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ABSTRACT 

GENETIC DIVERSITY AND POPULATION STRUCTURE OF 

THE TEXAS TORTOISE (GOPHERUS BERLAND/ERi): 

IMPLI_CATIONS FOR CONSERVATION 

by 

Akiko Fujii, B.S. 

Texas State University-San Marcos 

December 2008 

SUPERVISING PROFESSOR: MICHAEL R. J. FORSTNER 

The Texas tortoise ( Gopherns berlandieri) is a state threatened species in Texas. 

Expanding agricultural practices and urban development are major causes of habitat 

degradation for G. berlandieri. In order to provide genetic data that can inform 

conservation planning for this species, genetic variation, population structure and its 

underlying processes were examined in the U.S. populations of G. berlandieri. An a 

priori hypothesis for geographic pattern in its population structure as shaped by the 

Nueces River basin was tested. A total of 127 individuals representing nine sampling 

areas were genotyped for 11 microsatellite loci. Assignment tests, F-statistics, and 
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analysis of molecular variance (AMOV A) indicate that G. berlandieri forms weak 

population differentiation into northern and southern populations with a boundary at 

southern Duval County. A test of isolation by distance and indirect estimation of Nm 

suggest recent gene flow between two populations. Estimation of the extent of recent 

migration appears to be complicated by human translocation of the tortoises. A lack of 

concordance between the detected population structure boundary and the Nueces River 

basin did not support the a priori hypothesis. Gopherus berlandieri is weakly 

differentiated due to ongoing migration as evidenced by a pattern of isolation by distance. 

Given the limited population structure and continuous habitat degradation, designation of 

two management units may not be warranted. Conservation efforts rather should 

emphasize connectivity between the populations to maintain genetic diversity in both 

PC?Pulations. 
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CHAPTER I 

INTRODUCTION 

The Texas tortoise, Gopherus berlandieri (Agassiz 1857), is endemic to the 

Tamaulipan thorn scrub ecosystem occurring in southern Texas and northeastern Mexico 

(Rose and Judd 1982; Rose and Judd 1989). Gopherus berlandieri is listed as a 

threatened species in Texas (Rose and Judd 1982) and internationally under CITES II 

(Groombridge 1982). Recent agricultural expansion and development of human 

infrastructure have substantially reduced habitat for the tortoise and jeopardized the 

continued existence of this species. Unsuitable land practices for the tortoise such as road 

construction, deer fencing, intensive grazing, and the introduction of exotic buffelgrass 

(Pennisetum ciliare) disturb tortoise movement, exacerbate vehicle mortality, and create 

population fragmentation (Judd and Rose 2000; Kazmaier et al. 2001a; Kazmaier et al. 

2001b). In addition, upper respiratory tract disease (URTD) has been reported with 

increasing frequency in G. berlandieri (Judd and Rose 2000). Gopherus berlandieri has 

not yet been considered a species of immediate concern; however, the severity of 

anthropogenic impacts on this species remains apparent. 

Despite the current threats to G. berlandieri and continuing habitat deterioration, 

this species remains the only member of the genus Gopherus without a conservation plan. 

Other species of Gopherus (the desert tortoise, G. agassizii, the gopher tortoise, G. 
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polyphemus, and the Bolson tortoise, G.flavomarginatus) all receive federal protection 

that promotes research and management actions. Substantial time and monetary 

investments are required to initiate conservation programs as illustrated by the recovery 

plans for G. agassizii and G.polyphemus (USFWS 1990; USFWS 1994; USFWS 2008). 

Furthermore, conservation of testudine species is confounded by life history traits which 

are typical oflong-lived organisms (Klemens 2002). Slow sexual maturation, low 

recruitment, and high juvenile mortality (Bury and Smith 1986; Congdon et al. 1993) 

account for slow responses to conservation measures (Congdon et al. 1993; Gibbs and 

Amato 2000). Delay in initiating active planning will negatively affect the efficacy of 

conservation efforts and consequently the probability of recovery (Gibbs and Amato 

2000). In order to develop a sound management plan for G. berlandieri, it is important to 

obtain greater understanding of this species, including knowledge of the geographic 

distribution of genetic variation. 

One of the principal goals of species conservation is maintenance of intraspecific 

genetic diversity that seeks to preserve the evolutionary potential of the species (Vogler 

and DeSalle 1994; Frankham 1996; Frankham et al. 2002; Funk et al. 2002). Small 

populations tend to suffer from decreasing genetic diversity with increasing genetic drift; 

hence, these populations have reduced ability to cope with environmental changes 

(Franklin 1980; Frankel and Soule 1981; Frankham et al. 2002). Assessment of genetic 

diversity therefore can provide an estimate of the future viability of the species. 

Identifying the major evolutionary segments and their underlying processes are 

important considerations when prioritizing populations for conservation (A vise 1989; 

Moritz 1999; Moritz 2002). Molecular population genetics and phylogeography have 



3 

been widely applied to threatened and endangered testudine species ( e.g. Fitzsimmons et 

al. 1995; Caccone et al. 2002; Cunningham et al. 2002; Engstrom et al. 2002; 

Beheregaray et al. 2003; Leuteritz et al. 2005). Many of these studies documented the 

geographic structure in genetic diversity and assessed implications for conservation ( e.g. 

Lenk et al. 1999; Walker and A vise 1998; Engstrom et al. 2002; Souza et al. 2002; Fritz 

et al. 2005). Studies of G. agassizii in the Mojave Desert employed multiple molecular 

markers and unveiled fme-scale geographic population structure which was shaped by the 

Colorado River and mountainous landscape (Lamb et al. 1989; Rainboth et al. 1989; 

Britten et al. 1997). Gopherus polyphemus also displayed genetic assemblages that were 

historically isolated by the Apalachicola River basin (Osentoski and Lamb 1995). These 

studies suggest that distinctive populations can be genetically identified and assigned as 

important segments for protection. 

Managing groups of individuals that share a common evolutionary history 

(Volger and DeSalle 1994) is a basic principle of evolutionary significant units (ESUs) 

(Moritz 1994; Volger and DeSalle 1994; Waples 1995) or management units (MUs) 

within an ESU (Moritz 1994; Moritz 2002). Genetic delineation ofESUs or MUs has 

been performed in several testudine species (e.g. Britten et al. 1997; Mockford et al. 

2007; Murphy et al. 2007; Paquette et al. 2007). For instance, MUs of the Mojave 

populations of G. agassizii were genetically assessed and confirmed in relation to the 

recovery units that were originally described based on morphological, behavioral, and 

ecological characteristics (USFWS 1994; Britten et al. 1997; Murphy et al. 2007). 

Although sole reliance on molecular data is not recommended in defining conservation 



units (Murphy et al. 2007), it is a vital tool for species such as G. berlandieri whose 

underlying population structure has never been studied. 
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Genetic diversity within G. berlandieri and its possible relationship to local 

geographic history has never been examined. Because few studies have been conducted 

to investigate biogeographic events in southern Texas, little evidence is available to infer 

the history of G. berlandieri. Investigating genetic diversity and population structure in 

relation to landscape features might provide further data that will enhance conservation 

efforts for this species. Herein, the objectives of this study are to assess genetic variation, 

population structure, and the processes that would explain the observed pattern of 

population structure in G. berlandieri within the U.S. portion of the species' range. An a 

priori geographic pattern of genetic structure is hypothesized to occur at a river bisecting 

its distribution in Texas. The Nueces River Basin, a major drainage system in Texas, 

bisects southern Texas in a northwest to southeast orientation. The Nueces River 

probably maintained a wider flow during the late Pleistocene than it does at present 

(Asian and Blum 1999). Therefore, this river could have served as a geographic barrier to 

dispersal and limited gene flow in G. berlandieri, isolating its populations to the north 

and south of the river. Investigating gene flow relative to this geographic feature may 

provide insight into the extent and nature of dispersal for these tortoises. The use of 

genetic information in helping to guide future management options for this species is also 

discussed. 



CHAPTER II 

METHODS 

Sample collection 

Blood samples were collected from live tortoises at nine areas in southern Texas: 

San Antonio, Frio County, eastern Zavala County, western Zavala County, Chaparral 

Wildlife Management Area (CWMA), Duval County, upper Rio Grande Valley (RGV), 

Starr County, and Brownsville (Fig. 1 ). A small aliquot ~f blood(~ 1 ml) was drawn from 

the femoral vein and placed into blood storage buffer (100 mM Tris, 100 mM EDTA, 

2 % SOS). Muscle tissues were also collected from dead tortoises found killed by 

automobiles on roads. Muscle tissue was cut from the least exposed area of the carcasses 

and placed into 95 % ethanol. A total of 144 individuals were collected across the nine 

sampling areas. 
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FIGURE 1. The U.S. species range of the Texas tortoise (Gopherus berlandieri) in 
southern Texas and the sampling areas within which the tortoises were collected for the 
study. The map shows southern Texas with the major highways (interstate highways I-35, 
I-37, and state highway 16) and the major rivers (Nueces River and Frio River). Circles 
represent the approximate centers of the nine sampling areas: San Antonio, Frio County, 
eastern Zavala County, western Zavala County, Chaparral Wildlife Management Area 
(CWMA) located in Dimmit and La Salle County, Duval County, upper RGV (Rio 
Grande Valley) in Jim Hogg, Hidalgo, and Brooks County, Starr County, and 
Brownsville. The shaded area represents the Nueces River basin. 
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Microsatellzte genotyping 

Total genomic DNA was extracted from blood and muscle samples using 

QIAGEN DNeasy Blood & Tissue Kit according to the manufacture's instruction. Each 

individual was genotyped at 16 microsatellite loci (Goag3, Goag4, Goag5, Goag6, Goag7, 

Goag32, GP15, GP19, GP26, GP30, GPSS, GP61, GP81, GP96, GP102, and Cm58). 

Primers for Goag, GP and Cm were previously characterized for Gopherus agassizi, 

Gopherus polyphemus and Chelonia mydas by Edwards et al. (2003), Schwartz et al. 

(2003), and FitzSimmons et al. (1995) respectively. The polymerase chain reaction (PCR) 

amplification was carried out in two multiplex reactions for each locus with the PCR 

conditions described in Edwards et al. (2004) and Murphy et al. (2007). Fragment 

analysis was conducted on ABI Prism 3730 DNA Analyzer (PE Biosystems). 

Statistical analyses 

Among successfully amplified loci, those showing two or more alleles were used 

for analyses. Individuals for which fewer than three loci amplified were eliminated from 

the analyses. 

Because natural population boundaries were not clearly defined for G. berlandieri, 

clustering analyses were carried out before estimating standard population parameters 

that requires a priori knowledge of population boundaries. Assignment of individuals to 

populations was performed using two clustering methods. First, the number of genetic 

clusters (K) was estimated using STRUCTURE 2.2 (Pritchard et al. 2000). STRUCTURE 

is a clustering software program based on a Bayesian approach with the Markov Chain 

Monte Carlo (MCMC) estimation. Because shared ancestry was expected in G. 
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berlandieri, the admixture model with correlated allele frequency was used. A range of 

populations (K) from one to seven was tested 10 times with 5 x 105 iterations and 5 x 104 

burn-in at each K. The number of clusters (K) with the highest mean log-likelihood was 

selected as the best description of population structure. Second, a spatial Bayesian 

clustering program, GENELAND 3.1.2 (Guillot et al. 2008), was used to incorporate 

geographic locations of samples in inferring the number of genetic clusters. The number 

of clusters (K) was varied between one to five, using the maximum rate of Poisson 

process at 100, the maximum number of nuclei at 300, and the Dirichlet model for allele 

frequency with 5 x 105 MCMC iterations and 100 thinning. This process was replicated 

five times to assess the consistency of the modal K. The same operation was carried out 

at the fixed K inferred by the first part of GENELAND analysis with 104 iterations and 10 

thinning. Posterior probability of population membership was plotted using 50 pixels on 

X and Y axis. Consistency of the result was verified by iterating the analysis 10 times. 

Traditional methods to estimate population parameters were performed for the 

inferred populations determined by the clustering methods described above. Observed 

and expected heterozygosity per locus was calculated for each population using FSTAT 

2.9.3 (Goudet 1995). Significant departure from Hardy-Weinberg equilibrium (HWE) for 

each locus and presence of linkage disequilibrium between loci in each population were 

tested using GENEPOP 4.0 (Rousset 2008). Exact tests for HWE (Guo and Thompson 

1992) and G-based likelihood tests for linkage disequilibrium using the Markov Chain 

algorithm were carried out with 105 iterations with a burn-in of 104 iterations to estimate 

statistical significance. Allelic richness, the average number of alleles per locus corrected 

for sample size, was calculated using FSTAT. The loci that significantly deviated from 
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HWE after sequential Bonferroni correction (Rice 1989) were tested for null alleles using 

MICRO-CHECKER (van Oosterhout et al. 2004), and genotypes were adjusted based on 

the estimated allele frequencies by the Brookfield algorithm (Brookfield 1996). 

A genetic distance-based analysis was used to assess the degree of population 

structure. Pairwise p (Goodman 1997) corrected for sample size and allele variance of 

RsT (Slatkin 1995) and FsT (Weir and Cockerham 1984) values were calculated using 

RsTCALC 2.2 (Goodman 1997) and FSTAT 2.9.3 (Goudet 1995), respectively with 

I 0,000 permutations. RsT estimates take into account the variance in a repeat number 

under the stepwise mutation model (SMM), whereas FsT estimates the variance in allele 

frequency under the infinite alleles model (1AM) (Slatkin 1995; Gaggiotti et al. 1999). 

Given the limited sample size and the number ofloci as well as possible deviations from 

SMM, FsT, which is recommended as more conservative estimate (Gaggiotti et al. 1999), 

was also calculated. 

Hierarchical partitioning of a total genetic variation was conducted using analysis 

of molecular variance (AMOV A) implemented by ARLEQUIN (Excoffier et al. 2005). 

The amount of genetic variation accounted for by the difference between the two 

populations, among sampling areas within populations, and among individuals within 

sampling areas were estimated with FsT and RsT- Statistical significance was determined 

by 10000 permutations. 

Genetic variation and the degree of population structure were compared between 

G. berlandieri and G. agassizii in the Sonoran Desert, Arizona (n = 154 from nine 

sampling areas) (Edwards et al. 2004). The comparable sample size and study range of 

the sister species of G. berlandieri make this data set from G. agassizii an ideal 
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benchmark to assess genetic diversity in G. berlandieri. Allelic richness and expected 

heterozygosity in the entire sample of G. berlandieri were compared to those of G. 

agasszzii. Assuming the nine sampling areas as putative populations as described by 

Edwards et al. (2004), the degree of population structure was estimated with FsT and p as 

described above. STRUCTURE analysis was conducted with the same parameters 

described previously in order to detect larger groups of the populations. 

Contemporary gene flow was analyzed by assessing isolation by distance that 

tests a correlation between genetic distance and geographic distances. Pairwise genetic 

distance and geographic distance were compared among sampling areas across the 

inferred populations and within populations using the Mantel test with 10,000 

permutations for significance implemented by GENEPOP 4.0 (Rousset 2008). Migration 

rate and its direction between the populations were estimated using three methods, each 

with different assumptions. First, indirect estimate of gene flow (Nm) using the private 

allele method (Slatkin and Barton 1989) was calculated by GENEPOP. The indirect 

estimate of Nm assumes equilibrium populations with constant sizes connected by 

symmetrical migration (Wright 1969). Because natural populations do not always satisfy 

these assumptions (Paetkau et al. 2004), migration rates were also estimated by the more 

flexible method implemented by BA YESASS 1.3 (Wilson and Rannala 2003). 

BA YESASS is a Bayesian software program that estimates contemporary migration rates 

with MCMC approximation. Its approach is less restrictive than the estimate of Nm 

because the assumption of HWE is not required. In addition, BA YESASS estimates more 

contemporary migration (past few generations) than the Nm and asymmetrical migration 

rates between populations. Migration rates were estimated with 3 x 106 iterations, 105 
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bum-in and thinning of 1,000. Default parameters were used for delta values for allele 

frequency, migration rate, and inbreeding coefficient. Lastly, detection of recent migrants 

for the last few generations was performed with GENECLASS 2 (Piry et al. 2004). The 

frequency-based method (Paetkau and Strobeck 1995) and the Bayesian method (Rannala 

and Mountain 1997) were employed to assess the consistency in their estimation of 

migrants. The ratio of the likelihood of an individual assigned to the population where it 

was sampled to the maximum likelihood assigned to any population was simulated 

10,000 times by Monte-Carlo resampling (Paetkau et al. 2004). 



CHAPTER III 

RESULTS 

Microsatellite genotyping 

Out of 144 individuals tested for microsatellite genotyping, 17 individuals for 

which fewer than three loci amplified were eliminated, making up a total of 127 

individuals used for further analyses (Table 1 ). Of 16 microsatellite loci tested, 11 loci 

were polymorphic (Goag4, Goag6, Goag7, Goag32, GP15, GP30, GP55, GP61, GP81, 

GP102, and Cm58) (Table 2). One locus did not amplify (Goag3), and four loci were 

monomorphic (Goag5, GP19, GP26, and GP96). These five loci were excluded from 

further analyses. Scoring the loci that exhibited the highest polymorphism (GP55, GP61, 

and GP102) was difficult as their stutter peak patterns were inconsistent, and larger 

alleles amplified weakly. Because two of these loci (GP55 and GP61) were especially at 

issue for these potential problems, subsequent analyses were conducted with and without 

these two loci, hereafter called the complete data set and the reduced data set, 

respectively. 
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TABLE 1. The nine sampling areas, the geographic location for each area, the number of 
individuals of the Texas tortoise ( Gopherus berlandieri) collected within each area, and the 
inferred population to which each sampling area belongs. The two populations were 
estimated with the microsatellite data set using STRUCTURE 2.2 (Pritchard et al. 2000). 

Sampling area Area location Number of individuals Population 

San Antonio -98.58226, 29.49303 12 North 
Frio County -98.91500, 28.72000 10 North 
Eastern Zavala County -99.57000, 28.74000 24 North 
Western Zavala County -100.1000, 28.93600 6 North 
CWMA -99.67000, 28.54000 35 North 
Duval County -98.65000, 27.67000 5 North 
Upper RGV -98.40000, 26.94000 6 South 
Starr County -98.89000, 26.53000 25 South 
Brownsville ,-97.48000, 25.93000 4 South 

CWMA - Chaparral Wildlife il1:anagement Area and its vicinity, RGV - Rio Grande Valley. 
Some samples collected on roadsides were included in the closest sampling areas. 
Geographic coordinates for each area are approximate centers of the sampling areas. 
The individuals collected within each area represent the number after eliminating the 
individuals for which fewer than three microsatellite loci were amplified. 
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TABLE 2. Comparison of the microsatellite motifs observed in the samples of Texas tortoise ( Gopherus berlandieri) in 
this study with those described in the original species from which the microsatellite markers were isolated: the desert 
tortoise (Gopherus agassizii) (Edwards et al. 2003), the gopher tortoise (Gopherus polyphemus) (Schwartz et al. 2003), 
and the green sea turtle (Chelonia mydas) (Fitzsimmons et al. 1995). 

Locus Original species Original motif Motif in G. berlandieri 

Goag4 G. agassizii (CAA)24 (CAA)s(TAA)(CAA) 
Goag6 G. agassizii (TC)s(AC)11 (TC)6(CC)(TC)s(AC)9 
Goag7 G. agassizii (AC)3(GC)s(AC)11 (AT)(GC)3(AC)11 

Goag32 G. agassizii (AC)6 (AC)6 
GP15 G. polyphemus (GA)1s(GT)s (CA)z(GA)4(GT)s(AT)(GT)3 
GP30 G. polyphemus (GT)B (GT)s 
GP55 G. polyphemus (GT)9 (GT)22 
GP61 G. polyphemus (GT)12 (GT)s(AA), (GT)3o 
GP81 G. polyphemus (GT)11(GA)10 (GT)s(GA)(CA)(GA)11 
GP102 G. polyphemus (GT)s(CT)B(CA)s (GT)12(CT)s(CA)3 
Cm58 Chelonia mydas (CA)B (TA)4(GA)4(GC)(GA)3 

Allele range 

8-11 
20-26 
15-23 
6-8 

14-33 
8-11 

10-38 
9-43 

17-20 
13-43 
12-13 
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Individual assignment tests 

The assignment tests implemented by STRUCTURE reached the highest mean 

likelihood with the least variance at K = 2 in the complete data set (Fig. 2A) and at K = 1 

in the reduced data set (Fig. 2B). When locus GP102 was excluded from the reduced data 

set because of its potential ambiguity described above, STRUCTURE recovered the 

highest mean likelihood at K = 2. Visualization of the estimated proportion of genotype 

assigned to either cluster with the sampling localities arranged from north to south 

suggested the population boundary that weakly separates the Duval County sampling area 

to the north and the rest to the south (Figs. 3A, 3B). The northern clustering was less 

uniform than the southern clustering. The northern cluster contained a quite few 

individuals that showed greater proportion of genotype assigned to the southern cluster 

rather than the northern cluster. The first procedure implemented by GENELAND to 

inf er the number of populations and population boundary provided the highest posterior 

probability of population membership at K = 2. The second procedure of 10 runs at K = 2 

produced consistent results. The population boundary was estimated at just south of the 

Duval sampling area, separating the northern and southern cluster (Fig. 4). This result 

was consistent in both the complete and reduced data set. The population structure 

estimates performed by STRUCTURE and GENELAND generally agreed upon two 

populations with the weakly defined boundary at southern Duval County. Therefore, the 

following analyses treated a cluster that contains San Antonio, Frio County, eastern 

Zavala County, western Zavala County, CWMA and Duval County sampling areas as the 

northern population, and a cluster that contains Upper RGV, Starr and Brownsville as the 

southern population. 
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FIGURE 2A. The mean log likelihood of the individual assignment tests at each number of 
populations (K) tested by STRUCTURE 2.2 (Pritchard et al. 2000) using the complete 
data set for the Texas tortoise (Gopherus berlandieri) sampled for this study. The 
individual assignment into one to seven populations was tested 10 times by 
STRUCTURE. The mean likelihood over 10 runs at each K was determined to 
approximate the number of populations in Gopherus berlandieri. The highest mean 
likelihood was obtained at K = 2 in the complete data set. 
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FIGURE 2B. The mean log likelihood of the individual assignment tests at each number of 
populations (K) tested by STRUCTURE 2.2 (Pritchard et al. 2000) using the reduced data 
set for the Texas tortoise (Gopherus berlandieri) sampled for this study. The individual 
assignment into one to seven populations was tested 10 times by STRUCTURE. The 
mean likelihood over 10 runs at each K was determined to approximate the number of 
populations in Gopherus berlandieri. The highest mean likelihood was obtained at K = I 
in the reduced data set that excluded two loci (GP55 and GP61). 
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FIGURE 3A. The mean genotype proportion for each individual assigned into two 
populations by STRUCTURE 2.2 (Pritchard et al. 2000) using the complete data set for 
the Texas tortoise (Gopherus berlandieri) sampled for this study. The mean genotype 
proportion for each individual into two populations (K = 2) was estimated for all 
individuals (n = 127) by STRUCTURE using the complete data set. Dark colored bars 
represent the mean genotype proportions into the northern population, and light colored 
bars represent the mean genotype proportions into southern population. 
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FIGURE 3B. The mean genotype proportion for each individual assigned into two 
populations by STRUCTURE 2.2 (Pritchard et al. 2000) using the reduced data set for the 
Texas tortoise (Gopherus berlandieri) sampled for this study. The mean genotype 
proportions for each individual into two populations (K = 2) were estimated for all 
individuals (n = 127) by STRUCTURE using the reduced data set that excluded two loci 
(GP55 and P61 ). Dark colored bars represent the mean genotype proportions into the 
northern population, and light colored bars represent the mean genotype proportions into 
southern population. 
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Genetic diversity 

A wide range of microsatellite polymorphism was observed across loci in both the 

northern and southern population. Observed heterozygosity per locus ranged from 0.143 

to 0.793 with the mean of 0.528 in the northern population, and 0.173 to 0.824 with the 

mean of 0.606 in the southern population {Table 3). The reduced data set showed slightly 

a smaller mean heterozygosity than the complete data set in both populations {Table 3). 

Allelic richness also ranged widely from 2.0 to 16.5 in the northern population, and 2.0 to 

18.7 in the southern population. The observed and expected heterozygosities, and allelic 

richness were significantly greater in the southern population than in the northern 

population for both data sets (P < 0.05). Private alleles accounted for 22 % of the total 

alleles observed in both populations in the complete data set, and 18 % and 22 % in the 

reduced data set in the northern population and the southern population respectively 

{Table 3). 



TABLE 3. Summary statistics of genetic diversity: the observed number of alleles, allelic richness, observed 
heterozygosity, and expected heterozygosity for each microsatellite locus for the northern and southern population of 
the Texas tortoise (Gopherus berlandieri). 

Locus Northern population (n = 92) Southern population (n = 35) 

A Ar Ho He A Ar Ho He 
Goag4 3 (0) 2.74 0.33 0.35 3 (0) 2.94 0.20 0.19 
Goag6 5 (0) 4.58 0.52 0.54 7 (2) 7.00 0.69 0.76 

Goag7 7 (2) 5.80 0.61 0.60 6 (1) 5.94 0.82 0.71 

Goag32 3 (0) 3.00 0.66 0.60 3 (0) 3.00 0.80 0.65 
Cm58 2 (0) 2.00 0.14 0.15 2 (0) 2.00 0.18 0.26 
GP15 8 (1) 6.67 0.79 0.80 13 (6) 12.80 0.86 0.84 
GP30 4 (0) 3.98 0.38 0.50 4 (0) 4.00 0.40 0.54 

GP55 19 (4) 14.60 0.56 0.91 19 (4) 18.70 0.77 0.94 
GP61 19 (6) 16.50 0.78 0.93 17 (4) 16.90 0.74 0.94 
GP81 4 (0) 3.99 0.39 0.67 4 (0) 4.00 0.39 0.66 
GP102 19 (7) 14.80 0.64 0.68 16 (4) 16.00 0.82 0.86 
Mean 8.45 (1.82) 7.15 0.53 0.61 8.55 (1.9) 8.48 0.61 0.67 
Mean* 6.11 (1.11) 5.28 0.50 0.54 6.44 (1.4) 6.41 0.57 0.61 

A = observed number of alleles, Ar= allelic richness, Ho= observed heterozygosity, He= expected heterozygosity. 
Bold font represent significant deviation from Hardy-Weinberg equilibrium after Bonferroni correction (P = 0.01). 
Allele numbers in parenthesis are observed number of private alleles. 

*denote mean values excluding loci GP55 and GP61. 

N ...... 
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The tests of Hardy-Weinberg equilibrium (HWE) revealed that two loci (GP61 

and GP55) did not conform to HWE in either population. Two other loci (Goag 6 and 

GP30) in the northern population were also significantly deviated from HWE after 

sequential Bonferroni correction (Rice 1989). These four loci exhibited significant 

heterozygote deficits in both populations. Significant deficit in observed heterozygosity 

for two loci (GP55 and GP61) were unlikely due to conservative allele scoring because 

relaxed scoring that counted all possible peaks also returned the same result. Linkage 

disequilibrium was detected in three pairs of loci in the northern population and four 

different pairs in the southern population, but none of them were significant after 

sequential Bonferroni correction. 

Population structure -F-statistics and AMO VA 

Genetic distance-based estimates of population structure yielded F sr values of 

0.062 and 0.082, andp values of0.064 and 0.078 in the complete and the reduced data set 

respectively with statistical significance (P < 0.001 for all). The Fsr based AMOVA 

estimated that 5 .5 % and 7 .8 % of the total genetic variation was accounted for between 

populations and 92 % and 90.6 % within population in the complete and the reduced data 

set, respectively. The Rsr based AMOVA showed O % of the total genetic variation 

between populations for both data sets. However, when locus GP102 was additionally 

excluded from the reduced data set and reanalyzed, 7.9 % of between-population 
I 

variation was recovered. The absence of between-population variation when locus GP102 

was included could be attributed to the large allelic size variance in the three loci having 

little structure (GP55, GP61, and GP102). Because Rsr takes into account allelic size 
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differences, the difference revealed by the frequency-based estimate might have been 

overcome. 

Comparison between Gopherus berlandieri and Gopherus agassizii 

Comparison of the data set of G. berlandieri and that of Sonoran G. agassizii 

populations (Edwards et al. 2004) showed similar overall expected heterozygosity and 

allelic richness (0.62 and 0.67 for heterozygosity and 10.1 and 12.1 for allelic richness 

respectively) with some differences in individual loci (Fig. 5). Estimate of population 

structure for G. agassizii showedFsrvalue of0.031 andp value of0.033. The 

STRUCTURE analysis generated the highest mean likelihood with the smallest variance 

atK=l. 
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FIGURE 5. Comparison of genetic diversity (allelic richness and expected heterozygosity) between the Texas tortoise ( Gopherus 
berlandieri) in the study and the Sonoran populations of the desert tortoise ( Gopherus agassizii) in the published study (Edwards et al. 
2004). Allelic richness and expected heterozygosity were compared between G. berlandieri (n = 127) and the Sonoran populations of 
G. agassizii (n = 154) in Arizona (Edwards et al. 2004). Hallow bars and filled bars represent allelic richness of G. berlandieri and G. 
agassizii respectively. Dashed line and solid line represent expected heterozygosity of G. berlandieri and G. agassizii respectively. 
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Gene flow 

The test of isolation by distance showed a significant correlation between genetic 

distance and geographic distance across populations in both data sets (Fig. 6). The 

reduced data set produced slightly higher correlation than the complete data set (r = 0.42, 

P = 0.007 and r = 0.51, P = 0.004 respectively). Isolation by distance among sampling 

areas within each population was not significant in either population. The indirect 

estimate of Nm was 3.73 and 3.18 migrants per generation in the complete and reduced 

data set, respectively. Contemporary migration rate estimated by the Bayesian approach 

was 0.068 per generation from the northern to the southern population (95 % CJ= 0.008 

- 0.149), and 0.010 from the southern to the northern population (95 % CJ= 0.0004 -

0.036) in the complete data set. The reduced data set showed slightly lower values than 

the complete data set by about 0.008 and 0.002, respectively. Detection of recent 

migrants revealed two individuals: one from San Antonio, TX and another from Duval 

County that were statistically significant migrants in both data sets (P < 0.01 ). Another 

individual from CWMA was significant in the complete data set and nearly significant in 

the reduced data set (P < 0.05). Several other individuals from the northern population 

and fewer from the southern populations were also nearly significant (P < 0.05). 
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FIGURE 6. Isolation by distance among the nine sampling areas across two populations of 
the Texas tortoise (Gopherus berlandieri) included in the study as implemented by 
GENEPOP 4.0 (Rousset 2008). Geographic correlation of genetic distance was evaluated 
using the Mantel test implemented by GENEPOP. Analogs of genetic distance (Fsr/1-
Fsr) were significantly correlated with logarithmic distance converted from geographic 
coordinates of the nine sampling areas across two populations in both the complete and 
reduced data set (r = 0.42, P = 0.007 and r = 0.51, P = 0.004 respectively). Filled markers 
and the solid line represent the complete data set, and hollow markers and the dashed line 
represent the reduced data set. 



CHAPTER IV 

DISCUSSION 

All but one of the three species within the genus Gopherus are federally regulated, 

and those three also have extensive conservation planning and consequent resources 

directed toward preventing decline. However, Gopherus berlandieri while a state 

threatened species in Texas has not had the need to develop a conservation plan 

addressed. In order to better inform future conservation planning, genetic diversity, 

population structure, and the potential for a historical barrier at the Nueces River basin 

were examined for the U.S. populations of G. berlandieri. 

Microsatellite amplification 

The statistical analyses using the complete and reduced data sets emphasized the 

need for careful selection of microsatellite loci to minimize potential noise or bias 

without sacrificing the informative content. The microsatellite loci used in this study 

were originally designed for the sister species, G. agassizii, and the related species, G. 

polyphemus (Lamb et al. 1989; Lamb and Lydeard 1994; Murphy et al. 2007). The loci 

that displayed unusually wide allelic ranges, including large gaps in allelic sizes (GP55, 

GP61, and GP102) were originally designed for G. polyphemus. Of these three loci, two 

loci showed stuttering, weak amplification of large alleles, and significant deviation from 

HWE even after correction for null alleles. The cross-species amplification problems 

27 
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involved in these loci showed an opposite pattern from typical ascertainment bias where 

shorter repeat lengths and lower heterozygosity are frequently observed in the species for 

which loci were not originally developed (Hutter et al. 1998; Vowles and Amos 2006). 

As demonstrated in this study, the use of multiple data sets is recommended to test 

consistency across analyses and identify any unusual behavior of the loci in question. 

Genetic diversity 

Moderate mean heterozygosity and a fair amount of private alleles in both 

populations demonstrate the appreciable amount of genetic variation present in G. 

berlandieri. The southern population appears more genetically diverse as it displayed 

higher allelic richness and heterozygosity than the northern population whose sample size 

was more than twice as large as that of from the southern population. Studies conducted 

within the range of southern population reported generally higher tortoise density than 

that of the northern population (e.g. Auffenberg and Weaver 1969; Kazmaier et al. 

2001c). The southern population may have been better able to maintain a historically 

larger size across a more contiguous habitat, which probably facilitated preservation of 

greater genetic variation. 

Numerous studies of testudine species including threatened and endangered 

species reported moderate to high genetic diversity for microsatellite loci ( e.g. Sites et al. 

1999; Ciofi et al. 2002; Cunningham et al. 2002; Edwards et al. 2004; Mockford et al. 

2005; Tessier et al. 2005; Paquette et al. 2007). Although many authors have expressed a 

concern for population bottlenecks, the detection of the loss of genetic diversity as a 

result of modem anthropogenic impacts may be difficult to capture from genetic data 
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(Sumner et al. 2004; de Thoisy et al. 2006). This is especially true for tortoises as genetic 

drift proceeds slowly in populations oflong-lived organisms (Tessier et al. 2005). 

Genetic diversity therefore may not serve as an efficient proxy for modem population 

decline in testudine species. 

Population structure 

The U.S. populations of G. berlandieri showed a limited amount of population 

structure, weakly resolving into northern and southern populations. Although the 

STRUCTURE analyses showed minor disagreement in estimating the number of 

populations, incorporation of geographic locations of the samples by GENELAND 

reinforced the presence of partially separated populations with a boundary at southern 

Duval County. Furthermore, F-statistics (Fsr and p) and AMOV A supported statistically 

significant but weak differentiation between two populations. 

The analyses by STRUCTURE, using the reduced data set did not support any 

population structure, whereas two populations were inferred from the complete data set. 

This discrepancy observed between the two data sets is likely a consequence of two 

factors. It is possible that the limited sample sizes and geographic coverage may not 

capture sufficient signal for population structure that would otherwise be manifested by a 

more extensive geographic sampling. An alternative explanation could be that the extent 

of population structure that can be estimated from genetic data varies depending on 

number and choice ofloci used. Because STRUCTURE assumes genetic equilibrium 

within a population, deviation from HWE due to apparent heterozygote deficiency caused 

by the presence of null alleles may be a confounding factor. The differing amount of 

information content in two data sets was also revealed by F-statistics and AMOV A. 
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Because the amount of population structure increased in the reduced dataset, the two loci 

excluded from the complete data set may form homogeneous allelic distribution across 

populations. The lack of structure in the two loci might have diluted the differentiation 

revealed by other loci. 

The weakness in population differentiation was also revealed in the limited 

cohesion of clustering within populations. The northern population formed heterogeneous 

clustering in STRUCTURE, and the variability of genotype proportions was generally 

more pronounced in the mdividuals from southern part of this population (Fig. 3A, 3B). 

Additionally, in comparison to the southern population, the northern population included 

a greater number ofloci with significantly deviation from HWE. Therefore, population 

admixture may be taking place more extensively in the southern part of the northern 

population. In contrast, the southern population formed a more homogeneous cluster. The 

unequal degree of ambiguity in clustering between two populations would support 

asymmetrical migration rates between two populations. 

Phylogeography 

This study hypothesized a historical role of the Nueces River basin in shaping 

genetic structure of G. berlandieri. The estimated population boundary at southern Duval 

County is outside of the modem Nueces River basin, and approximately 50 km south of 

the main river system. In addition, the northern population includes sampling areas just 

west and south of the Nueces River. Therefore, the current genetic evidence of population 

structure did not support historical geographic isolation by the Nueces River basin. 

There is limited literature on the paleo river systems in southern Texas. Daub and 

Boothroyd (1978) hypothesized an association of the Nueces River with the Bordas 
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escarpment that runs in a northeast to southwest orientat10n in southern Texas. The paleo 

Nueces River could have crossed Duval County during the Quaternary before the 

escarpment became active (Daub and Boothroyd 1978). However, there is no clear 

evidence to support this hypothesis. A more recent study by Aslan and Blum (1999) 

proposed that the Nueces River had a wide channel during the late Pleistocene, and 

changed its course by reoccupying channels during the Holocene. Hence, the drainage 

basin of the Nueces River was probably stable with minor changes in recent history. 

The effects of geographic barriers on dispersal can be eased over the course of 

geologic and climatic events. When landscape features convert from barriers to filters, 

increasing migration will result in less pronounced genetic structure. In general, southern 

U.S. river drainages have likely decreased in magnitude substantially throughout the 

Holocene under the long-term drying trend for the continent. Even the Colorado River 

that isolated G. agassizii into eastern and western assemblages is no longer considered an 

effective barrier (Lamb et al. 1989). Breakdown of the barriers to dispersal was probably 

accelerated in smaller drainages such as the Nueces River. Even if the Nueces River 

acted as a partial barrier to gene flow in G. berlandieri, its effectiveness may have 

quickly become reduced in recent history. An inconsistent pattern of geographic 

distribution for genetic variation was also observed in G. agassizii. McLuckie et al. 

(1999) found a cryptic population of G. agassizii that exists east of the Colorado River, 

but genetically belongs to the western population. They suggested geologic, hydrologic, 

and anthropogenic factors that facilitated gene flow across the river. In order to clarify 

the population boundary in G. berlandieri in relation to the Nueces River basin, further 

sampling along the river and the estimated population boundary would be required. 
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Recent gene flow 

The weak population structure mdicates either recent divergence or persistent 

gene flow between two populations. Multiple analyses of migration generally agreed 

upon the dominant role of gene flow in the observed amount of structure. Significant 

isolation by distance indicates recent gene flow between the populations. More frequent 

gene exchange between populations in geographical proximity may explain the mixed 

proportions of genotypes observed in the individuals in the southern part of the northern 

population as depicted by the STRUCTURE analyses. The indirect estimate of Nm also 

indicates recent gene flow though the populations of G. berlandieri may not satisfy the 

assumptions for this estimate. Several tortoises were detected as recent migrants 

accounting for approximately 3 % of the total samples. Taken together the results 

collectively suggest that weak population structure is likely a consequence of recent gene 

flow that keeps the two populations from becoming differentiated. 

Similar results were presented in the Sonoran populations of G. agassizii 

(Edwards et al. 2004). The comparative analyses of their data to G. berlandieri in this 

study exhibited similar genetic diversity in both species, and weaker population structure 

in G. agassizii. The STRUCTURE analysis of G. agassizii data also indicates a lack of 

significant population structure. Edwards et al. (2004) proposed that limited population 

structure was a result of ongoing gene flow by strong isolation by distance among 

populations. As similar population dynamics may be in effect in the populations of G. 

berlandieri that may be maintaining weak population structure via continued gene flow. 

The direction of migration remains unresolved. The estimated migration rate from 

the northern population to the southern population was about six times greater than that in 
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the reverse direction. In contrast, the STRUCTURE analyses showed heterogeneous 

clustering in the northern population, indicating more frequent migration from the 

southern to northern population. Migration rates estimated by BA YESASS may be biased 

when migrants are largely from a small population to a large population, but the total 

proportion of migrants remains small in the recipient population (Wilson and Rannala 

2003). In addition, estimated rates may not be reliable when populations are not 

sufficiently differentiated (Wilson and Rannala 2003). 

Gene flow can be facilitated by both natural migration and translocation. For 

organisms with limited vagility, human translocation will easily surpass the distances that 

can be traveled by natural vagility. Varying degree of natural migration and human 

translocation of the tortoises may contribute to the complex population structure. 

Gopherus berlandieri may exhibit such a problem as anecdotal evidence suggests that 

tortoise translocations are common. Among the detected migrants, actual translocation is 

quite likely for at least one tortoise that was sampled from San Antonio, TX which is the 

northern extreme of the species range. Human mediated release was also addressed in 

studies of other testudinidae species ( e.g. Schwartz and Karl 2005; Paquette et al. 2007). 

The impacts of trans located tortoises on homogenizing genetic differences between 

populations cannot be ignored (Schwartz and Karl 2005). However, quantifying its 

relative extent compared to natural migration is difficult except when tortoises were 

found in unusual places such as unsuitable habitats and outside the predicted species 

range. 
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Conservation of Gopherus berlandierz 

Sound management strategies require understanding of cohesive forces, whether 

ecological or evolutionary, that preserve the integrity of a population. Populations may 

deserve ESU or MU status when significant genetic differentiation is observed. Defining 

conservation units can be difficult when populations are weakly differentiated, and the 

mechanism of migration is complicated by translocation. Further evidence from 

ecological and genetic data will be required in order to determine whether the northern 

and southern populations of G. berlandieri should be managed as MU. The two 

populations appear to have been experiencing gene flow in recent history, and this gene 

flow may be maintaining genetic variation in both populations. Edwards et al. (2004) 

pointed out the importance of migration that keeps the populations from declining 

especially when ongoing migration is disturbed by anthropogenic habitat modification. 

Translocation of the tortoises should be minimized in the management strategy for G. 

berlandieri not only to maintain the genetic differences observed between the populations, 

but also to avoid the potential spread of disease such as URTD. On the other hand, given 

continuing habitat alteration and fragmentation in southern Texas, the connectivity 

between the populations should not be ignored to assure the long-term persistence of G. 

berlandieri. Identifying inhospitable landscape features that constitute barriers to tortoise 

movement, such as highways, residential areas, and cropland, may help to locate the 

critical anthropogenic barriers to tortoise dispersal allowing focused management efforts. 
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