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Abstract 

 

The amount and distribution of neutral and adaptive genetic diversity are often 

assumed to follow similar patterns. However, natural selection on adaptive loci may 

cause divergence from patterns observed for loci that are only influenced by selectively 

neutral processes such as genetic drift. The interaction between selection and neutral 

processes has rarely been assessed for species in large, fragmented landscapes. We 

compared genetic diversity and structure of 20 neutral microsatellite loci with 6 

microsatellite loci linked to immune system genes for 13 populations of desert bighorn 

sheep (Ovis canadensis nelsoni) across gradients of population connectivity and habitat 

quality and tested for evidence of selection. We observed high correlations in mean 

genetic diversity of 6 adaptive-linked and 20 neutral loci among 13 study populations. 

Adaptive-linked loci were more diverse, as predicted under expectations of balancing 

selection for loci associated with pathogen and parasite response, but overall differences 

in mean diversity of adaptive-linked and neutral loci were small. The strength and 

distribution of genetic structure for adaptive-linked and neutral loci were nearly identical, 

although adaptive-linked genetic structure was slightly weaker. Tests for selection 

suggested that neutral processes strongly influenced both sets of loci, but differences in 

genetic diversity and structure were consistent with a weak influence of balancing 

selection on the adaptive loci. Multivariate regression models indicated that population 

connectivity strongly predicted both adaptive-linked and neutral diversity, while habitat  
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quality, population size, and habitat area only weakly influenced diversity. Collectively, 

our results suggest that neutral markers can predict adaptive diversity in complex 

landscapes when natural selection is weak and populations are small or fragmented, and 

demonstrate the importance of population connectivity in maintaining adaptive genetic 

diversity. 

 

Introduction 

 

Selectively neutral genetic markers are commonly used to assess the effects of 

habitat loss and fragmentation on gene flow, genetic structure, and genetic diversity in 

plant and animal populations, particularly in the field of landscape genetics (Holderegger 

and Wagner 2008; Manel et al. 2003). Neutral markers are preferred over adaptive 

genetic markers in many landscape genetic studies because population parameters such as 

gene flow are more accurately estimated without the influence natural selection, which 

may strongly affect adaptive loci (Luikart et al. 2003). For example, an individual 

population experiencing strong directional selection at a particular locus may exhibit high 

genetic differentiation relative to neighboring populations, which could be incorrectly 

attributed to low gene flow between the population and its neighbors (Landguth and 

Balkenhol 2012). Use of neutral markers to estimate the genetic diversity of populations, 

however, is often a matter of convenience, since neutral markers have already been 

chosen to assess other parameters, are often highly variable, and can be easily assessed.  
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Typically, it has been assumed that diversity of neutral markers can serve as a proxy for 

the genetic diversity of adaptive loci coding for traits (King and Burke 1999) which may 

influence individual fitness (Westemeier et al. 1998) and evolutionary potential 

(Frankham 2005). But, in a meta-analysis of 71 studies comparing neutral and adaptive 

loci diversity, Reed and Frankham (2001) found that diversity of neutral and adaptive loci 

were only weakly correlated. Since many studies continue to assess genetic diversity 

using neutral loci (e.g. Bech et al. 2013; Sugimoto et al. 2014; Wang et al. 2014), there is 

a pressing need to more completely understand the relationship between patterns of 

neutral and adaptive loci diversity, factors shaping both types of diversity (Holderegger 

and Wagner 2008; Keyghobadi 2007), and the influence of landscape in spatially-

complex systems. 

Strong natural selection acting on adaptive loci can create differences in the 

distribution of neutral and adaptive genetic diversity among populations (Holderegger 

and Wagner 2008; Manel et al. 2010; Storfer et al. 2010). Whereas both neutral and 

adaptive loci are influenced by neutral processes such as genetic drift and gene flow, 

selection may either reinforce or counteract these processes for adaptive loci, depending 

on the type of selection. Directional selection may act simultaneously with genetic drift to 

erode diversity of adaptive loci more quickly than neutral loci (Alcaide 2010). In a 

heterogeneous environment with little gene flow, directional selection can also speed the 

genetic differentiation of populations, as certain alleles may be favored in one population 

but not another due to different selective pressures (Lee and Mitchell-Olds 2011; Wang et  



4 
 

 
 

 

al. 2013; Wilson et al. 2003). Balancing selection, in contrast, may maintain genetic 

diversity of adaptive loci by providing a fitness advantage to heterozygotes (e.g. Paterson 

1998) and slow population differentiation relative to neutral expectations (Muirhead 

2001). This is especially true of some immune system genes, where heterozygosity is 

associated with an increased ability to detect and respond to disease challenges (Hedrick 

1994). 

    The ability of directional and balancing selection to drive differences in neutral 

and adaptive diversity is highly influenced by the strength of selection and population 

size. If selection is weak, particularly in small populations, drift tends to overwhelm 

selection (Hedrick 2011; Satta et al. 1994). Similarly, high levels of gene flow can negate 

localized selection that would otherwise speed differentiation of adaptive loci relative to 

neutral loci (King and Lawson 1995). In both of these situations, patterns of neutral 

diversity may predict adaptive patterns because both are governed almost exclusively by 

the neutral evolutionary processes of drift and gene flow (e.g. Boyce et al. 1997; Luikart 

et al. 2011). However, when either selection strength is high or population size is large, 

natural selection may have more influence, making neutral diversity a poor indicator of 

adaptive diversity.   

Several recent studies have demonstrated that parasites and pathogens can 

generate sufficient selective pressure on adaptive loci of the immune system to overcome 

the influence of genetic drift, even in small populations with little gene flow. For 

example, in a small upstream population of Trinidadian guppies (Poecilia reticulata),  



5 
 

 
 

 

selective pressure from parasites maintained a level of diversity at immune system loci 

comparable to the diversity of a much larger, downstream population of guppies with less 

parasite pressure (van Oosterhout et al. 2006).  Similarly, strong periodic balancing 

selection is believed to have maintained high levels of immune loci diversity in the San 

Nicholas Island fox (Urocyon littoralis dickeyi), even as many neutral loci drifted to 

fixation (Aguilar et al. 2004). Meanwhile, other studies suggest that drift can overwhelm 

selection on immune genes in small populations with limited gene flow, as found in 

tuatara (Sphenodon punctatus, Miller et al. 2010) and Egyptian vultures (Neophron 

percnopterus, Agudo et al. 2011). Equivocal results such as these, drawn largely from 

island populations, suggest the need for additional research in a greater variety of study 

systems and on larger, more heterogeneous landscapes.   

In this study, we address factors shaping neutral and adaptive genetic diversity of 

desert bighorn sheep (Ovis canadensis nelsoni), focusing on adaptive genetic diversity 

related to immune response. Specifically, we examine diversity of variable microsatellite 

markers linked to immune system genes because pathogens and parasites strongly 

influence bighorn sheep (Ovis canadensis) throughout western North America (Buechner 

1960; Monello et al. 2001; Cassirer and Sinclair 2007; Luikart et al. 2008). In the Mojave 

Desert of southern California, where our study is located, a diverse suite of pathogens 

may provide selective pressure on desert bighorn sheep (Wehausen 1992, 1998). 

Influenza, pox, and hemorrhagic viruses have been documented in the system (Deforge et 

al. 1982; Mullens and Dada 1992), as well as bacteria responsible for anaplasmosis,  
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chlamydia, and contagious ecthyma (California Dept. of Fish and Wildlife [CDFW], 

unpublished data). Viral and bacterial pneumonia have also been periodically present in 

the region (CDFW, unpublished data), although no epizootics were known to have 

occurred prior to our study. Collectively, these pathogens could provide sufficient 

selective pressure to drive divergence in patterns of neutral diversity and diversity of 

adaptive-linked loci related to immune system function. Moreover, landscape 

characteristics may mediate the influence of natural selection in this system. Wehausen 

(1992) observed that lamb recruitment in some mountain ranges actually decreases in 

years with high quality forage, as the same precipitation supporting plant growth also 

could allow for the proliferation of insect disease vectors (e.g., blood-sucking midges). 

Since higher-elevation mountain ranges generally receive more precipitation than low 

ranges (Epps et al. 2004), there may be a gradient of disease-related selective pressure 

across the landscape based on elevation. 

Desert bighorn sheep (hereafter “bighorn sheep”) populations in the Mojave 

Desert are fragmented by the natural distribution of the mountainous habitat they rely on 

to escape predators (Holl 1982) and provide adequate forage resources (Bleich et al. 

1997), as well as by anthropogenic barriers to dispersal (Epps et al. 2005). The result is a 

network of individual bighorn sheep populations, each supported by an individual 

mountain range, that are connected via occasional dispersal and thus constitute a 

metapopulation (Bleich et al. 1990). In the past 75 years this metapopulation has 

experienced numerous extinctions and colonizations (Epps et al. 2004, 2010) related to  
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environmental change and stochasticity. Consequently, population connectivity (the 

ability of individuals to move between populations occupying separate mountain ranges) 

and habitat quality influence neutral genetic diversity of bighorn sheep in this area (Epps 

et al. 2005, 2006). Since neutral diversity is thought to reflect adaptive diversity, 

maintaining and reestablishing connectivity has been established as a management 

priority here (Creech et al. 2014) as it has elsewhere (Rudnick et al. 2012). However, 

uncertainty remains regarding the ability of neutral markers to predict adaptive diversity 

and the role of drift, gene flow, and selection in shaping adaptive diversity of a wide-

ranging animal in a complex landscape. 

Our primary objective in this study is to assess the ability of neutral genetic 

markers to predict adaptive genetic diversity for a large, terrestrial mammal in a mainland 

landscape rather than the simpler island-like systems assessed in most previous studies 

(e.g. Aguilar et al. 2004; Miller and Lambert 2004), using microsatellite loci closely 

linked to adaptive immune-system genes (hereafter, “adaptive-linked”). We examine the 

relative importance of genetic drift and natural selection in shaping adaptive-linked 

diversity by testing for correlations and differences between adaptive-linked and neutral 

diversity, comparing the distribution of that diversity (i.e. genetic structure) for each 

locus type, and testing for evidence of selection acting on adaptive-linked loci. Lastly, we 

model adaptive-linked diversity to determine whether the same population and 

environmental variables driving neutral diversity also shape adaptive-linked diversity. 

We hypothesize that, given the small size of most desert bighorn sheep populations (Epps  
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et al. 2003), drift will strongly influence patterns of adaptive-linked diversity. We thus 

anticipate that the amount and distribution of adaptive-linked and neutral diversity will be 

correlated and that population connectivity and habitat quality will be important 

predictors of adaptive-linked diversity, as they were for neutral diversity. However, we 

also expect detectable levels of natural selection to create differences in the amount of 

diversity observed in the two loci types, and that balancing selection predominates, 

reducing genetic structure of adaptive-linked loci compared to neutral loci. Our results 

will help clarify whether neutral markers can accurately predict diversity of adaptive loci 

in the complex and fragmented landscapes that now typify habitats for many species. 

 

Methods 

 

Study system 

 

We investigated genetic diversity in a 13,000 km2 study area in the Mojave Desert 

of southern California, centered on the Mojave National Preserve and surrounding 

mountain ranges. The region’s diverse topography, climate, and vegetation allowed us to 

examine adaptive-linked genetic diversity over a variety of environmental gradients in 

(Fig.1). Elevation varies from 191-2405 m across the study area, with mountain ranges 

occurring in distinct clusters separated by expanses of low-elevation desert flatlands. 

Annual precipitation ranges from 10-35 cm and annual temperatures range from 0 to  
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44°C (National Park Service 2008). The variation in elevation, precipitation, and 

temperature across the study area supports diverse plant communities, including species 

commonly associated with the Great Basin and Sonoran Deserts, as well as the Mojave 

Desert vegetation which covers most of the area. At lower elevations, creosote bush 

(Larrea tridentata) scrub and cactus-yucca (Yucca spp.) scrub cover large areas, while 

higher elevations transition to Joshua tree (Yucca brevifolia) woodlands and pinyon-

juniper (Pinus spp. and Juniperus spp., respectively) woodlands (National Park Service 

2008).  

We examined 13 populations of desert bighorn sheep with a range of population 

and habitat characteristics (Fig. 1, Table 1). The selected populations represent a centrally 

located subset of the original 25 populations studied by Epps et al. (2005), encompass a 

wide range of elevations and levels of fragmentation by natural and anthropogenic 

barriers, and include every known population of bighorn sheep in the study area at the 

time of sampling. Estimated population sizes ranged from 19 to 250 individual bighorn 

sheep with a median population size of 38 individuals (Epps et al. 2003, Table 1). Two 

fenced interstate highways cross the study area and represent major barriers to bighorn 

sheep movement and dispersal (Epps et al. 2005). Other paved, gravel, and dirt roads are 

also present in the area, although these have little traffic and are thought to have little 

impact on bighorn sheep. Coyotes (Canis latrans, Bleich 1996), bobcats (Lynx rufus, 

Kelly 1980), and cougars (Puma concolor, Wehausen 1996) are potential terrestrial  
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predators of bighorn sheep in this system, while golden eagles (Aquila chrysaetos) may 

pose a threat to young lambs (Kelly 1980).  

 

Sampling and microsatellite markers 

 

We used fecal genetic samples collected from 2000 to 2003 and previously 

analyzed in Epps et al. (2005, 2006). In those studies, 14 neutral microsatellite loci were 

amplified from extracted DNA and analyzed to examine barriers to bighorn sheep 

movement (Epps et al. 2005) and factors influencing the distribution of neutral genetic 

diversity among populations (Epps et al. 2006). Here, we used the same DNA samples 

from 13 of the previously studied populations to amplify 12 new dinucleotide 

microsatellite loci (Supporting Information). These 12 loci included 6 additional neutral 

loci, included to strengthen inferences from the previous data set, and 6 loci linked to 

adaptive genes of the Ovis immune system. Data for the 6 neutral loci were pooled with 

data for the 14 neutral loci from Epps et al. (2005) to provide a total of 20 neutral loci for 

comparison with the adaptive-linked loci (Table S2).   

We used microsatellite loci linked to genes associated with immune system 

function to assess population-level adaptive diversity of desert bighorn sheep. 

Microsatellites, though frequently selectively neutral themselves (Bhargava and Fuentes 

2010; but see Coltman et al. 2001; Kashi and King 2006), may exhibit linkage 

disequilibrium (i.e. gametic disequilibrium) with adaptive genes if located near those  
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genes on a chromosome. This close proximity results in genetic “hitch-hiking” by the 

microsatellite and causes particular alleles at the microsatellite locus and the gene to be 

inherited together much more often than observed for microsatellites located further from 

the gene (Lewontin and Krakauer 1973; Slatkin 1995). When the association is 

particularly strong, the microsatellite is considered “linked” to the gene and may be used 

effectively to assess adaptive diversity (e.g. Luikart et al. 2008, 2011; Worley et al. 

2006). Although adaptive-linked microsatellites do not offer a direct look at variation in 

adaptive genes, they possess the same mutation pattern as neutral microsatellites which 

allows for more direct comparisons of diversity between locus types, and are more 

straightforward to assess for DNA from non-invasive (i.e. fecal) samples that include 

DNA from non-target species (i.e. food items and microbes, Perry et al. 2010). We 

reviewed published immunogenetic studies of wild and domestic Ovis species to select 

the 6 adaptive-linked loci used in the study. For each locus, previous research has 

established or suggested a relationship between the microsatellite and immune function in 

a species of wild or domestic sheep (Table 2).   

 

Comparing genetic diversity 

 

We assessed genetic diversity of adaptive-linked and neutral loci by estimating 

allelic richness (AR) and expected heterozygosity (HE). Allelic richness, corrected for 

sample size, was estimated using the program FSTAT 2.9 (Goudet 2002), while we used  
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ARLEQUIN 3.5 (Excoffier and Lischer 2010) to estimate HE. We tested for linkage 

(gametic) disequilibrium between all adaptive-linked and neutral loci pairs using FSTAT.   

To determine whether adaptive-linked and neutral diversity varied similarly 

across the study system, we tested for correlation between mean diversity of 6 adaptive-

linked and mean diversity of 20 neutral loci across the 13 individual populations. Strong 

correlation would indicate that the neutral processes of drift and gene flow are the 

primary forces shaping diversity at these adaptive-linked loci in the system, whereas a 

lack of correlation may indicate natural selection is playing a role in shaping adaptive-

linked diversity. This divergence could result from strong balancing selection or 

directional selection (i.e. selective sweeps favoring particular alleles). If selective 

pressures were similar across populations, differences in effective population size would 

mediate the effect of selection, as larger populations with lower levels of drift would be 

more strongly influenced by selection, disrupting correlation between adaptive-linked and 

neutral genetic diversity. Alternatively, the strength of selection might vary among 

populations, which would also disrupt correlation between the two loci types. We 

performed correlation tests using Pearson’s tests of correlation in R (Ramsey and Schafer 

2002).   

We also tested for differences in the amount of adaptive-linked and neutral 

diversity. If directional selection was present in the system we would expect relatively 

low levels of diversity at adaptive-linked microsatellites compared to neutral 

microsatellites, as alleles favored by selection would become more common and  
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reinforce drift as those alleles reached high frequency in a population. In contrast, and as 

predicted here, balancing selection would likely result in higher levels of adaptive-linked 

diversity compared to neutral loci. Differences were examined using paired t-tests 

(Ramsey and Schafer 2002) in the program R 2.1 (R Development Core Team 2005), 

again matching mean diversity of 6 adaptive-linked and mean diversity of 20 neutral loci 

for each of the 13 populations.  

Lastly, since study loci were not randomly selected and we compared only 6 

adaptive-linked loci with 20 neutral loci, we also performed randomization tests in R to 

determine whether any differences between mean genetic diversity of adaptive-linked and 

neutral loci within individual populations were due to bias in the selection or number of 

loci (Johansson et al. 2007). We performed 10,000 iterations wherein 6 loci were 

randomly chosen without replacement from the 26 total loci. For each iteration, the mean 

of those 6 loci was compared with the mean of the 20 remaining loci, creating a normal 

distribution of possible values against which the observed value from the 6 presumably 

adaptive-linked could be evaluated. We assessed significance by taking the number of 

possible values that were more extreme than the observed value and dividing by the total 

number of iterations. 

 

Testing for selection 
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 We assessed whether adaptive-linked and neutral loci met Hardy-Weinberg 

equilibrium (HWE) expectations using Fisher’s exact test in GENEPOP 4.1 (Rousset 

2008). Departures from HWE could suggest the presence of natural selection acting on 

the study loci, provided the other assumptions of HWE are approximately met (Hamilton 

2009). We also used an outlier FST approach (Lewontin and Krakauer 1973) implemented 

in the program LOSITAN (Antao et al. 2008) to test for natural selection acting on both 

our presumably adaptive-linked and neutral loci. This method relies on the relationship 

between FST and HE to estimate the range over which FST values for selectively neutral 

loci are expected to vary for a given level of HE. Loci with large FST values relative to 

neutral expectations suggest that directional selection is causing population 

differentiation to increase. Conversely, loci with low FST values exhibiting less 

differentiation than predicted for neutral loci would provide evidence of balancing 

selection.   

 The FST outlier approach implemented in LOSITAN employs an island model of 

population structure and assumes equal migration (i.e. gene flow) between populations, 

an assumption likely violated in our study system. Since the method by which 

populations are defined affects rates of gene flow, estimates of genetic structure, and 

effective population size, we tested for selection using two different methods for 

delineating populations. First, we tested for selection using the 13 populations already 

described. We then grouped populations with high genetic similarity indicative of high 

levels of recent gene flow as described in Epps et al. (2010), and again tested for  
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selection on those combined populations. Combining populations with high gene flow 

into a single population should homogenize levels of between-population gene flow and 

help satisfy the assumptions of the test. The 6 populations delineated in this approach 

were: Clark, Clipper-Marble-South Bristol, Granite-Hackberry-Piute-Providence-Wood, 

Cady, Newberry, Old Dad-Indian Spring (Fig.1). For each test we performed 1,000,000 

iterations using a stepwise mutation model and approximated mean neutral FST  by 

removing potential selected loci (Antao et al. 2008). We allowed LOSITAN to select 

subsample size for each test and computed  99% confidence intervals, outside of which 

loci were considered influenced by natural selection (Luikart et al. 2011).       

 

Comparing genetic structure  

 

Directional or balancing selection should influence genetic structure as well as 

diversity (Keyghobadi 2007; Luikart et al. 2003). We assessed whether population 

pairwise FST values of  adaptive-linked and neutral loci were correlated across study 

populations using a Mantel test (Mantel 1967) implemented with the ECODIST package 

(Goslee and Urban 2007) for R 3.0 (R Development Core Team 2014). High correlation 

would indicate that population differentiation of adaptive-linked and neutral loci are 

similar across the 13 populations and would provide additional evidence that genetic drift 

was the most important force shaping adaptive-linked genetic diversity in this system. 

Alternatively, if adaptive-linked and neutral values were not correlated or differed  
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predictably in magnitude, we could infer effects of balancing (less population 

differentiation) or directional selection (more population differentiation) as well as 

variation in selective pressures across the system. We also tested for differences between 

population pairwise FST values of adaptive-linked and neutral loci using a paired t-test.  

 We also examined whether genetic structure of adaptive-linked and neutral loci 

differed using STRUCTURE 2.3.4 (Pritchard et al. 2000), which employs a Bayesian 

clustering algorithm to assign individuals to a predetermined number of population 

clusters (K). We ran 10 replicates for each value of K between 1 and 9, and set the burn-

in at 500,000 iterations followed by 1,000,000 data iterations. Population sampling 

location was used as a prior and admixture assumed. Adaptive-linked and neutral loci 

were analyzed in separate runs of the program to allow for comparisons between the two 

marker types. We used the Evanno et al. (2005) ∆K method implemented in 

STRUCTURE HARVESTER (Earl and von Holdt 2012) to determine the correct K 

value. Because the STRUCTURE algorithm sometimes only detects primary genetic 

structure, we investigated individual assignments for all K values that were substantially 

higher than surrounding K values, which allowed for examination of possible secondary 

genetic structure. After identifying K values representing primary and secondary 

structure, we used CLUMPP (Jakobsson and Rosenberg 2007) to average individual 

assignment values across replicate runs for each particular value of K. We averaged the 

mean individual assignment values calculated in CLUMPP for each population to 

describe the proportion of each population assigned to the population clusters designated  
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in STRUCTURE. Lastly, we compared K values, mean proportion of populations 

assigned to each population cluster, and the spatial arrangement of population clusters for 

adaptive-linked versus neutral loci to determine whether strong differences were 

detectable and suggestive of directional selection (greater differentiation and higher K 

values) or balancing selection (less differentiation and lower K values). 

 

Modelling genetic diversity  

 

We used multivariate linear regression models to determine whether population 

connectivity and habitat quality, previously shown to shape neutral genetic diversity in 

this system (Epps et al. 2006), also influenced diversity of adaptive-linked loci. We also 

assessed population size and habitat area as potential predictors, since population size 

strongly affects genetic drift (Wright 1931; Hedrick 2011) and habitat area is a common 

proxy for population size (Wahlberg et al. 1996). We generated models for all 

combinations of the four predictors using the R package AICcmodavg 1.33 (Mazerolle 

2012). Models were then ranked according to Akaike’s Information Criterion corrected 

for small sample size (AICc). All models within two AICc units of the top model (lowest 

AICc value) were considered of equal explanatory value (Burnham and Anderson 2002) 

and included as candidate preferred models. To further explore the importance of the four 

predictors relative to one another, we summed AICc weights for each predictor across all  
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models including that predictor (Burnham and Anderson 2002). Relatively important 

predictors had high AICc weight totals. 

We described population connectivity using demographic weighted closeness 

(DWC), a metric developed by Creech et al. (2014) to model connectivity of bighorn 

populations in the Mojave using a network theory approach based on a landscape 

resistance model derived from analysis of neutral genetic structure (Epps et al. 2007). 

That approach used the concept of “effective distance” (McRae and Beier 2007), which 

combines geographic distance and relative habitat resistance, to place network edges 

between populations separated by effective distance less than the estimated maximum 

dispersal distance of female bighorn sheep, which have a shorter dispersal range than 

males. Demographic connectivity among populations (i.e. the potential for recolonization 

of empty patches via dispersal from neighboring patches, Creech et al. 2014) requires 

both sexes (as opposed to genetic connectivity, in which dispersing males transport 

alleles between populations), and is therefore limited by female dispersal but also reflects 

ranges of effective distances at which much male-mediated gene flow occurs. Weighted 

closeness measures how near a patch is to all other network patches along shortest paths, 

accounting for the strengths of the connections between populations. Thus, DWC 

accounts for connections between distant populations along multiple dispersal steps in a 

stepping-stone pattern, and limits connections to effective distances over which both 

females and males can move between populations.  
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We used the Normalized Difference Vegetation Index (NDVI) to estimate long-

term habitat quality for each mountain range supporting a population of bighorn sheep. 

NDVI assesses vegetation greenness, which is calculated from remotely-sensed 

measurements of reflectance in the red and near-infrared portions of the electromagnetic 

spectrum (Jenson 2007). NDVI values for a given region are best interpreted relative to 

values for other locations in the same landscape, with higher values typically indicating 

better foraging habitat quality (Pettorelli et al. 2005). We used NDVI data collected 

during 2000 through 2011 by the Moderate Resolution Imaging Spectroradiometer 

(MODIS) instruments operated by the United States National Aeronautics and Space 

Administration (NASA). The satellites housing the MODIS instrumentation orbit the 

Earth every 1-2 days, providing an image at a 250-m pixel resolution. We used post-

processed, 8-day composite NDVI images from the North American Carbon Program 

(MODIS-for-NACP, http://accweb.nascom.nasa.gov). We summarized NDVI for each 

mountain range by 1) calculating the median of the pixel values within the patch 

boundaries for each 8-day composite image (n=522), and 2) calculating the median of 

those 522 median NDVI values from 2000 through 2011 to approximate long-term 

habitat quality (Creech et al. in prep).   

For the population size predictor, we took the midpoint of categorical population 

size classes presented in Epps et al. (2003). Those size classes were estimated based on 

data from helicopter surveys, non-invasive genetic sampling, minimum counts, remote 

camera images, and mark-recapture studies. We defined population area as the area  
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circumscribed by a contour line around the base of the supporting mountain range where 

contiguous mountain topography changed to low-elevation desert flatlands (Torres et al. 

1994).   

 

Results 

 

Comparing genetic diversity 

 

Pearson’s correlation tests (Table 3) showed mean AR of adaptive-linked and 

neutral loci were highly correlated (r = 0.64, p = 0.02), indicating genetic drift may have 

a similar effect on adaptive-linked and neutral loci. However, paired t-tests (Table 3) 

demonstrated that mean AR was higher for adaptive-linked loci than for neutral loci 

(estimated difference = 0.30 alleles per locus, p = 0.05), as expected for loci under 

balancing selection. The Pearson’s correlation and paired t-tests showed no correlation (r 

= 0.42, p = 0.15) or difference (estimated difference <0.01, p = 0.69) in mean HE of 

adaptive-linked and neutral loci (Table 3). The randomization tests indicated no 

difference between mean AR (p = 0.35) and mean HE (p = 0.18) of the 6 adaptive-linked 

loci compared with the 10,000 combinations of 6 randomly chosen loci from the pool of 

26 adaptive-linked and neutral loci. 

 

Testing for selection 
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 No loci were out of HWE in any of the populations after correcting for multiple 

comparisons, providing no evidence for selection forcing loci out of equilibrium. The FST 

outlier approach implemented in LOSITAN indicated one presumably neutral locus, BL4, 

was possibly under the influence of directional selection (Fig. 3). All adaptive-linked loci 

considered candidates for selection fell within neutral expectations. Results were similar 

for the test on performed on the 6 re-designated populations (Fig. S1).  

 

Comparing genetic structure 

 

Population pairwise FST values of adaptive-linked and neutral loci were highly 

correlated (r = 0.83, p < 0.001) and mean FST values were similar (adaptive-linked = 

0.12; neutral = 0.13), indicating similar patterns of population differentiation for 

adaptive-linked and neutral loci (Fig. 4). However, the paired t-test showed that 

population pairwise FST values were lower (p = 0.001) for adaptive-linked loci compared 

with neutral loci as predicted under balancing selection, although the difference was 

small (95% CI = 0.005-0.02).   

For adaptive-linked loci, the ∆K methodology provided the greatest support for K 

= 2 population clusters, although K = 3 was also highly supported (Figure 5). For neutral 

loci, K = 3 received the most support, but K = 2 was also supported. Because both values 

of K were partly supported, but average maximum Q values (maximum percent 

probability of assignment of an individual to any population cluster) were higher or  
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similar for K = 3 (adaptive = 0.85; neutral= 0.89) versus K = 2 (adaptive= 0.79; neutral= 

0.91), we compared population structure of adaptive-linked and neutral loci at K = 3. 

Population structure was similar both geographically and proportionally in each cluster, 

despite the different numbers of loci in the two data sets (Figure 6), implying that similar 

mechanisms influenced structure of both adaptive-linked and neutral markers. Analyses 

for both loci types identified one cluster primarily located in the central and eastern 

mountain ranges of Mojave National Preserve (Granite-Hackberry-Piute-Providence-

Wood), a second population cluster found mostly south of Interstate 40 (Clipper-Marble-

Newberry-South Bristol), and a third population cluster centered on the Indian Spring and 

Old Dad ranges. The Cady population was not strongly associated with any of the three 

identified clusters, but instead contained a mixture of individuals from several 

populations. The Clark population was grouped with the third population cluster when 

analyzed for the adaptive-linked loci and the first cluster when analyzed for neutral loci. 

However, the Clark population was likely prevented from interacting with other study 

populations due to Interstate 15 (Creech et al. 2014) and is more closely associated with 

populations in Nevada and further north in California (Epps et al. in press).   

 

Modelling genetic diversity 

 

 Multivariate regression analyses showed that only population connectivity 

strongly predicted adaptive-linked and neutral genetic diversity (Table 5, Fig. 7). The  
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connectivity covariate appeared in every candidate regression model and was the sole 

variable in 3 of the 4 top models. In those univariate models, connectivity alone 

accounted for between 57.8% and 78.1% of the observed variation in the genetic data. 

Connectivity was also the dominant explanatory variable when AICc weights were 

summed across models (Table 6), with connectivity present in models accounting for 

over 99% of total model weight for adaptive-linked AR and HE, as well as neutral AR. 

Models containing connectivity accounted for over 93% of total model weight for neutral 

HE. No other predictor variable was present in models accounting for more than 30% of 

the total regression weight for the various diversity metric-marker type combinations, 

except for habitat area in the adaptive-linked AR models. In that case, the high model 

weight sum was due almost entirely to area’s inclusion in a single regression model for 

that model set.  

 

Discussion 

 

The ability of neutral genetic markers to predict adaptive diversity is directly 

related to the relative strength of drift versus selection acting on adaptive loci (Wright 

1931; Hedrick 2011), a topic that has received much attention recently (Alcaide 2010; 

Brandon and Fleming 2014). Some studies conducted in island and stream systems have 

suggested that drift is the primary factor shaping adaptive diversity (e.g. Agudo et al. 

2011; Miller and Lambert 2004; Miller et al. 2010), while others document selection  
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overcoming drift to provide a strong influence (e.g. Aguilar et al. 2004; van Oosterhout et 

al. 2006). In this study of a wide-ranging mammal in a complex landscape, diversity of 

adaptive-linked loci appeared to be predominantly influenced by genetic drift. We also 

confirmed that neutral loci may predict diversity of adaptive-linked loci when drift is the 

primary factor shaping adaptive-linked diversity in a system.  

Mean levels of AR and HE and levels of genetic differentiation for adaptive-linked 

and neutral loci were similar to those reported for mountain sheep elsewhere (e.g. Forbes 

et al. 1995; Gutierrez-Espeleta et al. 2001; Luikart et al. 2011; Worley et al. 2006), 

although differences in geographic scale and sampling make direct comparisons difficult. 

As expected in a system dominated by genetic drift (Miller et al. 2010), mean AR of 

adaptive-linked and neutral loci were highly correlated (Table 3). However, mean AR of 

adaptive-linked loci was slightly higher than neutral AR, possibly suggesting that weak 

balancing selection is acting on adaptive-linked loci to slow the loss of alleles due to 

drift. Differences in AR also were not consistent among populations (Fig. 2), which could 

indicate differential selective pressure across the study area (Hansen et al. 2007; Miller et 

al. 2001). The lack of difference between mean HE of adaptive-linked and neutral loci is 

not surprising, as drift is expected to erode AR more quickly than HE in small populations 

(Allendorf 1986), making AR more sensitive to disruptions in population connectivity that 

have occurred in this system over the last 40-80 years (Epps et al. 2005). Collectively, 

however, genetic diversity of adaptive-linked and neutral loci appear to be quite similar, 

as indicated by the randomization test. 
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Genetic differentiation of adaptive-linked and neutral loci were very similar in 

this system (Fig. 4), providing evidence that neutral processes are the primary influence 

on adaptive-linked loci (Luikart et al. 2011). However, slightly lower adaptive-linked FST 

values may indicate the presence of weak balancing selection in the system. The 

STRUCTURE analysis also showed that genetic structure at adaptive-linked and neutral 

loci was similar, again emphasizing the prominent role of drift in this system. However, 

as with our other analyses, we saw suggestion of low-levels of balancing selection. The 

∆K population cluster selection methodology provided slightly more support for a lower 

number of adaptive-linked population clusters (K = 2) than neutral loci (K = 3, Fig. 5), 

indicating less genetic structure, which is consistent with expectations for balancing 

selection but also possibly influenced by the smaller number of adaptive-linked loci. 

Contrary to our expectations, based on outlier FST analysis, we found no direct 

evidence of directional or balancing selection acting on any of the 6 individual adaptive-

linked microsatellite loci (Fig. 3). One of the 20 putatively neutral loci, BL4, appears to 

be affected by directional selection, presumably due to association with an unknown 

gene. Failure to detect selection at the immune-linked loci could indicate the absence of 

selective pressure on these particular loci, that genetic drift in these small populations is 

masking whatever selection is present (Boyce et al. 1997), or that migration rates 

between populations are high enough to negate localized selection (King and Lawson 

1995). Bighorn sheep likely have been exposed to a variety of diseases in this system 

(CDFW unpublished data; Deforge et al. 1982; Mullens and Dada 1992; Wehausen 1992,  
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1998), making it unlikely that there was no potential for disease-related selection in the 

study area. Since the adaptive-linked loci were chosen from published ovine 

immunogenetics studies and cover a variety of immune functions, it is also unlikely that a 

lack of detectable selection is simply due to the specific loci used in the study.  

Although we expected pathogens could provide detectable levels of selection on 

immune-associated markers in this system given the strong influence of disease on 

bighorn sheep populations elsewhere, other research suggests that very strong selection 

may be required to overcome drift in small populations. In the Trinidadian guppy system 

mentioned previously, van Oosterhout et al. (2006) observed selection overcoming drift 

at a selection coefficient (s) greater than 0.20. Similarly, adaptive immune diversity in the 

San Nicholas Island fox was maintained at s > 0.50 (Aguilar et al. 2004). Additionally, 

selective pressure may vary over time, and detecting selection for a given time interval is 

not always possible, even if selection is periodically present in the system (Hedrick and 

Kim 2000). Satta et al. (1994) reported that selection coefficients for MHC genes, which 

display strong evidence of balancing selection both within species and across taxa 

(Hedrick 1994), are quite small and range from 0.007 to 0.04, although selection 

coefficients for the other immune-linked genes used in our study have not been well 

described.  

Some studies of wild sheep populations have successfully used gene sequence 

data to detect selection when microsatellite data failed to detect selection in the same 

individual animals and study area (e.g. Gutierrez-Espeleta et al. 2001; Worley et al. 2006;  
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but see Boyce et al. 1997). However, comparisons of sequence and microsatellite data are 

complicated by differences in mutation rates (Bhargava and Fuentes 2010; Gutierrez-

Espeleta et al. 2001) and the possibility that sequence variation reflects patterns of 

historic rather than contemporary selection (Worley et al. 2006). We used linked 

microsatellites, rather than sequence data, in order to make more direct comparisons with 

existing neutral microsatellite data for this system and time period. While low levels of 

selection are difficult to detect using microsatellite data and outlier tests (Beaumont and 

Balding 2004; Worley et al. 2006; but see Luikart et al. 2011), and we did not detect 

selection on individual adaptive-linked loci using the outlier FST test, we drew inference 

from other analyses as well. Across most analyses we performed, we noted that 

differences between the groups of 6 adaptive-linked and 20 neutral loci were consistent 

with balancing selection: adaptive-linked loci had higher allelic richness and expected 

heterozygosity (Table 3), as well as slightly less genetic structure as inferred both from 

pairwise FST values (Fig. 4) and STRUCTURE assignments (Fig. 6). Taken collectively, 

these patterns suggest that, while genetic drift is the principle process shaping adaptive-

linked diversity in this system, the influence of balancing selection can also be discerned. 

 Among the population and environmental variables, population connectivity was 

the primary factor shaping adaptive-linked genetic diversity in this system. Population 

connectivity also predicted neutral genetic diversity, as observed by Epps et al. (2006) 

over a larger study area with more populations and fewer loci. However, where that study 

indicated that habitat quality, assessed using population elevation, was positively  
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correlated with neutral diversity, we found no such relationship with adaptive-linked or 

neutral diversity for our subset of populations, perhaps because our study area 

encompassed a smaller elevation range. High levels of environmental stochasticity in the 

Mojave Desert may help explain the relative importance of population connectivity in 

shaping adaptive-linked diversity in the system. Precipitation, and consequently forage 

availability, vary widely from year to year in the region, which in turn leads to large 

fluctuations in population size and frequently causes local population extinctions (Epps et 

al. 2004), especially in low-elevation mountain ranges with poor habitat quality (Epps et 

al. 2006). Thus, the ability to recolonize empty habitat and then maintain gene flow with 

other neighboring populations may play a larger role in shaping genetic diversity than 

ephemeral differences in habitat or the size of the population that habitat supports. This 

idea is also supported in a comparison of the univariate regressions of adaptive AR and HE 

on connectivity (Fig. 7). Allelic richness displayed a stronger relationship with 

connectivity than did HE, which is expected since AR is more sensitive to the bottlenecks 

(Leberg 2002) and genetic drift (Allendorf 1986) that occur when localized extinctions 

and recolonizations are common.  

In this study we demonstrated that neutral genetic markers can predict adaptive-

linked genetic diversity in large, complex landscapes and that population connectivity 

strongly influences adaptive-linked genetic diversity for a wide-ranging mammal. The 

correlation of adaptive-linked and neutral diversity on this large, complex landscape 

supports the negative implications of the numerous studies that have found declines in  
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neutral diversity caused by habitat loss and fragmentation (Keyghobadi 2007). If patterns 

of adaptive diversity follow those of neutral loci in other systems, as they do here, loss of 

population connectivity may be drastically reducing fitness (Westemeier et al. 1998) and 

future evolutionary potential for a variety of species (Frankham 2005). In the Mojave 

Desert, solar energy development (Bureau of Land Management 2012) threatens to 

further decrease bighorn sheep population connectivity in the future (Lovich and Ennen 

2011). In a metapopulation system with high levels of population turnover, disruption of 

connectivity between even one or two of these populations could affect the entire 

network of populations (Creech et al. 2014). If the ability of bighorn sheep to adapt to 

environmental change and resist future disease challenges is to be preserved, population 

connectivity must be maintained in this system. 
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Table 1  Genetic, population, and habitat characteristics of 13 populations of desert bighorn sheep; AR, mean corrected allelic richness; HE, mean expected 

heterozygosity; FST, mean population differentiation; connectivity, demographic weighted closeness; habitat, normalized difference vegetation index; size, 

estimated population size; area, area of mountain range 

   Adaptive-linked loci Neutral loci  Predictor variables 

Population 
Genetic 

samples 
AR HE FST AR HE FST Connectivity Habitat Size Area 

CK Clark 12 4.19 0.70 0.13 3.68 0.59 0.14 18.64 0.17 38 200 

CL Clipper 16 3.87 0.62 0.08 3.66 0.63 0.12 5.47 0.15 38 113 

GR Granite 19 4.59 0.65 0.08 4.21 0.65 0.09 27.95 0.17 38 129 

HA Hackberry 13 4.17 0.65 0.08 3.43 0.59 0.12 22.27 0.19 19 26 

KD Cady 11 4.57 0.69 0.11 3.90 0.63 0.12 21.43 0.12 38 400 

MA Marble 29 3.78 0.55 0.11 3.88 0.63 0.11 7.46 0.14 125 79 

NE Newberry 11 2.65 0.43 0.20 2.58 0.47 0.20 0.00 0.14 38 409 

OD Old Dad 25 4.12 0.65 0.11 3.30 0.58 0.14 11.50 0.14 250 79 

OE Indian Spring 12 3.83 0.62 0.15 3.28 0.49 0.16 11.50 0.15 38 68 

PI Piute 13 4.61 0.65 0.08 4.02 0.65 0.10 22.49 0.18 75 118 

PR Providence 20 4.66 0.64 0.09 3.93 0.65 0.10 27.36 0.20 75 230 

SB South Bristol 11 2.95 0.54 0.11 3.62 0.61 0.12 5.71 0.12 75 68 

WO Wood 10 3.42 0.52 0.10 3.97 0.64 0.10 22.27 0.20 19 21 

 

 

 

 

 

 



 

 

 

 

 
Table 2 Associated immune function of 6 adaptive-linked microsatellite loci used to characterize 

adaptive genetic diversity for desert bighorn sheep in the Mojave Desert of California 

Locus Associated immune function Reference 

ADCYAP1 

 

Combats helminthes and other extracellular parasites via 

regulation of helper T- cell cytokines  

Luikart et al. 2008, 

2011  

DRBps Encodes major histocompatibility complex (MHC) class II 

glycoproteins which detect and present foreign antigens to 

helper T-cells, enhancing immune response  

Luikart et al. 2011, 

Paterson 1998, Worley 

et al. 2006 

KP6 Produces the protein interferon gamma which enhances the 

activity of natural killer and cytotoxic T-cells   

Crawford and 

McEwen 1998, 

Worley et al. 2006 

MHC1 Encodes MHC class I glycoproteins which detect and present 

foreign antigens (particularly viruses) to cytotoxic T-cells 

Paterson 1998, Worley 

et al. 2006 

MMP9 Tissue repair following infection or damage, including lung 

tissue   

Luikart et al. 2008, 

2011  

RAO1 Encode natural resistance macrophage proteins which 

activate macrophages to interfere with viral replication 

Worley et al. 2006 
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Table 3  Correlation and difference of mean adaptive-linked (6 loci) and neutral (20 loci) diversity for 13 desert 

bighorn sheep populations. AR, allelic richness; HE, expected heterozygosity; r, correlation coefficient; Estimated 

difference, adaptive-linked loci relative to neutral loci; CI, confidence interval (lower bound and upper bound); 

p, significance of test F-statistic 

Test Diversity 

metric 

r Estimated 

difference 

95% CI 

 

p 

Correlation  

    (Pearson) 

AR 0.640 NA 0.137-0.880 0.019 

HE 0.422 NA -0.168-0.790 0.151 

Difference  

    (paired t-test) 

AR NA +0.302 0.006-0.599 0.046 

HE NA +0.009 -0.037-0.054 0.688 



 

 

Table 4 Population cluster (K) assignment proportions for 6 adaptive-linked and 20 neutral microsatellite loci in 13 populations of desert bighorn sheep in the 

Mojave Desert of California 
Population K = 2 K = 3 

 Adaptive-linked loci Neutral loci Adaptive-linked loci Neutral loci  

 Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3 

CK Clark 0.297 0.703 0.305 0.695 0.020 0.301 0.680 0.731 0.050 0.219 

CL Clipper 0.772 0.228 0.003 0.997 0.021 0.778 0.201 0.027 0.967 0.005 

GR Granite 0.209 0.791 0.245 0.755 0.794 0.018 0.188 0.722 0.032 0.257 

HA Hackberry 0.258 0.742 0.007 0.993 0.960 0.014 0.026 0.992 0.004 0.004 

KD Cady 0.545 0.455 0.539 0.461 0.121 0.537 0.342 0.019 0.398 0.583 

MA Marble 0.988 0.012 0.001 0.999 0.030 0.958 0.012 0.005 0.992 0.003 

NE Newberry 0.993 0.007 0.002 0.998 0.010 0.987 0.003 0.199 0.798 0.002 

OD Old Dad 0.018 0.982 0.998 0.002 0.025 0.011 0.965 0.002 0.001 0.996 

OE Indian Spring 0.010 0.990 0.997 0.003 0.023 0.007 0.971 0.004 0.003 0.993 

PI Piute 0.423 0.577 0.022 0.978 0.538 0.269 0.194 0.824 0.165 0.011 

PR Providence 0.381 0.619 0.004 0.996 0.943 0.049 0.008 0.978 0.019 0.003 

SB South Bristol 0.981 0.019 0.008 0.992 0.012 0.977 0.011 0.013 0.969 0.018 

WO Wood 0.432 0.568 0.072 0.928 0.936 0.051 0.013 0.978 0.007 0.015 
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Table 5  Multivariate regression models of factors predicting adaptive-linked and neutral genetic diversity for 13 populations of desert bighorn sheep in the 

Mojave Desert, California. Models are ordered according to Akaike’s Information Criterion, corrected for small sample size (AICc); included are all models 

with AICc weights > 0.01; candidate models (shown in bold) include all models within 2 AICc units of the preferred model (considered to be of equal 

explanatory power); AR, allelic richness; HE, expected heterozygosity; Adjusted R2, model fit; K, number of predictor variables +2; connectivity, demographic 

weighted closeness; area, area of mountain range; size, estimated population size; habitat, normalized difference vegetation index 

 

Response 

Variable 

Marker Type Model K ∆AICc AICc  weight Adjusted R2 

AR Adaptive connectivity + area 4 0.000 0.619 0.781 

  connectivity 3 2.382 0.188 0.667 

  size + connectivity + area 5 4.205 0.076 0.781 

  size + connectivity 4 5.042 0.050 0.678 

  connectivity + habitat + area 5 5.569 0.038 0.757 

  connectivity + habitat 4 6.488 0.024 0.640 

 Neutral connectivity 3 0.000 0.699 0.621 

  connectivity + habitat 4 3.860 0.101 0.598 

  size + connectivity 4 4.031 0.093 0.593 

  connectivity + area 4 4.232 0.084 0.587 

HE Adaptive connectivity 3 0.000 0.431 0.578 

  connectivity + area 4 1.251 0.231 0.540 

  connectivity + habitat 4 1.683 0.186 0.602 4
2
 



 

 

 

 

       

  size + connectivity 4 3.568 0.072 0.620 

  connectivity + habitat + area 5 4.820 0.039 0.558 

  size + connectivity + area 5 5.694 0.025 0.595 

  size + connectivity + habitat 5 7.107 0.012 0.618 

 Neutral connectivity 3 0.000 0.657 0.621 

  size + connectivity 4 3.642 0.106 0.593 

  connectivity + area 4 4.259 0.078 0.587 

  connectivity + habitat 4 4.274 0.077 0.598 

  habitat 3 6.534 0.025 0.014 

  area 3 7.570 0.015 -0.051 

  size 3 7.737 0.014 -0.091 
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Table 5 (continued) 



 

 

 

 

 

Table 6  Sum of AICc weights by individual predictor variable for all possible regression models of 

adaptive-linked and neutral genetic diversity for 13 populations of desert bighorn sheep; the model weight 

associated with an individual model was added to the total AICc weight value for all predictor variables. AR, 

allelic richness; HE, expected heterozygosity; connectivity, demographic weighted closeness; area, area of 

mountain range; size, estimated population size; habitat, normalized difference vegetation index   

Response   

  Variable 

Marker Type Connectivity Area Size Habitat 

AR Adaptive 0.999 0.735 0.131 0.068 

 Neutral 0.997 0.098 0.107 0.116 

HE Adaptive 0.997 0.296 0.112 0.239 

 Neutral 0.937 0.110 0.140 0.122 
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Fig. 1 Study area including location of 13 sampled desert bighorn sheep populations, 

movement barriers, and Mojave National Preserve boundaries. Populations include Cady 

(KD), Clark (CK), Clipper (CL), Granite (GR), Hackberry (HA), Indian Spring (OE), 

Marble (MA), Newberry (NE), Old Dad (OD), Piute (PI), Providence (PR), South Bristol 

(SB), and Wood (WO). Additional bighorn sheep populations exist outside our study area 

and are not shown 
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Fig. 2  Correlation and difference of mean allelic richness (a) and expected heterozygosity (b) for 6 adaptive-linked and 20 neutral 

loci in 13 bighorn sheep populations. Although overall adaptive-linked AR closely tracks neutral AR (r = 0.64) and is generally 

higher (mean difference = +0.30 alleles per locus), the differences between AR of the two loci types varies across populations. 

Adaptive-linked HE does not track neutral HE closely (r = 0.42), except in the most genetically diverse populations and mean 

difference between the loci types is very small (< 0.01)   

 

 

 

 

(a) (b) 
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Fig. 3  LOSITAN outlier FST test for natural selection on 6 adaptive-linked and 20 neutral loci for 13 bighorn sheep populations. 

Loci located in the area shaded gray are within the 99% confidence interval for neutrality, while loci in the red and yellow areas 

may have experienced directional or balancing selection, respectively. The 6 adaptive-linked loci are labeled, as well as on 

putatively neutral locus (BL4) which displayed evidence of directional selection    
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Fig. 4 Population pairwise FST values from 6 adaptive-linked and 20 neutral for 13 

populations of desert bighorn sheep
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Fig. 5 ∆K estimates for cluster numbers (K) based on STRUCTURE analysis of adaptive-

linked (a) and neutral (b) microsatellite loci for 13 populations of desert bighorn sheep 

(a) 

(b) 
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Fig. 6  Genetic structure of 13 bighorn sheep populations based on 6 adaptive-linked and 20 neutral microsatellite loci for K 

= 3 population clusters 
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Fig. 7  Univariate regression of allelic richness (a) and expected heterozygosity (b) on population connectivity for 6 adaptive-linked 

microsatellite loci for 13 populations of desert bighorn sheep 

 

 

 

 

 

 

(a) (b) 

5
1
 



 

 

 
 

 

Supporting Information   

 

Genotyping methods 

 

We used polymerase chain reaction (PCR) to amplify 6 presumably neutral 

microsatellite loci and 6 loci linked to adaptive genes in the Ovis immune system (Table 

S1). We conducted amplifications in 10-µL multiplexed reactions using Qiagen 

Multiplex PCR (Qiagen, Valencia, CA, USA). Each reaction contained 5 µL of Qiagen 

Master Mix solution, 3 µL of H2O, 0.5 µL of 10 mg/mL bovine serum albumin (New 

England Biolabs, Ipswich, MA, USA), 0.5 µL of template DNA, and 1 µL of primer 

solution. We adjusted concentration of the primer solution based on the amplification 

characteristics of individual loci and divided the 12 loci among 4 separate PCR reactions 

to maximize amplification success (Table S1). The PCRs were conducted using Bio-Rad 

C1000 and My Cycler thermal cyclers (Bio-Rad Laboratories, Hercules, CA, USA). The 

PCR profiles consisted of 35 cycles of 30 sec at 95 °C, 90 sec at the appropriate 

annealing temperature (Table S1), and 60 sec at 72 °C. The cycling was preceded by 15 

min at 95 °C and terminated with 30 min at 60 °C. Amplification products were then 

diluted, cleaned with an ethanol precipitation, and analyzed on a 3730 DNA analyzer 

(Life Technologies, Grand Island, NY, USA).   
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We used GeneMapper 4.1 software (Life Technologies, Grand Island, NY, USA) 

to analyze genotypes. Homozygous genotypes were considered confirmed if the allele 

was observed in three or more amplifications without any accompanying alleles. 

Heterozygote genotypes were considered confirmed when each allele had been observed 

at least twice. Each sample was amplified a minimum of 3 times for each locus. If 

discrepancies occurred (e.g. two PCRs for a given sample indicate a heterozygous 

genotype with alleles A and B but a third PCR for the same sample returns alleles A and 

C) additional PCRs were performed until the true genotype of the sample became 

obvious. 
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Table S1  Loci amplification conditions for 12 dinucleotide microsatellite loci used to assess adaptive and neutral genetic diversity for 13 populations of 

desert bighorn sheep 

PCR 

Number 

Locus 

Marker 

Type 

Annealing 

Temperature 

(°C) 

Primer 

Concentration 

(mM) 

Number 

of 

Alleles 

Allele size 

range 

Citation 

1 FCB193 Neutral 61 2.0 6 105 - 117 Buchanan and Crawford (1993) 

1 DRBps Adaptive 61 2.0 11 239 - 269 Blattman and Beh (1992) 

1 TCRBV62 Neutral 61 2.0 7 169 - 191 Crawford et al. (1995) 

1 MHC1 Adaptive 61 2.0 5 187 - 195 Groth and Wetherall (1994) 

2 JMP29 Neutral 56 1.5 8 129 - 145 Crawford et al. (1995) 

2 TGLA387 Neutral 56 1.5 6 141 - 153 Georges and Massey (1992) 

2 AE129 Neutral 56 2.0 10 167 - 189 Pentry et al. (1993) 

2 MMP9 Adaptive 56 2.0 8 180 - 196 Maddox (2001) 

3 RAO1 Adaptive 57 1.5 6 230 - 240 Pitel at al. (1996) 

3 BL4 Neutral 57 1.5 4 156 - 164 Smith et al. (1997) 

4 ADCYAP1 Adaptive 57 1.5 5  95 - 107 Wood (1993) 

4 KP6 Adaptive 57 1.5 10 195 - 213 Paterson and Crawford (2000) 

 
 

5
4
 



 

 

 

 

 

 

Table S2 Diversity and differentiation of adaptive-linked and neutral loci for 13 bighorn sheep 
populations. AR, mean allelic richness; HE, mean expected heterozygosity; FST, population differentiation 

Data set Marker      AR         HE FST 

Range Mean Range Mean 

Adaptive 

loci (this 

study) 

ADCYAP1 1.00 - 3.00 2.00 0.00 - 0.59 0.25 0.18 

DRBps 3.00 - 7.38 5.45 0.66 - 0.85 0.78 0.10 

KP6 1.97 - 6.03 4.13 0.17 - 0.82 0.62 0.11 

MHC1 3.00 - 4.90 4.12 0.62 - 0.79 0.70 0.07 

MMP9 2.97 - 6.49 4.51 0.39 - 0.82 0.67 0.17 

 RAO1 2.75 - 4.14 3.52 0.41 - 0.71 0.64 0.11 

 All adaptive  1.00 - 7.38 3.95 0.00 - 0.85 0.61 0.12 

Neutral loci 

(this study) 

AE129 3.00 - 6.80 5.45 0.59 - 0.86 0.77 0.12 

BL4 1.00 - 3.82 2.89 0.00 - 0.69 0.47 0.30 

FCB193 2.00 - 4.97 3.50 0.28 - 0.81 0.60 0.14 

JMP29 2.00 - 6.84 3.92 0.41 - 0.87 0.64 0.10 

 TCRBV62 2.00 - 4.82 3.57 0.44 - 0.76 0.65 0.10 

 TGLA387 2.97 - 4.64 3.83 0.43 - 0.70 0.61 0.11 

Neutral loci 

(Epps et. al 

2005) 

FCB304 2.00 - 3.98 2.87 0.37 - 0.70 0.54 0.05 

FCB266 1.75 - 4.15 2.98 0.08 - 0.71 0.50 0.07 

MAF65 3.00 - 5.80 4.23 0.62 - 0.78 0.70 0.08 

AE16 2.84 - 4.97 4.02 0.52 - 0.79 0.65 0.10 

 MAF33 2.00 - 3.00 2.90 0.25 - 0.68 0.57 0.15 

 CP20 2.00 - 6.43 4.46 0.31 - 0.83 0.70 0.09 

 FCB128 1.00 - 2.00 1.68 0.00 - 0.51 0.24 0.19 

 MAF36 1.75 - 3.06 2.70 0.08 - 0.65 0.44 0.12 
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 MAF48 2.00 - 4.97 3.83 0.25 - 0.81 0.63 0.14 

 

 

 

D5S2 2.74 - 6.27 4.60 0.30 - 0.81 0.69 0.13 

 FCB11 2.00 - 3.21 2.77 0.15 - 0.66 0.51 0.18 

 Hh47 2.00 - 5.58 4.40 0.25 - 0.83 0.70 0.17 

 MAF209 1.95 - 4.69 3.70 0.16 - 0.78 0.61 0.20 

 HH62 3.61 - 5.82 4.74 0.53 - 0.83 0.73 0.12 

 All neutral  1.00 - 6.84 3.65 0.00 - 0.87 0.60 0.13 

56 Table S2 (continued) 



 

 

 
 

 
 

Fig. S1 LOSITAN outlier FST test for natural selection on 6 adaptive-linked and 20 neutral loci for 6 groups of bighorn sheep 

populations in the Mojave Desert of California, combined on the basis of high gene flow among group members. Loci located in 

the area shaded gray are within the 99% confidence interval for neutrality, while loci in the red and yellow areas may have 

experienced directional or balancing selection, respectively. The 6 adaptive-linked loci are labeled, as well as a putatively 

neutral locus (BL4) which displayed evidence of directional selection    
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Fig. S2  Genetic structure of 13 bighorn sheep populations based on adaptive-linked and neutral microsatellite loci for K = 2 

population clusters 
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