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Abstract Anthropogenic habitat fragmentation can dis-
rupt the ability of species to disperse across landscapes,
which can alter the levels and distribution of genetic di-
versity within populations and negatively impact long-term
viability. The giant gartersnake (Thamnophis gigas) is a
state and federally threatened species that historically oc-
curred in the wetland habitats of California’s Great Central
Valley. Despite the loss of 93 % of historic wetlands
throughout the Central Valley, giant gartersnakes continue
to persist in relatively small, isolated patches of highly
modified agricultural wetlands. Gathering information re-
garding genetic diversity and effective population size
represents an essential component for conservation man-
agement programs aimed at this species. Previous mito-
chondrial sequence studies have revealed historical
patterns of differentiation, yet little is known about con-
temporary population structure and diversity. On the basis
of 15 microsatellite loci, we estimate population structure
and compare indices of genetic diversity among popula-
tions spanning seven drainage basins within the Central
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Valley. We sought to understand how habitat loss may
have affected genetic differentiation, genetic diversity and
effective population size, and what these patterns suggest
in terms of management and restoration actions. We re-
covered five genetic clusters that were consistent with re-
gional drainage basins, although three northern basins
within the Sacramento Valley formed a single genetic
cluster. Our results show that northern drainage basin
populations have higher connectivity than among central
and southern basins populations, and that greater differ-
entiation exists among the more geographically isolated
populations in the central and southern portion of the
species’ range. Genetic diversity measures among basins
were significantly different, and were generally lower in
southern basin populations. Levels of inbreeding and evi-
dence of population bottlenecks were detected in about half
the populations we sampled, and effective population size
estimates were well below recommended minimum
thresholds to avoid inbreeding. Efforts focused on main-
taining and enhancing existing wetlands to facilitate dis-
persal between basins and increase local effective
population sizes may be critical for these otherwise isolated
populations.

Keywords Population structure - Genetic diversity -
Thamnophis gigas - Microsatellite - Bottleneck - Effective
population size - Fragmentation

Introduction
Anthropogenic habitat fragmentation can negatively im-
pact species persistence and population resilience to envi-

ronmental change. When individuals cannot disperse
across landscapes, the levels and distribution of genetic
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diversity can increasingly erode within populations leading
to variable effective population sizes and increased po-
tential for inbreeding effects that ultimately limit long-term
viability (Fischer and Lindenmayer 2007; Frankham 2005;
Miller and Hobbs 2002). Some of the most dramatic hu-
man-induced environmental disturbances have occurred
within the wetland habitats of the California’s Great Cen-
tral Valley over the past century-and-a-half. Prior to the
mid 1800s the 13 million acre Great Central Valley con-
sisted of as much as 4 million acres of well-connected
wetlands. With the encouragement of the federal govern-
ment, farmers began diking and draining these wetlands for
agricultural production with over 2 million acres included
in the Swamp Lands Act of 1850, which provided incen-
tives for the draining of wetlands (Gates 1975; Peterson
1974). The subsequent agricultural development, water
diversion and damming, and urbanization that followed
have resulted in the loss of over 93 % of historic wetlands
in the Central Valley (Frayer et al. 1989; USDOI 1994).
Despite the considerable loss and degradation of aquatic
ecosystems throughout the Central Valley, some species,
such as the giant gartersnake (Thamnophis gigas) continue
to persist in highly modified agricultural wetlands. The
giant gartersnake is a state and federally threatened species
that historically occurred in the low-gradient streams,
wetlands and marshes of California’s Great Central Valley
(Fitch 1941; Hansen and Brode 1980). Giant gartersnake
populations have become increasingly fragmented in recent
decades and persist as small clusters of populations pri-
marily in irrigation canals and drains associated with rice
agriculture and remnant managed wetlands (Halstead et al.
2010). The current range of the giant gartersnake extends
from the Sacramento Valley near the vicinity of Chico, CA
southward to the northern and central San Joaquin Valley
just north of Fresno, CA (Fig. 1). This range is currently
divided into three recovery units (Fig. 1): Northern
Sacramento Valley Recovery Unit (Butte, Colusa, and
Sutter Basins); Southern Sacramento Valley Recovery Unit
(American, Yolo, and Delta Basins); and San Joaquin
Valley Recovery Unit (San Joaquin and Tulare Basins).
The recovery units are presumed to be distinct from one
another based on ecological and geographical characteris-
tics and unique recovery actions needed within them
(USFWS 1993, 2006). Populations of the giant gartersnake
have been nearly extirpated from the San Joaquin Valley
Recovery Unit, where only a few isolated populations re-
main within the San Joaquin Basin and are presumed ex-
tirpated further south in the Tulare Basin (Dickert 2005;
Wylie and Amarello 2008). Although habitat loss remains
the greatest threat to population persistence, other factors
include flood control and water conveyance projects that
limit water availability, maintenance activities along canals
and drains, poor water quality resulting from agricultural
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runoff from herbicide and pesticide application, heavy
metal contaminants (e.g., mercury and selenium), road
disturbance, and predation and competition by non-native
species all of which may contribute to further habitat
degradation and population declines (USFWS 2006; Wylie
et al. 2009).

Many of the remaining populations of giant gartersnakes
currently exist in relatively small, isolated patches of
habitat surrounded by heavily altered landscapes. Identi-
fying populations that could be prioritized for conservation
requires an understanding the species current genetic di-
versity and population structure (Petit et al. 1998). The
reintroduction of giant gartersnakes to restored wetlands is
just one example of a conservation action that would be
greatly informed by understanding giant gartersnake
population structure (Miller et al. 2010). Information re-
garding genetic diversity and effective population size are
also positively linked to population persistence and repre-
sent an essential component for species genetic manage-
ment and recovery programs (Frankham and Ralls 1998).
Although previous genetic studies attempted to elucidate
population structure and diversity of giant gartersnakes
(Engstrom 2010; Paquin et al. 2006), much of the data
analyzed in these studies were from a single mitochondrial
gene. The studies revealed historical patterns of broad re-
gional genetic differentiation, but little is known about
more contemporary population structure and connectivity.

Here we conducted a fine-scale analysis of the genetic
characteristics for giant gartersnakes using 15 microsatel-
lite loci to characterize the genetic relationships of extant
populations. Our aims were to estimate population struc-
ture and compare genetic diversity indices among popula-
tions spanning the seven drainage basins within the Central
Valley. In addition, we sought to better resolve the extent
to which habitat loss and fragmentation have affected ge-
netic differentiation, loss of genetic diversity and effective
population size, and what the results suggest in terms of
potential management and restoration actions.

Materials and methods
Sampling

A total of 477 tissues were used in this study that covered
the contemporary range of the giant gartersnake. We ac-
quired tissue samples and DNAs from previous studies
(Engstrom 2010; Paquin et al. 2006) and tail-tip and ventral
scale clips from our own surveys. To define populations,
we grouped individual samples that were separated by
6 km or less, an approximate maximum dispersal distance
for the giant gartersnake (Valcarcel 2011; Wylie and
Amarello 2006), into a single population for analyses
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Fig. 1 Map of collection locations for giant gartersnakes in Califor-
nia’s Great Central Valley. Populations (large circles) are colored
according to cluster membership shown in Fig. 2. Smaller circles are
individual samples that were grouped according to drainage basin and
used only in the STRUCTURE analyses. The lower inset map highlights
the region of study within California and the upper inset map
highlights collections sites within the Sacramento Valley and the

major highways that intersect them. The three Recovery Units are
indicated with the dashed line: (1) Northern Sacramento Valley
Recovery Unit (RU) extending from the north to the confluence of the
Sacramento and Feather Rivers, (2) Southern Sacramento Valley RU
extending east of the Feather River southward to the Stanislaus River,
and (3) San Joaquin Valley RU extending south from the Stanislaus
River to the Kern River (off the map)
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unless samples were divided by potential barriers (e.g.
highway, river, etc.). This resulted in 459 snakes sampled
from 16 populations across the Central Valley (Fig. 1):
Colusa Basin (Colusa NWR, North Yolo); Butte Basin
(Gray Lodge); Sutter Basin (Gilsizer Slough, Sutter East of
bypass, Sutter West of bypass); American Basin (American
West, Natomas West, Natomas East, Natomas South);
Yolo Basin (Conaway Ranch, Yolo Wildlife Area); Delta
(Badger Creek, White Slough); San Joaquin Basin (Los
Banos Creek, Volta Wildlife Area). For the individual-
based population structure analyses (see below), we also
included an additional 18 samples that could not be
grouped into any of the 16 populations. We extracted ge-
nomic DNA from tissue samples with the Qiagen DNeasy
Blood and Tissue Kit (Qiagen Inc., Valencia, CA, USA).

Microsatellite development

We developed a microsatellite library at the USGS San
Diego Field Station from a single shot-gun sequencing run
on a 454Jr-automated DNA sequencer (F. Hoffman—La
Roche, Ltd., Basel, Switzerland). We used the program
MSATCOMMANDER to scan the nucleotide sequence files that
were generated from the 454Jr for dinucleotide, trinu-
cleotide, tetranucleotide, and pentanucleotide repeat se-
quences and recovered 3624 sequences that contained
microsatellite repeats. From these we selected 48 loci that
contained adequate flanking regions for which primers
could be designed.

We used three individual samples that spanned the
species’ range to test whether the microsatellite loci were
variable. Among the 48 loci that we screened, we found 15
that were variable, consistent in amplification, and yielded
reliable genotyping scores. Prior to polymerase chain re-
action (PCR) amplification, one primer from each locus
was labeled with a fluorescent dye for genotype assess-
ment. We divided these loci into four groups (Table 1).
Within each group, 3—4 loci were simultaneously amplified
with a Qiagen multiplex PCR kit in 10 pL reactions con-
taining 5 puL of Qiagen multiplex PCR Master Mix, 1 puL
primer mix (containing 2 pM of each primer), 1 pL
Q-solution and 2 pL. of RNase-free water. Amplified
products were genotyped at BATJ, Inc. (San Diego, CA) on
an Applied Biosystems 3130 Genetic Analyzer using the
LIZ 500 size standard.

Genetic diversity

We used GENE-MARKER Vv1.90 (SoftGenetics®) to edit the
raw allelic data and score allele sizes. We used several
different methods to minimize genotyping errors. First, the
possibility of scoring errors and presence of null alleles
were evaluated with MicRocHECKER (Van QOosterhout et al.
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2004). Additionally, approximately ten percent of the
samples were arbitrarily chosen and reanalyzed across all
loci for quality assurance. We also tested each mi-
crosatellite locus for evidence of linkage disequilibrium
and departure from Hardy—Weinberg equilibrium with the
program GENEPOP ON THE WEB (Raymond and Rousset 1995;
Rousset 2008). For both linkage disequilibrium and Hardy—
Weinberg tests, we performed global (i.e., across all loci)
and population-level tests (i.e., across loci in each
population).

We evaluated genetic diversity by calculating allelic
richness (A), corrected for sample size, with ESTAT 2.9
(Goudet 1995) and observed heterozygosity (Hp), and ex-
pected heterozygosity (Hg) with GENALEX v6.41 (Peakall
and Smouse 2012). We used a nonparametric, two-sided
test implemented in FsTAT with 10,000 permutations to
assess whether expected heterozygosity (Hg) and allelic
richness (A) differed significantly between regional basins
and between populations. The inbreeding coefficient (Fis;
Nei 1987), which relates the observed heterozygosity
within a subpopulation to the expected heterozygosity, is
expected to be elevated in individuals that are a product of
non-random mating and has been widely used as an indi-
cator of inbreeding. We estimated Fig for each population
and assessed whether Fig differed significantly among
populations in GENODIVE 2.0b23 (Meirmans and Van Tien-
deren 2004) on the basis of 5000 permutations.

Inferring population structure

We evaluated patterns of population genetic structure with
multiple analytical methods. First, we used the Bayesian
clustering framework implemented in STRUCTURE version
2.3.2 (Pritchard et al. 2000) to identify discrete genetic
clusters across the range of the giant gartersnake. This
approach uses Markov Chain Monte Carlo (MCMC)
simulations to simultaneously estimate population-level
allele frequencies and probabilistically group individuals
into the most likely number of genetic clusters (K) that
maximizes the within-cluster Hardy—Weinberg and linkage
equilibria. The expectations of Hardy—Weinberg and link-
age equilibria are met when a group of individuals has a
common gene pool, without major barriers to gene flow
among them for numerous generations. We used the ad-
mixture model option for all runs and evaluated two dif-
ferent allele frequency models (correlated and
uncorrelated; Falush et al. 2003).

For all sTrRUuCTURE analyses we arbitrarily specified a
range for the maximum number of clusters (K = 1-16) to
which individuals could be assigned. For each K that was
evaluated, we performed 10 separate runs with 500,000
iterations of the MCMC algorithm after a burn-in of
500,000 iterations, and then calculated the mean posterior
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Table 1 Characteristics of polymorphic microsatellite loci developed in the giant gartersnake (Thamnophis gigas)

Locus Repeat Primer sequences (5'-3") Dye Multiplex  Allele Number Ho Hg
motif range (bp)  of alleles

DI_907 GT F: GAAACGGAGATGAGCACACA NED MP1 178-188 6 0.362 0.372
R: AGGCCTCTTCCACATGTTTC

DI_2229 CT F: TCAAAGTTACGACGACACAGAAA 6-FAM MP2 147-179 15 0.716 0.709
R: TGAAATAGCTCGAGGCGTTC

TRI_3VL GTT F: GAACATGAGCCCCATGAACT PET MP4 350-365 4 0.515 0.496
R: TTCATCCATCCATTTGGACA

TRI_S58P GAT F: AGTTTTGATGCCACCCACTCa VIC MP1 219-258 13 0.716 0.705
R: TCCCACAAGATCTTCACCATC

TRI_AOC TAG F: ACAGTGGGAATTGAGGTGGA PET MP3 227-254 10 0.703 0.671
R: CAGAAGGCCGAAATGAAAAC

TRI_ISV AAC F: GCTAGGTGCAGGTGTGTGTC NED MP2 232-247 5 0.283 0.287
R: ATGGCTCCTGCATATCCATC

TRI_ONY CAT F: ACCCTTAGAGTTGGGGGTGA NED MP3 223-253 7 0.426 0.454
R: CAGGATATGCATTGCTCCAA

TRI_TOA GTT F: TTTTCCCCTTCCTCAGGATT VIC MP2 167-185 6 0.494 0.484
R: AATTGCAACAACAGCAGCAG

TRI_TSC ATT F: CCAATAAAGCTGGGGATCAA PET MP1 324-351 8 0.422 0.472
R: CTCCTCCTCTGCACTCACCT

TET_567 CATA F: CACATGCATACATACAGACGAAG NED MP4 138-174 10 0.469 0.676
R: CCAGGCAAAGGAAGAAAGTG

TET_790 ATCC F: CTTCCCATCTTTTTGCCAGA 6-FAM MP4 192-224 9 0.663 0.692
R: GGCTTTGCAGTTCTGGAGAT

TET969 AAGG F: TTGCGTTAGCCTCCCATATC 6-FAM MP3 303-331 8 0.500 0.487
R: TCCAACAACCAGTTCACCAA

PEN_57ZB ACGCC F: ACATTATGGCCGGTTCAGAG PET MP2 265-295 7 0.698 0.695
R: TTCCACCTTCCCTAGGCTTT

PEN_61U AGAAT F: GAGGGCTTTTTGTTTTGTTTGT VIC MP4 154-189 8 0.578 0.641
R: AAGACCATATGCACCAAAGACA

PEN1170 ATGGT F: GGAACAGAAATTGCCTCCAG VIC MP3 281-306 6 0.141 0.295

2]

: TCAACCAGGTCTATATCAGCACA

Locus designation, repeat motif, primer sequences, 5’ primer fluorescent dye, allele range, total number of alleles, observed heterozygosity (Hy),
and expected heterozygosity (Hg) in the giant gartersnake across all 477 snakes

We divided these loci into 4 multiplex groups (MP) and performed PCRs (annealing temperature at 58 °C) using a Qiagen Multiplex PCR Kit®,
and following recommended PCR conditions: 10 pL reactions contained 5 pL. of Qiagen multiplex PCR Master Mix, 1 pL. primer mix
(containing 2 uM of each primer), 1 pL Q-solution and 2 pL. of RNase-free water

probability of the data for a given K at each step of the
MCMC for the 10 runs combined. The most probable
number of clusters (K) was inferred by comparing the av-
erage scores of the log likelihood of the data for each K
value (LnP(DIK)) against the K, (i.e. where the
LnP(DIK) curve plateaus) and the AK criterion of Evanno
et al. (2005) using the online program STRUCTURE HARVESTER
(Earl and vonHoldt 2012). Once the optimal K value was
identified, we summarized 10 independent runs at the op-
timal K value with the program crLumpp (Jakobsson and
Rosenberg 2007) with LargeKGreedy algorithm and

10,000 repeats. We used the program bpisTRUCT (Rosenberg
2004) to graphically display the result of the cLumpp output.

We estimated population genetic differentiation (Fsr)
using Weir and Cockerham’s (1984). We estimated
Fsr globally, between pairs of populations, and among
drainage basins. We used the program GENALEX v6.41 to
estimate Fgr and assessed statistical significance with 9999
permutations. Alpha significance (o« = 0.05) was adjusted
for multiple tests with the B-Y correction method (Narum
2006) and set at 0.009 for population comparisons and
0.002 for drainage basin comparisons. We also performed
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an analysis of molecular variance (AMOVA; Excoffier
et al. 1992) to determine the partitioning of genetic varia-
tion among four hierarchical levels: within individuals,
among individuals at each population, among populations
within each drainage basin, and among drainage basins
using GENODIVE (Meirmans and Van Tienderen 2004).

To test whether genetic differentiation among popula-
tions increased as geographic distance increased (indicat-
ing a stepping-stone model of gene flow), we compared
pairwise matrices of Euclidean geographic distance and
pairwise estimates of Fg¢r with Mantel tests for matrix
correlation (Mantel 1967). We assessed significance with
10,000 randomizations of the genetic distance matrix. All
isolation-by-distance analyses were performed in IBDWS
3.21 (Jensen et al. 2005).

Population bottleneck and effective population size
estimation

We used the program BOTTLENECK (Cornuet and Luikart
1996; Piry et al. 1999) to determine if populations within
basins may have undergone significant reductions in size
(i.e., population bottleneck) in the recent past (i.e. 2N.—4N,
generations; Luikart and Cornuet 1998). The method is
based on the assumption that large declines in effective
population size (N.) decrease allelic diversity at a greater
rate than overall heterozygosity. Therefore, if a population
exhibits an excess of heterozygotes relative to what would
be expected on the basis of observed allelic diversity, then
the population may have experienced a bottleneck. We
used the Wilcoxon signed-rank test, implemented in
BOTTLENECK, to examine whether each population exhibited
an excess of observed heterozygotes relative to that pre-
dicted for a population at mutation-drift equilibrium.
Because this method is sensitive to the mutational model
under which the null range of alleles is simulated,
heterozygote excess and allele frequencies were tested with
10,000 simulations under the infinite alleles (IAM), two-
phase (TPM), and strict step-wise (SMM) mutation models.
For the TPM model, we implemented recommendations of
Peery et al. (2012) and Miller et al. (2012) for testing
significance across a range of two specified parameters: (1)
the proportion of single step mutations (p, = 0.3, 0.6, and
0.8) and (2) the mean sizes (J,) of multistep mutations (4,
8, and 16) that incrementally approached the SSM model.

We also estimated effective population sizes (&V,) for each
population and genetic cluster using approximate Bayesian
computation in ONeSAMP 1.2 (Tallmon et al. 2008). For
each ONeSAMP analysis, we specified a noninformative,
flat prior on N, (2-5000) and performed replicate analyses to
verify the consistency in our results.
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Results
Genetic diversity

All 15 loci conformed to mutational expectations in that
they varied in accordance with repeat type.

The global tests for Hardy—Weinberg equilibrium for all
loci were non-significant (in ESM Appendix 1, 2). How-
ever, our population-level tests of Hardy—Weinberg equi-
librium recovered ten populations that had at least one
locus not in equilibrium (alpha significance was corrected
for 16 tests with the B-Y method and set at 0.0147). All
loci were in equilibrium for North Yolo, Gray Lodge,
Sutter East, Sutter West, Conaway Ranch, and White
Slough populations. Global evaluations for linkage
disequilibrium indicated six pairs of loci had non-random
associations. When tested within populations, significant
non-random associations were revealed between the same
pairs of loci as in the global test, but each pair was re-
stricted to specific populations: Natomas West (TRI_AOC
and TRI_58P), Yolo Wildlife Area (TRI_AOC and TRI_ONY),
and Volta Wildlife Area (DI_2229 with TRI_ONY and
TRI_TSC; PEN_61U with TRI_ISV and TRI_TSC). We
detected genetic bottlenecks in most of these populations,
and effective population size estimates were low for all
populations (see below). Both bottlenecks and low effec-
tive population size are expected to increase non-random
mating within populations and therefore influence overall
linkage disequilibrium. Nonetheless, we removed three
main loci (TRI_AOC, DI_2229, and PEN_61U) with ap-
parent non-random associations to test whether these loci
affected our results. Removal of these loci did not change
the results of population structure, genetic differentiation,
or molecular variance, so we made no adjustments to the
data in any of our analyses (in ESM Appendix 3-6). We
also detected the possible presence of null alleles at two
loci: PEN1170 and TET567. However, the only measurable
effect that we observed in analyses run with and without
these loci was a change in significance among genetic
differentiation estimates between Gray Lodge and the
Natomas basin populations (in ESM Appendix 3).

Allelic richness ranged from 3.08 (Volta Wildlife Area)
to 4.03 (Natomas West) and expected heterozygosity (Hg)
ranged from 0.467 (Los Banos Creek) to 0.604 (Gray
Lodge). Comparisons of both measures of diversity were
significantly different among drainage basins (P < 0.002
and P < 0.006, respectively) with the southern basins (e.g.
Yolo, Delta, and San Joaquin Basins) generally having
lower estimates than more northern basins. Levels of in-
breeding (F;s) were nonsignificant and close to zero for
many populations. However, five populations had statisti-
cally significant Fjs: Gilsizer Slough, Natomas West,
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Table 2 Summary of genetic

A ) B Drainage Basin Population N Ar AR Hy Hg Fis

diversity statistics by

population: number of samples Colusa Basin Colusa NWR 46 453 333 0530 0543 0.024

(D, the average C“u‘;“(‘g";fuehc North Yolo 15 413 360 0502 0558  0.099

richness corrected for sample Butte Basin Gray Lodge 14 4.27 3.59 0.627 0.604 0.000

sizes (Ag), observed Sutter Basin Gilsizer Slough 37 4.40 3.66 0.539 0.601 0.102

heterozygosity (Ho), expected Sutter East of Bypass 15 350 327 0492 0531 0073

?;ﬁf;ggfgtzfﬁf;n:h&m) Sutter West of Bypass 32 473 3.66 0561 0562  0.002

American Basin American West 35 3.93 3.44 0.547 0.558 0.020

Natomas West 30 5.27 4.03 0.546 0.593 0.080

Natomas East 30 4.27 3.58 0.502 0.574 0.124

Natomas South 8 3.33 3.20 0.446 0.488 0.086

Yolo Basin Conaway Ranch 34 4.00 3.25 0.483 0.493 0.022

Yolo Wildlife Area 41 4.73 3.22 0.458 0.499 0.083

Delta Basin Badger Creek 45 4.20 3.53 0.494 0.538 0.082

White Slough 20 3.93 3.58 0.497 0.522 0.047

San Joaquin Basin Los Banos Creek 10 3.33 3.28 0.450 0.467 0.036

Volta Wildlife Area 47 3.87 3.08 0.488 0.525 0.070

Bold values indicate P < 0.001; based on 5000 permutations

Natomas East, Conaway Ranch, and Badger Creek

(Table 2).

Population structure and genetic differentiation

Bayesian clustering analysis strongly supported five ge-
netic units (Fig. 2), and we obtained similar results whether
we assumed the allele frequencies were correlated or un-
correlated across populations. Several populations were
highly distinctive and there was a strong relationship be-
tween the geographic location of populations and the

grouping of individuals.

Populations from the Colusa Basin west of the Sacra-
mento River (i.e., Colusa National Wildlife Refuge and all
other singleton samples within Colusa and Glenn Counties)

formed the first genetic cluster. Multiple populations east

of the Sacramento Valley formed the second cluster
(Figs. 1, 2): Butte Basin (Gray Lodge), Sutter Basin (Gil-
sizer Slough, Sutter East of Bypass, and Sutter West of
Bypass), and American Basin (American West, Natomas

West, Natomas East, Natomas South), and all singletons
from northern Butte and Glenn Counties east of the
Sacramento River. Admixture among these two clusters
was detected in southern Colusa Basin, where individuals
from North Yolo (and further south along the Yolo Bypass)
had equal (0.5) probability of membership in clusters one

and two (Fig. 2). Individuals from within the Yolo Basin at

Butte Basin
San Joaquin
Colusa Basin Sutter Basin | American Basin Yolo Basin | Delta Basin Basin
1.0 AN A g T e —— T
L i TR o A T W
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Fig. 2 Assignment plot on the basis of a correlated allele frequencies
model estimated in STRUCTURE at Kyjax = 5. Drainage basins (top
label) and populations (bottom label) are arranged in geographic

order from north to south (left to right, respectively), each of which

the Conaway Ranch and Yolo Wildlife Area formed the
third cluster. However, individuals from Conaway Ranch
(the more northern population) shared ~40 % of their

are denoted with solid black lines. Within each population, assign-
ment probabilities for each individual are indicated as the relative
proportion of each color
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overall membership probabilities with more northern
genotypes from cluster two. The fourth and fifth clusters
were comprised of Badger Creek and Volta Wildlife Area,
each of which contained individuals with distinctive
genotypes that likely reflect their geographic isolation.
Genotypes of individuals from White Slough had mixed
assignments from those from Badger Creek, more northern
drainage basins, and Volta (clusters 2, 4, and 5), and in-
dividuals from Los Banos Creek shared membership
probabilities with their geographically proximate sister site
(Volta Wildlife Area) and the more northern Badger Creek
cluster. One individual from Agatha (Merced County) and
one from Madera (Fresno County) had admixed assignment
probabilities between San Joaquin and more northern
Basins (Fig. 1, southernmost individuals in the map).

Population differentiation (Fs7) ranged from 0.00 to
0.297 and the global population differentiation was statisti-
cally significant (Fs7 = 0.108; P < 0.001). Pairwise Fgr
estimates were statistically significant in most population
comparisons. Pairwise comparisons between northern
populations across the Sacramento Valley (within Butte,
Sutter, and American Basins) were the only non-significant
estimates (Table 3); these patterns were consistent with the
population structure inferred from the Bayesian cluster
analysis. Pairwise differentiation estimates among drainage
basins showed a similar pattern: only pairwise comparisons
between Butte Basin and American Basin were non-sig-
nificant (Table 4). Partitioning of genetic variation from the
seven drainage basins revealed significant structure among
hierarchical groups but percentage of variance was low with
9 % of the total variation partitioned among basins
(P <0.001), 4% among populations within basins
(P <0.001), 5% among individuals within populations
(P < 0.001), and the remainder within individuals.

Isolation by distance was evident among populations
(r=0.86, P =0.001; Fig.3a). This pattern remained
significant even when the geographically separated
populations from within the San Joaquin Basin (Los Banos
Creek and Volta Wildlife Area) were removed from the
analysis (r = 0.425, p = 0.015; Fig. 3b).

Population bottlenecks and effective population size

We detected evidence of bottlenecks (i.e., heterozygote
excess) in several populations using the Wilcoxon test.
Regardless of the mutational model employed, there was
no evidence of population bottlenecks recovered for Sutter
West, Yolo Wildlife Area, and Los Banos Creek popula-
tions. Under the IAM model, all other populations showed
significant heterozygote excess. Under the TPM model,
eight of the sixteen populations were significant for
heterozygote excess, although significance decreased as we
adjusted parameters to approach a strict step-wise mutation
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model (Table 5). Overall, the population bottlenecks were
most consistently detected at Gray Lodge, Gilsizer Slough,
American West, Natomas East, Badger Creek, and Volta
Wildlife Area, many of which also had significant in-
breeding coefficients (F;g; Table 2).

Effective population size (N,) estimates varied across
the Central Valley, with the lowest population estimate
recovered in the south at Volta Wildlife Area (N, = 7.5)
and the highest estimate found in the Sacramento Valley at
Gilsizer Slough (N, = 101.8). Overall population N, esti-
mates were generally low (Table 6). We also estimated N,
for each of the genetic clusters that were identified in our
STRUCTURE analyses, each of which comprised multiple
populations. These estimates mirrored those at the
population level, where the lowest estimate was recovered
in the south within the San Joaquin Basin (N, = 56.9) and
highest estimates recovered within the more interior drai-
nage basins (Table 6).

Discussion
Genetic diversity

Genetic diversity of giant gartersnake populations across
the Central Valley, as measured by allelic richness and
expected heterozygosity, was relatively low compared to
other diversity estimates for snakes (Anderson et al. 2009;
Chiucchi and Gibbs 2010; Clark et al. 2008; Manier and
Arnold 2005; Marshall Jr et al. 2008; Tzika et al. 2008).
Although direct comparisons are not possible because the
above studies were based on different microsatellite loci,
another obligate wetland snake listed as threatened under
federal and state endangered species acts (Copperbelly
watersnake, Nerodia erythrogaster; Marshall Jr et al. 2008)
had higher estimated levels of genetic diversity than the
giant gartersnake. Compared to giant gartersnakes, the
copperbelly watersnake is not as strongly associated with
permanent wetlands and is more likely to move over land.
Thus, the difference in genetic diversity between the two
species might reflect differences in ecology and demogra-
phy. Alternatively, low levels of genetic diversity in the
giant gartersnake may stem from reductions in local
population size and inbreeding, which can reduce popula-
tion viability by mechanisms such as inbreeding depression
and accumulation of deleterious mutations that can ulti-
mately lead to loss of adaptive potential (Frankham et al.
2010, 2014). Small populations and low genetic diversity
in snakes have been associated with chromosomal abnor-
malities and birth deformities resulting in reduced juvenile
survival rates (e.g., Gautschi et al. 2002; Madsen et al.
1996; Ujvéri et al. 2002). However, it is unknown whether
low levels of genetic variability will affect fitness in the
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Table 4 Pairwise genetic differentiation (Fg7) among regional drainage basins (below diagonal) and p values (above diagonal)

Colusa Basin Butte Basin Sutter Basin American Basin Yolo Basin Delta Basin San Joaquin

Basin

Colusa Basin - 0.000 0.000 0.000 0.000 0.000 0.000

Butte Basin 0.053 - 0.009 0.075 0.000 0.000 0.000

Sutter Basin 0.053 0.012 - 0.000 0.000 0.000 0.000

American Basin 0.047 0.006 0.019 — 0.000 0.000 0.000

Yolo Basin 0.111 0.055 0.059 0.065 — 0.000 0.000

Sacramento Delta 0.095 0.057 0.052 0.062 0.103 - 0.000

San Joaquin Basin 0.218 0.163 0.182 0.179 0.260 0.145 —

Statistical significance at oo < 0.0137 after B-Y correction (Narum 2006) is indicated by bold face
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Fig. 3 Mantel tests for matrix correlation between genetic distance
and geographic distance for: a all 16 populations and b after removing
San Joaquin populations
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giant gartersnake, but these patterns may warrant further
investigation. Although detection of inbreeding was not
widespread, we did observe significant inbreeding coeffi-
cients in Gilsizer Slough, Natomas West, Natomas East,
Conaway Ranch, and Badger Creek populations.

Population structure and genetic differentiation

Across the Central Valley, evidence for five regional units
are revealed by the microsatellite data: Colusa Basin, Yolo
Basin, Delta Basin, San Joaquin Basin, and the Sacramento
Valley. Genetic structure within the northern Sacramento
Valley appears to be defined largely by the Sacramento
River, where significant genetic differentiation (Fgr) esti-
mates exist between Colusa Basin and populations im-
mediately east of the river. Differentiation is weaker in the
southern portion of the Sacramento Valley (vicinity of
North Yolo), where admixture patterns from STRUCTURE
analyses indicate genetic exchange in this area across the
river. On the east side of the Sacramento River, no genetic
subdivision among drainage basins is evident. Butte, Sut-
ter, and American Basins are grouped into a single re-
gional genetic unit in the STRUCTURE analyses and Fgr
estimates among these basins are low or non-significant.
Only pairwise comparisons between the most geo-
graphically separated sub-basins were significant (Amer-
ican West with Natomas East and South), indicating that
geographic distance among the sub-basins may play a role
in restricting gene flow, although fragmentation of habitat
likely further inhibits successful migration and gene flow
(Fahig 1997; Forman et al. 2003). We also found evidence
of genetic subdivision within the central and southern
basins, where Yolo, Delta, and San Joaquin Basins each
form distinct genetic clusters. Paquin et al. (2006) report
similar results for these basin populations using mtDNA.
They showed that Badger Creek mtDNA haplotypes were
genetically divergent from both northern and southern
basins and that this pattern of mtDNA divergence was
replicated for more southern populations in the San Joa-
quin Basin.
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Table 5 Genetic bottlenecks in Thamnophis gigas populations estimated by heterozygote excess

Population N IAM TPM SMM
30116 3018 3014 60116 6018 6014 80116 8018 8014

Colusa NWR 46 0.004 0.076 0.115 0.195 0.227 0.281 0.381 0.532 0.555 0.640 0.932
North Yolo 15 0.009 0.028 0.042 0.084 0.094 0.104 0.179 0.211 0.244 0.281 0.511
Gray Lodge 14 0.004 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.053 0.068 0.084
Gilsizer Slough 37 0.000 0.001 0.002 0.021 0.024 0.037 0.138 0.165 0.262 0.281 0.756
Sutter East of Bypass 15 0.018 0.047 0.054 0.115 0.115 0.115 0.151 0.165 0.179 0.195 0.339
Sutter West of Bypass 32 0.094 0.339 0.402 0.423 0.489 0.555 0.661 0.719 0.756 0.820 0.964
American West 35 0.000 0.000 0.001 0.002 0.005 0.011 0.015 0.024 0.032 0.068 0.360
Natomas West 30 0.021 0.195 0.359 0.555 0.511 0.661 0.789 0.820 0.862 0.906 0.991
Natomas East 30 0.000 0.005 0.018 0.024 0.024 0.054 0.084 0.138 0.195 0.262 0.773
Natomas South 8 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Conaway Ranch 34 0.032 0.126 0.195 0.281 0.402 0.555 0.640 0.681 0.700 0.789 0.958
Yolo Wildlife Area 41 0.115 0.281 0.381 0.489 0.489 0.619 0.700 0.773 0.820 0.874 0.976
Badger Creek 45 0.000 0.005 0.009 0.018 0.032 0.076 0.104 0.195 0.359 0.402 0.940
White Slough 20 0.021 0.054 0.094 0.138 0.195 0.227 0.319 0.340 0.402 0.467 0.773
Los Banos Creek 10 0.271 0.393 0.446 0.473 0.473 0.527 0.527 0.554 0.601 0.632 0.830
Volta Wildlife Area 47 0.000 0.001 0.002 0.003 0.007 0.012 0.015 0.021 0.034 0.067 0.335

Bold values indicate statistical significance of heterzygote excess (¢ < 0.05; one tailed), n, sample size; JAM infinite alleles mutation model;
TPM the two-phase mutation model assessed at various proportions (p,) and mean sizes (J,) of multistep mutations (p,ld,,); SMM the step-wise

mutation models

Table 6 Effective size

estimates and 95 % confidence

intervals for populations and

clusters

Despite the geographic and genetic isolation evident for
populations within the Yolo and Delta genetic units, ad-
mixture patterns revealed in the STRUCTURE analyses indi-
cate populations have experienced some past genetic
exchange with more northern drainage basins. Within the

Population

ONeSAMP N,

Clusters

ONeSAMP N,

Colusa NWR

North Yolo

Gray Lodge

Gilsizer Slough
Sutter East of Bypass
Sutter West of Bypass
American West
Natomas West
Natomas East
Natomas South
Conaway Ranch
Yolo Wildlife Area
Badger Creek

White Slough

Los Banos Creek
Volta Wildlife Area

44.6 (33.1-115.1)
21.1 (17.0-44.2)
13.3 (11.1-20.0)
32.8 (22.7-73.2)
23.4 (18.0-36.6)
33.6 (26.9-59.5)
54 (42.7-125.5)
63.7 (39.8-174.6)
39.7 (29.4-88.8)

55.1 (40.9-120.3)
44.6 (30.8-109.6)
82 (54.0-260.6)
41.1 (30.7-107.5)
14.6 (10.6-32.0)
18.9 (15.1-33.3)

Colusa Basin

Sacramento Valley

Yolo Basin

Delta Basin

San Joaquin Basin

203.3 (94.8-683.4)

515.3 (258.9-2061.6)

571.0 (279.3-3496.6)
636.2 (285.1-3846.9)

56.9 (39.4-199.0)

Natomas South had too few individuals sampled (n = 8) to yield reliable estimates

Delta Basin, White Slough is the only population to exhibit
admixed genotypes from the northern Sacramento Valley,
Badger Creek, and lower San Joaquin Basin, suggesting
that White Slough may have been established during pe-
riodic flood events in the past. Similarly, admixtures at

@ Springer
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North Yolo and Conaway Ranch sites might also indicate
the establishment of populations from multiple sources
during flood events. Prior to water diversion, the Central
Valley frequently flooded during winter and spring, and on
rare occasions floodwaters inundated the entire valley from
the foothills of the Coast Ranges to the foothills of the
Sierra Nevada (Garone 2007). The confluence of several
major river systems at the southern end of the Sacramento
Valley likely led to increased frequency and severity of
flooding there than farther north in the Sacramento Valley.
These historical flood events could have transported indi-
viduals across the Sacramento River, resulting in the ob-
served admixtures at North Yolo and Conaway Ranch sites.
The admixture observed at Los Banos Creek is more
enigmatic, and not readily explained by hydrologic events.
Although flooding is a parsimonious hypothesis, we cannot
rule out other mechanisms, including human movement of
individuals.

Our results show that northern drainage basins have
higher connectivity than among central and southern
basins. Although moderate levels of genetic differentiation
exist among the drainage basins (global Fg;r = 0.108),
highest pairwise Fg; estimates are recovered among
populations that are geographically isolated, especially the
southern populations within Yolo, Delta, and San Joaquin
Basins (Tables 3, 4). In contrast, genetic differentiation
among northern drainage basins east of the Sacramento
River is relatively low suggesting greater connectivity be-
tween drainages along the Sacramento Valley. These pat-
terns are consistent with expectations based upon both
historic and current habitat conditions. Prior to water di-
version and agricultural activity, marsh habitat east of the
Sacramento River was likely contiguous from the Butte
Basin in the north to the Sutter Basin, southward across the
downstream reaches of the Feather River and the southern
portion of the American Basin (Kuchler 1977). Current
land use in the Sacramento Valley region is dominated by
rice agriculture, which with its supporting infrastructure of
canals, has likely maintained enough habitat connectivity
to enable historical levels of gene flow among these basins
despite otherwise limited dispersal. While allele frequency
differences between drainage basins and populations could
result through the population bottleneck events we detected
throughout the Central Valley, isolation-by-distance is
likely a stronger driver of population structure for the giant
gartersnake (Leblois et al. 2006). Our inference of step-
ping-stone gene flow is consistent with expectations for a
species largely distributed along a north—south axis where
populations that are close to each other are likely to be
more connected, and therefore more genetically similar,
than populations that are farther apart (Guillot et al. 2009).
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Conservation implications

Populations across the Central Valley have been affected
by diversion of water (i.e., dams, levees, and irrigation
systems) and the expansion of agriculture for over a cen-
tury, which has resulted in the loss of over 93 % of historic
wetlands in the Central Valley (Frayer et al. 1989; USDOI
1994; USFWS 2006). Our microsatellite data indicate that
reductions in effective population size (i.e., genetic bot-
tlenecks) have occurred in about half the populations we
sampled throughout the Central Valley. Trapping efforts
and field surveys have detected relatively low numbers of
individuals in San Joaquin Valley populations relative to
more northern Sacramento Valley populations (Hansen
2008, 1988; Sousa and Sloan 2007; Wylie and Amarello
2008), and our estimates of genetic diversity and effective
size are consistent with these field data. However, we also
found genetic evidence of bottlenecks and relatively small
N, estimates for several northern populations (Tables 5 and
6), indicating that giant gartersnake declines are not limited
to the San Joaquin Valley. Although rice cultivation within
the Sacramento Valley provides beneficial wetland habitat
for giant gartersnakes, flooding of rice fields only occurs
during a limited portion of the year (June through August).
Therefore, perennial wetland habitat is primarily restricted
within irrigation canals or marshes in close proximity to
these canals, and may not be sufficient to curb local
population declines.

Of five genetic clusters identified in our population
structure analyses, only the Sacramento Valley cluster has
multiple populations with point estimates of N, > 50 in-
dividuals, and enough remaining habitat to potentially
support several additional populations (Halstead et al.
2010; Wylie et al. 2010). The San Joaquin Basin cluster, in
particular, has only two known extant populations, and
both of these have relatively low effective population size
estimates, with upper confidence limits of N, < 33. The
remaining three clusters (Colusa, Yolo, and Delta Basins)
are represented by only a few populations, and with the
exception of the Colusa Basin, there is little additional
habitat surrounding these sampled populations. Given ac-
counts of historic abundance and what is known about the
available habitat at all of our sampling locations, the low
N, values we recovered for the giant gartersnake may be
further evidence of declining populations. Although mea-
sures of effective population size require careful interpre-
tation, the measure is valuable as a relative comparison
despite possible inaccuracies due to sampling close rela-
tives or overlapping generations (as our sampling almost
certainly included). Therefore, our estimates may be best
viewed as a range of possible values and we place
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emphasis on the upper CI for each population estimate. If
the effective population sizes of giant gartersnake popula-
tions throughout the Central Valley are as low as our
analyses suggest, then they may be too small to avoid
considerable inbreeding depression in the long term. Ac-
cording to theoretical and empirical evidence, a minimum
N, of 100 individuals is necessary to avoid the negative
genetic effects of inbreeding over 5 generations (Frankham
et al. 2014; Jamieson and Allendorf 2012). Most of the
populations sampled here do not meet these thresholds,
having upper N, estimates below 100, suggesting that the
fitness of many populations throughout the Central Valley
may be vulnerable. Although our basin-wide N, estimates
reveal higher effective sizes, both Colusa and San Joaquin
Basins, which occur at the northern and southern range
limits, have N, estimates well below the minimum
threshold of N, > 1000 that is recommended for long-term
viability and persistence in the face of environmental
change (Frankham et al. 2014; Jamieson and Allendorf
2012; Traill et al. 2010). Ensuring the continued existence
of the southern-most clusters (Yolo, Delta, and San Joaquin
Basin populations) may be critical for maintaining overall
genetic diversity within the species. This is especially
important considering that populations in the southernmost
portion of the Central Valley (Tulare Basin: Buena Vista
Lake, Kern Lake, and Tulare Lake) have already been
extirpated (Hansen 1988; Hansen and Brode 1980). The
Tulare Basin, which extends from the southern portion of
the San Joaquin River southward to the Kings River, was
connected to the San Joaquin Basin only during rare hy-
drological events when Tulare Lake (now dry) reached
flood stage (Garone 2007). Therefore, if the genetic
structure of the now extinct Tulare Basin populations was
similar to the divergence patterns we recovered among the
other basins in the Central Valley, then it is likely that at
least one (Tulare Basin) to as many as three distinct genetic
clusters (Buena Vista Lake, Kern Lake, and Tulare Lake
populations) have already been lost.

Sustaining populations as distinctive gene pools within
Yolo, Delta and San Joaquin Basins, particularly those
represented by few individuals, could prove to be a
daunting task. Pursuing management actions to ameliorate
continued loss of genetic connectivity between existing
populations within each cluster may help to decrease their
extinction risk. Even with quality wetland habitat sur-
rounding individual populations within a basin, corridors
connecting these wetlands are integral to maintain gene
flow. Small effective population sizes and geographic
isolation leave these populations susceptible to stochastic
events (e.g., disease, prolonged drought) and the deleteri-
ous consequences of genetic drift, which along with other
ecological disturbances (e.g. habitat degradation, invasive
species) can interact to drive a small population to

extinction (Brook et al. 2008; Gilpin and Soulé 1986).
Therefore, management strategies focused on maintaining
and enhancing existing wetland habitat and canals for
continued migration within basin populations may be cri-
tical for these otherwise isolated populations. Furthermore,
perennial habitat restoration efforts within each of these
basins could potentially improve conditions for giant
gartersnakes, and boost regional population sizes. How-
ever, it may be that too few individuals currently remain in
some basins to consider them as sources for translocation
to newly restored wetlands and given their genetic dis-
tinctiveness, the translocation of individuals from other
basins might be contraindicated (Gautschi et al. 2002;
Madsen et al. 1996; Ujvéri et al. 2002). Should it be
deemed necessary to augment populations to achieve long-
term persistence, augmenting from the most geographically
proximate populations would be consistent with the mea-
sured patterns of genetic structure.

Maintaining genetic connectivity would be recom-
mended within the Colusa Basin and in the Sacramento
Valley east of the Sacramento River (Butte, Sutter, and
American basins) and is consistent with earlier recom-
mendations by Paquin et al. (2006). Managing the land-
scape to maintain a network of canals that contain water
and emergent vegetation during the giant gartersnake’s
active season may be a cost-effective means of supporting
genetic connectivity among populations, but more research
is needed on this topic. Additional construction of marshes
that approximate historic habitat conditions might promote
abundant populations (Wylie et al. 2010) that provide
sources of dispersing individuals. The genetically distinc-
tive Yolo Basin cluster may also benefit from increased
landscape management. Continued habitat conversion en-
croaching from the west, as a result of the ongoing ex-
pansion of Dixon, Woodland, and Davis communities, may
further isolate and reduce these unique populations. Man-
agement practices aimed at increasing, then maintaining,
large effective population sizes and facilitating dispersal
within all these clusters would likely benefit T. gigas. Fi-
nally, results suggest that a periodic genetic sampling
program (e.g., every 2—5 generations) would provide useful
information for the management of giant gartersnakes. This
would facilitate monitoring efforts to quantify genetic
changes resulting from threats and compensatory man-
agement actions within each of the drainage basins, and
allow for the assessment of management efforts within an
adaptive framework.
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