR_F (K = 2), (B) TATR_M (K = 4), (C) NNTR_F (K = 2), and (D) NNTR_M (K = 2).




Sex-biased dispersal

The F-value for NNTR males is significantly lower than the NNTR females. Similarly, the F-value for TATR males is lower than the TATR females, but with no significant difference (Table 3). Relatedness coefficient r estimated as Queller–Goodnight mean showed no difference between the relatedness value of NNTR and TATR males and females with an insignificant p-value (Table 4) which indicates that the individuals are mostly unrelated.


TABLE 3    Test for the difference between sexes in the F-values within Nawegaon-Nagzira Tiger Reserve (NNTR) and Tadoba-Andhari Tiger Reserve (TATR) populations with significant values (P < 0.05).
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TABLE 4    Mean relatedness between the same-sex and opposite-sex pairs of individual dhole genotypes of Nawegaon-Nagzira Tiger Reserve (NNTR) and Tadoba-Andhari Tiger Reserve (TATR) using Queller–Goodnight index.
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Nawegaon-Nagzira Tiger Reserve males for neighboring pairwise comparisons were found to be positively autocorrelated at a distance of 0–10 km, P = 0.001, while they were found to be negatively autocorrelated at 10–15 km and 35–40 km, P = 0.001 and 0.014, respectively, while for NNTR females, positive significant autocorrelation was found only at one distance class at 40–45 km, P = 0.009. The rest of the distance classes did not show any significant results for NNTR males and females (Figures 3A,B).
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FIGURE 3
Spatial genetic structure correlograms for the two dhole populations Nawegaon-Nagzira Tiger Reserve (NNTR) and Tadoba-Andhari Tiger Reserve (TATR). The sample size at each distance class is provided above each correlogram. Spatial genetic structure correlograms for (A) NNTR females; (B) NNTR males; (C) TATR females; (D) TATR males.


For TATR males, the spatial correlogram was found to be significant with a positive autocorrelation at 0–10 and 20–25 km, P = 0.001 and 0.003 and negative autocorrelation at 15–20 and 30–35 km, P = 0.006 and 0.005, respectively. While for TATR females, we found no significant autocorrelation across the distance classes (Figures 3C,D). We also found a significant difference in the correlogram of males and females for both the populations [(NNTR–omega = 61.552, p-value = 0.001) and (TATR–omega = 55.44, p-value = 0.001)] (Figure 4).
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FIGURE 4
Spatial genetic structure correlograms for Nawegaon-Nagzira Tiger Reserve (NNTR) M and F and Tadoba-Andhari Tiger Reserve (TATR) M and F.


The assignment test conducted for NNTR showed a lower mean AIC and higher variance for females as compared to males, while in the case of TATR, females showed a higher mAIC and lower variance than males, but no significant differences were found. The t-test conducted to compare the mean and variance of males and females were also found to be non-significant (Table 5). Therefore, the assignment test could not be used to make any further conclusion regarding the dispersal bias in dholes.


TABLE 5    Test for the differences between sexes in the mean (mAIC) and variance (vAIC) of the corrected assignment index with significant values (P < 0.05).

[image: Table 5]





Discussion

Our results demonstrated the inter-population level variation in the sex-biased dispersal pattern of dholes using gene flow as a proxy from two genetically differentiated populations of NNTR and TATR at different tiger densities and different pack sizes. Our results suggest that males are more philopatric sex than females in TATR, whereas the NNTR population does not show any sex-biased dispersal. We have not directly tested the effect of tiger densities on the pack size of dholes, but we have used the inference from the previous study which shows the role of interspecific competition in modulating the dhole pack size which may consequently impact the dispersal decisions (Miyamoto et al., 2013; Bhandari et al., 2021). The genotyping error rate of the panel used for individual identification is less than the 20% recommended for non-invasive population level studies (Smith and Wang, 2014). The PID values for both populations indicate a statistically robust value for differentiating dhole individuals within a population. Multiple genetic analyses conducted to determine the dispersal pattern of dholes indicate two possibilities, either it is female-biased or there is no bias in dispersal. Our results suggest that males are more structured in TATR than females, indicating female dispersal (Ferreira da Silva et al., 2018), whereas males and females in NNTR showed a similar level of structure with the same number of clusters (k = 2). This indicates that males are more philopatric sex than females in TATR, while in the case of NNTR, both sexes do not show any significant difference in structure patterns which can be a possibility when both sexes disperse.

Tadoba-Andhari Tiger Reserve has sufficiently good connectivity with the adjacent Brahmapuri Forest Division, which can act as a dispersal escape, while in the case of NNTR, the connectivity to the nearest protected area is very patchy (Habib et al., 2021a). A tentative reason behind the high genetic structure in TATR males is that, due to better geographical connectivity, males disperse to greater distances, whereas females disperse to shorter distances within the park. Such dispersal pattern has been observed in African wild dogs, where males disperse less frequently but traverse longer distances, while females travel shorter distances but disperse more frequently (McNutt and Silk, 2008). A similar pattern was also observed in dholes in a previous study (Iyengar et al., 2005) where females disperse close to their natal packs while males travel longer distances, although we did not find any significant results supporting this hypothesis. Other corresponding analyses for sex-biased dispersal also revealed a significant difference between males and females of TATR, though the differences were not very profound for NNTR. We conducted four sex-biased dispersal tests based on the relatedness index, assignment values, F-values, and spatial autocorrelation between males and females in the two populations. The relatedness index shows negative values of the r coefficient among the male and female individuals of the respective populations, implying that the individuals as mainly unrelated. The lack of relatedness among males could be due to the frequent introduction of new alleles by immigrant females, which could be enough to prevent elevated levels of allele sharing resulting in related male individuals (Goudet et al., 2002). We did not find any significant difference between the dispersal patterns through the mean and variance of the assignment test also, but it gives a hint that males are more related than females, suggesting that females have a higher likelihood of being immigrants to the population sampled from TATR.

The other two sex-biased dispersal tests conducted using F-value and spatial autocorrelation for dholes showed a significant difference, indicating the biased nature of dispersal. We found a lower F-value and a positive spatial autocorrelation at a shorter distance for males of both populations. This suggests that the males are more philopatric sex than females due to the Wahlund effect resulting in higher homozygosity in males. Both results indicate that males are more philopatric than females. The spatial autocorrelation results show that males are generally more similar at shorter distances, suggesting that males could be more philopatric than females. We did not use the Fst index as indicated by Goudet et al. (2002) because dholes are considered to have a short dispersal distance with a home range of 58.67 sq. km (±4.08) (Habib et al., 2021b). Contrary to their African counterparts, we did not find any significant inter-dispersal events between these two populations.

Dhole is a socially monogamous canid that breeds cooperatively, often with multiple breeding females in a pack (Fox, 1984; Johnsingh, 1985). The pack is composed of an alpha-breeding pair and shows a dominant hierarchy (Serfass et al., 1998). Therefore, one major reason for highly structured male-biased packs in TATR can be the intra-specific competition due to which females disperse more, while males remain in the packs as there are higher chances of females getting accepted in a new pack. Another major reason for such a pattern can be the higher tiger density in TATR giving rise to a high turnover rate. Contrary to this in NNTR, there is no interspecific competition pressure due to lower tiger density and the larger pack size provides similar opportunities to both males and females. Differences in the turnover rate of any species can influence the genetic structure of the population (Williams et al., 2003), for example, higher competition in TATR leads to a larger turnover of male members of the pack, resulting in a more structured male population (Groom et al., 2017). The tiger population modulates the pack size of dholes in both the tiger reserves with larger pack size in NNTR due to an extremely low number of tigers and smaller pack size in TATR for better avoidance strategy (McNutt, 1996; Bhandari et al., 2021) in high-density tiger areas. This can be due to the reason that tiger presence is solely correlated with prey-rich sites, while the presence probability of dhole was a trade-off between prey availability and active spatial avoidance of tigers (Steinmetz et al., 2013).

The male-biased sex ratio in both populations indicates the possibility of female-biased dispersal, which is further supported by previous ecological studies (Johnsingh, 1982; Venkataraman, 1998). The probability of female-biased dispersal is suggested by the male-biased sex ratio in both populations, which is further confirmed by earlier ecological studies (Johnsingh, 1982; Venkataraman, 1998). According to the local resource enhancement (LRE) paradigm, research on species that breed cooperatively in hierarchies also shows that the pack tends to favor the more helpful sex (Silk and Brown, 2008). The present genetic study revealed a differential dispersal pattern in the case of TATR, but due to larger pack size and less competition in NNTR, dispersal bias may not be evident. Despite being non-significant, the sex-biased dispersal test points to the female-biased nature of dispersal in the case of NNTR as well.

Combining the knowledge of ecology and the findings obtained during this study, we suggest that dispersal is a complex phenomenon governed by the local dynamics, competition, and landscape connectivity of a population. This study adds a piece of empirical evidence to the aspect of inter-population variability in dispersal studies. Though African wild dogs being the social canid with a rigid structure of dominant hierarchies and sharing a sister lineage with dholes often found to have female-biased dispersal, it cannot be generalized in the case of dholes owing to various ecological, environmental, and geographical local factors. We have used the biparental markers to delineate the dispersal pattern by comparing the genetic diversity of males and females after dispersal and before reproduction. This approach is consistent with our sampling strategy for just one generation and provides the advantage of using the genetic diversity of both sexes (Prugnolle and De Mee^us, 2002).

Most solitary carnivores are reported to have a male-biased dispersal pattern (Biek et al., 2006; Janečka et al., 2007; Gour et al., 2013) and are generally characterized by uniparental care. As found through our analysis, the biased dispersal can be because of the biparental care and pack-living nature of socially structured dholes (Stockley and Hobson, 2016). Our study has paved the way to develop a fundamental understanding of future research on dholes’ dispersal. This is the first and foremost effort to define the dispersal of a lesser-studied social pack-living endangered canid that thrives in Indian forests with varying pack sizes and interspecific competitions. This has contributed to the idea that, for pack-living social species like the dhole, dispersion decisions which are typically influenced by the search for a mate and territory can be either female-biased or completely neutral. Future investigations in this field are needed to delineate a detailed pattern of dhole dispersal with broader coverage at the landscape level, the inclusion of interspecific competition, pack size, and other landscape variables as predictor variables using a multi-disciplinary approach, that is, camera trapping and telemetry.



Conclusion

Understanding the dispersal pattern of this endangered monophyletic species is critical in developing a better framework for the long-term persistence of populations in this anthropogenic era. Dispersal can be a combined outcome of several ecological and geographical variables and an individual’s life-history decisions. Our results validate that the Asiatic wild dogs are one of the genera among canids, where dispersal decision could be affected by pack size, top-predator density, and geographical connectivity. This will further help in developing focused conservation strategies for short-ranging species with lesser-known ecology. We support the fact that a comprehensive knowledge of dispersal patterns is required to develop any conservation management plan. Dholes have short dispersal ranges, and a lack of sex-biased dispersal can increase the risk of inbreeding within the packs and population. Further research including the different geographical and anthropogenic variables can help in deriving the requirements for sex-specific corridors for a pack-living species.
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