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Abstract

Antagonistic coevolution between natural enemies can produce highly exaggerated
traits, such as prey toxins and predator resistance. This reciprocal process of adap-
tation and counter-adaptation may also open doors to other evolutionary novelties
not directly involved in the phenotypic interface of coevolution. We tested the hy-
pothesis that predator-prey coevolution coincided with the evolution of conspicuous
coloration on resistant predators that retain prey toxins. In western North America,
common garter snakes (Thamnophis sirtalis) have evolved extreme resistance to tet-
rodotoxin (TTX) in the coevolutionary arms race with their deadly prey, Pacific newts
(Taricha spp.). TTX-resistant snakes can retain large amounts of ingested TTX, which
could serve as a deterrent against the snakes' own predators if TTX toxicity and re-
sistance are coupled with a conspicuous warning signal. We evaluated whether arms
race escalation covaries with bright red coloration in snake populations across the
geographic mosaic of coevolution. Snake colour variation departs from the neutral ex-
pectations of population genetic structure and covaries with escalating clines of newt
TTX and snake resistance at two coevolutionary hotspots. In the Pacific Northwest,
bright red coloration fits an expected pattern of an aposematic warning to avian pred-
ators: TTX-resistant snakes that consume highly toxic newts also have relatively large,
reddish-orange dorsal blotches. Snake coloration also seems to have evolved with
the arms race in California, but overall patterns are less intuitively consistent with
aposematism. These results suggest that interactions with additional trophic levels
can generate novel traits as a cascading consequence of arms race coevolution across

the geographic mosaic.
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coevolution between natural enemies like predator and prey or herbi-

vore and plant is characterized by escalation and counter-escalation
Antagonistic coevolution between natural enemies is thought to be a at the phenotypic interface of coevolution—the traits of each spe-
cies that mediate antagonistic interactions (Brodie Il & Brodie

Jr., 1999; Brodie Il & Ridenhour, 2003). This process of reciprocal

major driver of the evolution of biodiversity (Dawkins & Krebs, 1979;
Ehrlich & Raven, 1964; Vermeij, 1987; Zaman et al., 2014). Arms race
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selection can lead to the evolution of highly exaggerated traits,
such as prey toxicity and predator resistance (Hanifin et al., 2008;
Reimche et al., 2020; Toju et al., 2011; Toju & Sota, 2005). In the
geographic mosaic theory, coevolutionary hotspots are defined as
locations where reciprocal selection occurs at the phenotypic inter-
face (Thompson, 1999, 2005). The spatial distribution of hotspots,
combined with the effects of population structure, can generate a
geographic mosaic of coevolution across the landscape (Benkman
et al.,, 2003; Hague et al., 2020a; Thompson, 1999, 2005; Toju
et al., 2011; Zangerl & Berenbaum, 2003). Coevolutionary hotspots
may also generate cascading effects, as organisms with exaggerated
armaments may experience novel selection pressures that were not
directly involved in the pairwise arms race interaction. For exam-
ple, many insect herbivores have evolved resistance to defensive
toxins in plants and, as a consequence, they have also evolved the
ability to sequester these toxins as a defence against their own
predators (Dobler et al., 2012; Groen & Whiteman, 2021; Opitz &
Miuiller, 2009; Petschenka et al., 2022). In this respect, coevolution
can have cascading consequences that drive the evolution of novel
traits along related axes of variation, which may involve other levels
of trophic interaction.

We investigated whether such cascading effects arise within
the context of a geographic mosaic of coevolution, where hotspots
(and coldspots) of coevolution are interspersed across the landscape
(Thompson, 1999, 2005). Common garter snakes (Thamnophis sir-
talis) have evolved extreme resistance to tetrodotoxin (TTX) in a
geographic mosaic of arms race coevolution with their deadly prey,
Pacific newts (Taricha spp.) (Brodie Il & Brodie Jr., 1990; Brodie
Jr. et al., 2002; Hague et al., 2017, 2020a; Hanifin et al., 2008).
Phenotypic TTX resistance is tightly correlated with levels of newt
TTX across western North America (Brodie Jr. et al., 2002; Hague
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et al., 2020a; Hanifin et al., 2008) and snake lineages in two coevo-
lutionary hotspots, California and the Pacific Northwest, conver-
gently evolved escalated resistance via independent mutations in
the pore region of the skeletal muscle voltage-gated sodium chan-
nel (Na,1.4) that disrupt toxin binding (Geffeney et al., 2002, 2005;
Hague et al., 2017). We examined whether cascading effects of the
predator-prey arms race have led to the evolution of novel charac-
ters related to TTX resistance of snakes that retain prey toxins.
Newts are extremely toxic at some locations such as the central
coast of Oregon (Hague et al., 2020a; Hanifin et al., 2008; Stokes
etal.,, 2015), and as a result, TTX-resistant snakes can retain substan-
tial amounts of TTX in their livers after consuming prey (Williams
et al., 2004, 2012). TTX can persist in the liver for up to a month
after consumption of a single newt, and at least 7weeks after a
steady diet of newts (i.e., 4-8 newts over a 5-week period). The
retained levels of TTX are enough to kill a snake's own predators
(Williams et al., 2004, 2012), which include mostly birds and some
mammals (Ernst & Ernst, 2003; Rossman et al., 1996). Anecdotally,
TTX-resistant snake populations that consume toxic newts also
exhibit conspicuous colour patterns, especially along the Oregon
coast (St. John, 2002; Stebbins, 2003). Most garter snakes are dull
brown or black, but many western Th. sirtalis populations that are
sympatric with toxic newts have bright red colour patterning on
the dorsal body and head (Figure 1; St. John, 2002; Stebbins, 2003;
Westphal, 2007), suggesting that TTX-resistant (and TTX-toxic) gar-
ter snakes have evolved a conspicuous warning signal to predators.
We sampled newt and garter snake populations across western
North America to test whether the bright red coloration of snakes
covaries clinally with newt TTX and snake resistance at the pheno-
typic interface of coevolution. Distinct TTX-resistant snake lineages
in the California and Pacific Northwest hotspots (Figure S1; Hague
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FIGURE 1 Latitudinal transects in (a) California and (b) the Pacific Northwest. To the right, the key indicates population estimates of
garter snake phenotypic TTX resistance (50% MAMU dose, circles) and newt TTX (pg/cmz, squares) along each transect. Representative
images of snakes are show from different sampling localities. In (a), colour and area measurements are shown for snake dorsal blotches (b),
major head scales (H), temporal scales (T), and labial scales (L). See Figure S1 for a phylogenetic analysis distinguishing the California and

Pacific Northwest lineages.
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et al., 2017) present two independent opportunities to test for rela-
tionships among newt TTX levels, snake resistance, and snake col-
oration. In the Pacific Northwest, we previously found that clines
of snake phenotypic and genotypic TTX resistance tightly correlate
with newt TTX levels and deviate from the neutral expectations of
snake population genetic structure (Hague et al., 2020a). Here, we
characterized a similar set of clines in California, and then, in both
regions, measured red coloration (hue) and patterning on the dorsum
and head of garter snakes. We used these data sets in California and
the Pacific Northwest to test whether clines of escalating newt TTX
and snake resistance are coincident with conspicuous red coloration
on snakes.

2 | MATERIALS AND METHODS

We sampled prey and predator populations along two distinct tran-
sects: (1) five localities in northern California and (2) seven localities
in the Pacific Northwest (Figure 1, Table S1). We leveraged our prior
estimates from the Pacific Northwest of newt TTX levels, snake phe-
notypic and genotypic TTX resistance, and snake population genetic
structure based on neutral SNPs (Hague et al., 2020a, 2020b) and
used the same methods to generate similar data along the California
transect (described below). We then analysed California and the
Pacific Northwest separately as two distinct tests of snake colour
variation, because Th. sirtalis in each region are genetically, geo-
graphically, and morphologically differentiated (Figure S1; Janzen
et al.,, 2002; Hague et al., 2017, 2018), and the two lineages have
independently evolved TTX resistance in response to toxic newts
(Hague et al., 2017).

2.1 | TTXlevels of newts

We first estimated newt TTX levels in California to measure the
amount of defensive toxin at each locality along the transect. We
quantified the amount of TTX in individual newts (N = 90 newts,
Table S1) using a Competitive Inhibition Enzymatic Immunoassay
(CIEIA) and TTX-specific antibodies (Gall et al., 2011; Stokes
et al,, 2012). We measured the amount of TTX in a 5mm circu-
lar skin punch from the dorsum of each newt using a human skin-
biopsy punch (Acu-Punche, Acuderm Inc.; Hague et al., 2016; Hanifin
et al., 2002, 2004). These data were used to estimate the dorsal skin
concentration of TTX (pg/cmZ) in each individual to account for dif-
ferences in body size. TTX is uniformly distributed throughout the
dorsum and levels of TTX in the dorsal skin are tightly correlated with
levels in other regions (Hanifin et al., 2004). Distribution and leverage
analyses indicated that a x’ = log(x+0.1) transformation of TTX was
needed. The transformed TTX values were used in the subsequent
cline-fitting and correlation analyses along each transect (see below).

Multiple TTX-bearing newt species occur in central California
and we found that rough-skinned newts (Ta. granulosa) and California
newts (Ta. torosa) co-occur at two of our sampling localities in

California, Willits and Knoxville (Table S1). We used a one-way
ANOVA to test for species differences in TTX levels at Willits and
Knoxville; however, we pooled the two species to generate mean TTX
estimates of all newts at each locality for our downstream clinal anal-
yses. There is no evidence that garter snakes preferentially prey on
either species; although, snakes can self-assess resistance and behav-

iorally reject newts that are too toxic to ingest (Williams et al., 2003).

2.2 | Phenotypic TTX resistance of garter snakes

We estimated garter snake phenotypic TTX resistance at the five
localities in California using a well-established assay of whole animal
performance (Brodie lll & Brodie Jr., 1990; Brodie Jr. et al., 2002;
Hague et al., 2020a; Reimche et al., 2020; Ridenhour et al., 2004).
Briefly, each snake was assayed on a 4 m racetrack to character-
ize its “baseline” crawl speed, then injected with a known dose of
TTX and assayed for “post-injection” speed. Population estimates
of TTX resistance are reported on a scale of mass-adjusted mouse
units (MAMUs) to control for differences in body size (Brodie Jr.
et al., 2002). Individuals from each locality received a series of TTX
doses and resistance was estimated as the relative performance
after injection: the MAMU dose of TTX that reduces performance
by 50% of baseline speed. We found that nearly all of the snakes at
Hopland and Knoxville were completely unaffected by our stand-
ard series of injections that range up to 250 MAMUs. Because most
snakes were unaffected by our maximum dose, we were unable to
estimate the population 50% MAMU doses and standard errors for
these localities. We therefore assumed a minimum 50% dose of
250 MAMUs for these localities in subsequent analyses. We incor-
porated racetrack data from previous estimates of TTX resistance
from the Dry Lagoon and Willits localities to generate more precise
population estimates of TTX resistance for this study (N = 420 total
snakes, Table S1; Brodie Jr. et al., 2002).

All statistics were performed in R 4.2.0 (R Core Team, 2022).
The 50% MAMU dose was estimated separately for each local-
ity from a dose-response curve using curvilinear regression and
the general transform y' = In(1/y - 1) (Brodie Jr. et al., 2002). At
y =0.5 (i.e., 50%), y' = 0 and the 50% dose is estimable X= —a/f
(where a is the intercept and g the slope from the curvilinear re-
gression). Because X takes the form of a ratio, the standard error
for the estimated 50% dose is calculated using standard methods
for the variance of a ratio (Lynch & Walsh, 1998 p. 818; Brodie Jr.
et al., 2002). Confidence intervals of 95% were calculated as +1.96
SE. Regression was performed with the “Imer” function imple-
mented in the Ime4 package (Bates et al., 2015). The individual ID
of each snake was included as a random effect to account for the
fact that each snake received multiple injections. Distribution and
leverage analysis indicated that a transformation of the x variable
(MAMU of TTX) was needed, so we transformed the data using
x" = In(x+1) (Brodie Jr. et al., 2002). The transformed MAMU val-
ues were used in the subsequent cline-fitting and correlation anal-
yses (see below).
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2.3 | Genotypic TTX resistance of garter snakes

We also examined the frequency of snake TTX-resistance alleles in the
skeletal muscle voltage-gated sodium channel (Na,,1.4). Garter snake
lineages in California and the Pacific Northwest each independently
evolved TTX resistance via mutations to the fourth domain pore-loop
(DIV p-loop) of the Na, 1.4 channel (Geffeney et al., 2002, 2005; Hague
et al., 2017). Snakes in both regions evolved an initial increase in TTX
resistance via a repeated first-step 11561V mutation in the DIV p-loop
(DIVY) that disrupts toxin-binding at the pore. A second, highly resist-
ant allele (DIV'NY) with three additional mutations (115561, D1568N,
G1569V) is found exclusively in California, whereas a moderately re-
sistant allele (DIVYA) with one additional G1566A mutation is found
exclusively in the Pacific Northwest (Hague et al., 2017). Importantly,
the gene encoding Na, 1.4 (SCN4A) is located on the Z sex chromo-
some of Th. sirtalis (Gendreau et al., 2020). Colubrid snakes, including
garter snakes, have heteromorphic sex chromosomes (ZZ males, ZW
females), with recombination only occurring between Z chromosomes
in males (Augstenova et al., 2018; Vicoso et al., 2013). Females are
hemizygous for the Z-linked SCN4A gene, so allele frequency esti-
mates must account for the fact that females have only one DIV p-
loop allele. We previously estimated DIV allele frequencies at each
locality using tissue samples from the snakes in this study (Gendreau
et al., 2020; Hague et al., 2020a). These allele frequencies were used

in the cline-fitting analyses (see below).

2.4 | Population genetic structure of snakes

We characterized the population genetic structure of snakes in
California, which served as a neutral expectation of trait differenti-
ation for snake TTX resistance and coloration (Hague et al., 2020a).
We used double digest restriction-site associated DNA sequenc-
ing (ddRADseq) to generate a data set of neutral SNPs (Peterson
et al., 2012), implementing the same methods we used previously
to estimate snake population structure in the Pacific Northwest
(Hague et al., 2020a). Briefly, genomic DNA was extracted using an
DNeasy Blood & Tissue kit (Qiagen Inc.). We then digested 600ng
of genomic DNA from each sample using the restriction enzymes
Mfel and Sbfl. Unique combinations of individual P1 and P2 bar-
coded adapters were annealed to the digested genomic DNA of
each sample. Samples were then pooled, purified with AmpureXP
beads (Beckman Coulter, Inc.), and size selected for 500-600 bp
fragments. The California samples were run with the (previously
published) Pacific Northwest samples on two lanes of an lllumina
HiSeq 2500 (lllumina, Inc.) to generate 125 bp paired-end reads.
We used process_radtags in Stacks 1.46 (Catchen et al., 2013) to
demultiplex reads and remove sequences with low-quality scores
or uncalled bases, producing an average of 1,715,216 reads per
sample (N = 86 snakes). The reads were then aligned to the Th. sir-
talis genome (Perry et al., 2018) using Bowtie2 2.2.9 (Langmead &
Salzberg, 2012). We discarded reads that did not align or had more
than one match to the genome. We then used ref_map.pl in Stacks to

assemble the reference-aligned sequences into loci using a minimum
depth (-m) of three, which produced an average of 10,605 loci per
sample with a mean coverage of 84x.

We used populations in Stacks and the dartR package 2.0.4 in R
(Gruber et al., 2017) to conduct additional filtering. In populations,
we selected loci with a minimum depth of 10x coverage and retained
one SNP per RAD locus to avoid linkage among sites. In dartR, we
removed individuals with >30% missing data and removed loci with
a minor allele frequency <5%. Finally, we used BayeScan 2.1 (Foll &
Gaggiotti, 2008) to remove putative loci under selection. This analy-
sis used 20 pilot runs with 5000 iterations followed by an additional
burnin of 50,000 and then 50,000 output iterations. An outlier
analysis with the FDR-corrected p-values (g-values)<.05 was used
to identify and remove outlier loci putatively under selection. As a
result, these additional filtering steps produced 635 neutral SNPs in
75 individuals that we used to assess population genetic structure
in California. These loci were complemented by the 1027 neutral
SNPs from 132 snakes that we previously generated from the Pacific
Northwest (Hague et al., 2020a).

We generated summary statistics of population genetic diver-
sity in California using the hierfstat package in R (Table S2; Goudet
& Jombart, 2015) and evaluated population genetic differentiation
by calculating global and pairwise F¢; values using the hierfstat and
stAMPP R packages (Table S3; Pembleton et al., 2013). Finally, we
summarized population genetic structure using a principal compo-
nent analysis (PCA) using the “gl.pcoa” function in the dartR package
(Figure S2). We retained the first and second axes from the PCA (cap-
turing 9 and 5.1% of the variation, respectively) as a neutral expecta-
tion of population structure for our cline-fitting analyses (see below).

Finally, we used a subset of the filtered SNPs to conduct a
phylogenetic analysis of western Th. sirtalis, which confirmed that
populations in California and the Pacific Northwest represent two
distinct lineages (Figure S1). We analysed our SNP data in a co-
alescent framework in the program SNAPP version 1.3.0 imple-
mented in BEAST2 version 2.4.8 (Bouckaert et al., 2014; Bryant
et al., 2012). Because SNAPP is computational intensive, we ran-
domly selected a subset of 300 SNPs with no missing data that
were present in both the California and Pacific Northwest data
sets. The analysis included two individuals from each population,
as well as two snakes sampled from Virginia as an outgroup. We
estimated mutation rates (u and v) from the data sets and ran the
MCMC for one million generations with the first 10% discarded
as burnin. We checked for convergence using TRACER version
1.6 (Rambaut et al., 2014) and ensured that effective samples size
(ESS) were>200. TREEANNOTATOR (Bouckaert et al., 2014) was
then used to find the maximum clade credibility tree and estimate
posterior probabilities.

2.5 | Coloration of garter snakes

Next, in both California and the Pacific Northwest, we analysed
snake colour and pattern variation on the dorsum and head, which
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we expected to be the most obvious body regions to visually ori-
ented predators such as birds (Figure 1 and Figure S3). We used a
portable Perfection V19 colour scanner (Epson) to record images
of garter snakes in the field along the California (N = 74 snakes)
and Pacific Northwest (N = 88 snakes) transects. We imaged the
same individual snakes that were used to collect the phenotypic
and genomic data described above; however, we were unable to
collect images at two of the nine Pacific Northwest localities,
Warrenton and Benton, due to time constraints in the field. Live
snakes were placed dorsum down on the scanner and pressed flat
using a soft piece of foam to record images of the entire flattened
dorsal body, including the head (Figure S3). Each image included
a white balance and colour calibration chart (DGK colour tools)
to account for minor variation in lighting in downstream analyses
(but see below).

We used ImageJ 1.52 (Schneider et al., 2012) to quantify red col-
oration and patterning in four regions on the dorsal body and head:
dorsal body blotches (B), major head scales (H), temporal scales (T),
and labial scales (L) (Figure 1 and Figure S3). To measure each co-
lour phenotype, we used the calibration chart to set the scale (mm)
of the image and then used the “Freehand Selection” tool to trace
a focal region of the snake and record red, green, blue (RGB) and
area measurements (Figure S3). We used the calibration chart and
the “CIPF chart white balance” function to control for slight differ-
ences in lighting between images when estimating RGB; however,
colour-corrections did not alter the conclusions of our analyses, so
only analyses of the unaltered images are presented herein. For each
trait, we selected either the left or right side of the snake for mea-
surements, depending on which side had the best image clarity.

First, we recorded RGB values and area measurements for red
blotches along the dorsal body by selecting a representative region
midbody and then outlining three consecutive dorsal blotches. We
then divided the total area of the three patches by three to estimate
the average blotch size for each snake. Because total blotch area de-
pends on body size (Westphal et al., 2011), we regressed blotch area
on snout-vent length (SVL) separately for the snakes from California
and the Pacific Northwest. We then used the SVL-adjusted residual
blotch area measurement in our analyses below along each transect.
Second, we recorded RGB values for the major head scales, which
included the parietal, supraocular, half of the frontal, prefrontal, and
internasal scales (Rossman et al., 1996). Third, we measured RGB val-
ues for the temporal and post-temporal scales in the upper corner of
the head. Fourth, we traced the red portion of the three upper labial
scales at the corner of the mouth (usually scales 5-7) and recorded
an RGB measurement. Here, we also measured the area of the red
and non-red regions of the scales, which we used to calculate the
proportion of total red area on the upper labial scales.

Finally, we used the “rgb2hsv” function in R to convert RGB val-
ues to hue, saturation, and value (HSV). Hue was used as a measure
of pure colour (i.e., redness) of each region of the head and dorsum.
In R, hue is represented by a continuous colour wheel ranging from
0 to 1, with pure red centered on 0, orange at values >0 (~0.1), and
purple at values <1 (~0.9). To create a continuous set of hue values

centered on red, we adjusted the colour wheel to range from 0.5 to
1.5, with pure red centered at 1, purple at hue values <1, and orange
at values >1 (Figure 5). Lastly, we used one-way ANOVAs to test
whether each colour trait varied among localities along each transect
(Table S4). We used a nonparametric Kruskal-Wallis test (instead of
an ANOVA) to evaluate population differences in the proportion of
red on the labial scales of snakes. All snake colour traits varied sig-
nificantly among localities along both transects, with the exception
of temporal scales hue in the Pacific Northwest. We note that our
estimates of hue on different parts of the snake dorsum and head
are probably created by the same pigments (Westphal et al., 2011),
and thus should not be interpreted as completely independent traits.

2.6 | Relating colour variation to newt TTX and
snake resistance

We sought to test whether newt TTX and snake resistance levels
along each transect covary with red coloration and patterning on
snakes. We previously found in the Pacific Northwest that snake
phenotypic and genotypic TTX resistance covary clinally with newt
TTX levels, diverging from the neutral expectations of snake popu-
lation genetic structure based on SNPs from ddRADseq (Hague
et al., 2020a). We used this same cline analysis framework to test
whether snake coloration and/or colour patterns covary clinally with
arms race traits in California and the Pacific Northwest. We fit clines
to (1) newt TTX levels, (2) snake phenotypic and genotypic TTX re-
sistance, (3) the first two axes of variation from the PCA of neutral
SNPs, and (4) snake colour traits. We then tested for concordance
among the different clines by comparing the geographic center
points of each cline function. To account for relationships that may
not be encapsulated by the sigmoidal cline functions, we also tested
for simple correlations among population means of the arms race
traits and those of snake coloration and patterning; however, these
results were generally consistent with the clinal analyses and the
small number of localities limited our statistical power. Thus, the cor-
relations are only reported in Figures S4-S7, Table S5.

We used the HZAR package in R (Derryberry et al., 2014) to fit
maximum likelihood clines along each transect. We calculated dis-
tances along each cline as kilometres (km) from the northernmost
sampling sites: Dry Lagoon in California and Clallam in the Pacific
Northwest. We used the “hzar.doNormalDatalDPops” function
and the mean and variance of each trait to fit separate clines for
each of the arms race traits and colour phenotypes. The two lo-
cations in California (Hopland and Knoxville) with extreme levels
of snake phenotypic TTX resistance that exceeded our assay were
assigned a MAMU dose of 250 and a variance of 0. We used the
“hzar.doNormalDatalDraw” function to fit clines to the individual
PC1 and PC2 values from the PCA of neutral SNPs representing
snake population genetic structure. Here, we focused visually
on the first axis of variation (PC1), because it tended to capture
latitudinal population structure in both California and the Pacific
Northwest; however, the full results are shown in Table 1. For
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TABLE 1 Results from cline-fitting analyses. Mean trait values, their geographic centre points along the cline, and cline widths are shown for each transect, along with confidence intervals

Pacific Northwest
Lower CI UpperCl Width (km) LowerCl UpperCl Mean Center (km) Lower Cl UpperCl Width (km) LowerCl UpperCl

Center (km)

Mean

California

(Cls). Clines were fit to snake TTX-resistance alleles using the frequency of TTX-resistance alleles in the DIV p-loop of Na, 1.4 in California (DIVEYNY) and the Pacific Northwest (DIVY and DIVYA)
Trai
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363.750
539.450

207.732

200.283 284.949

168.778
113.922

193.184
128.543

238.074 0.118

42.230

146.270
6.231

225.579 148.580
20.517

229.465

191.771
211.505

197.670
217.610

-0.028
3.614

Newt TTX

510.820 314.218

173.242

2.350

Snake Phenotypic
TTX Resistance

213.588 209.395 232475 10.763 1.204 44.844  0.500 128.843 104.118 149925 55.589 5.569 101.699

0.464

Snake Genotypic
TTX Resistance
Neutral PC1
Neutral PC2

401.353 610.354

497.404
33.565

479.387
553.979
125.897
329.120

414.155

438.199

287401 1.119

72.117
0.009

125.932
0.029

152.228
295.679
252.848
256.602

129.287 20.089
274.102

-0.841
-0.921

127.700
532.783

11.499

493.574
49.853

500.256

-0.667
1.022

23.517
29.091
65.899

261.646
216.013
194.968

391.116
0.288

475.568

125.897
229.983

3.027
0.022

6.827
7.157

250.714

1.011
-0.467

Dorsal Blotches Hue

183.732

54.831

179.408

-0.340

230.452

Dorsal Blotches Area

(SVL-adjusted)

201.291

47.470
9.280

156.436
71.372
36.196
76.185

233.237
222.748
246.024

139.316
152.741
159.153

170.907
184.518

0.982

57.104
37.200

0.112

12.361
16.934
52.250
11.723

157.783

234.893

3.974

123.644
228.403
259.671

1.007
1.015

Major Head Scales Hue

102.815

1.013

0.048

174.175

Temporal Scales Hue

101.268
140.092

10.161
39.955

196.208
383.597

131.928 1.029

11.723

44111
0.924

1.039 258.812 294.371

0.296

Labial Scales Hue

342.882 398.696

0.259

204.347

183.355

185.352

Labial Scales Proportion Red

each of the data sets described above, we ran five separate mod-
els that varied in the number of cline shape parameters estimated.
All models estimated the cline center (distance from sampling lo-
cation 1, ¢) and width (1/maximum slope, w), but could additionally
estimate combinations of exponential decay curve (tail) param-
eters (neither tail, right tail only, left tail only, mirrored tails, or
both tails separately), which represent the distance from the cline
centre to the tail (5) and the slope of the tail (z). Lastly, we used
the “hzar.doMolecularDatalDPops” to fit clines to the frequency
of TTX-resistance alleles in snake populations. In addition to the
cline shape parameters listed above, the genetic models also var-
ied as to whether they estimated allele frequencies at the cline
ends (p,;,and p__ ) or fixed them at 0 and 1.

For each trait, we compared the different models using AIC
corrected for small sample sizes (AlCc) and extracted maximum
likelihood parameters for the best-fitting model. We considered
geographic cline centres with nonoverlapping two log-likelihood
unit support limits (confidence intervals; Cls) to occur in significantly
different geographic locations (Baldassarre et al., 2014; Hague
et al., 2020a; Scordato et al., 2017). All results presented herein
are newly reported with the exception of the previously estimated
clines from the Pacific Northwest on newt TTX, snake phenotypic
and genotypic TTX resistance, and snake population structure
(Hague et al., 2020a).

3 | RESULTS

3.1 | Replicate clines of prey toxicity and predator
resistance

We first measured newt TTX in California to gauge levels of de-
fensive toxin at each site. TTX levels were quite variable among
the California localities (one-way ANOVA, F(4,85) = 27.7, p<.001),
reaching high levels at the southern end of the transect (Figure 2).
The newt species Ta. torosa had significantly higher TTX than Ta.
granulosa at Knoxville (F(1,35) = 170.6, p<.001), but not at Willits
(F(1,13) =4.5, p =.053), although the trend was in the same direction.
These escalating levels of newt TTX were accompanied by sharp in-
creases in snake phenotypic and genotypic TTX resistance along the
transect. We found low levels of resistance in northern populations,
increasing to extreme levels of TTX resistance (>250 MAMUs) at
the southern Hopland and Knoxuville localities, where we also found
a high frequency of the highly resistant DIV-Y allele in the Na,1.4
channel (Figure 2).

Our clinal analyses revealed that snake TTX resistance was
tightly correlated with newt TTX along the California transect, as
indicated by coincident clines of predator resistance and prey toxins
(Figures 4 and 5). The geographic centre points for clines of snake
phenotypic and genotypic TTX resistance were located within 4 km
of each other and did not differ statistically from the cline centre
point of newt TTX (Table 1). All three cline centre points fell within
only 19.9 km of each other along the 298km California transect.
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FIGURE 2 Trait variation along the California transect in (a) arms race traits (newt TTX and snake TTX resistance), (b) snake dorsal

blotch colour and size, (c) head scale colour, and (d) labial scale colour. Boxplots show medians, first and third quartiles (hinges), and the
smallest/largest values within 1.5*IQR of the hinges (whiskers). For newt TTX, individual points are colour-coded by newt species. For snake
phenotypic TTX resistance, points indicate 50% MAMU doses with error bars representing 95% confidence intervals. TTX resistance at
Hopland (Hop) and Knoxville (Knox) is shown as a minimum of 250 MAMUs, because we were unable to generate 50% dose estimates due
to extreme levels of TTX resistance. Observed frequencies of snake TTX-resistance alleles found in California are shown as pie charts below

the phenotypic estimates. The ancestral allele of the Na, 1.4 DIV p-loop (DIV*) is shown in dark blue, along with the highly resistant DI

allele in pink. Pie chart size is proportional to sample size.

The snake resistance clines showed a clear signature of adaptation
to local toxin levels of newts, diverging from the expectations of
snake population genetic structure based on the neutral SNPs. F;
values from the SNP data were moderate (global Fer = 0.097, 95%
Cl [0.09, 0.105]; Table S3) and the primary axis of variation from the
PCA (PC1) captured latitudinal differentiation between the north-
ernmost site Dry Lagoon and the southern localities (Figure S2). The
geographic centre point of the PC1 cline representing population
structure was located a distant 88.3 km away from that of the phe-
notypic TTX resistance cline. Similarly, the PC2 cline did not align
with TTX resistance (Table 1). This pattern where clinal variation
of snake resistance diverges from neutral expectations and tracks
newt TTX levels is very similar to our previous findings in the Pacific
Northwest, where the cline centre points of snake phenotypic and
genotypic resistance and newt TTX were all located within 64.6 km
of each other along the 611 km transect (Figures 3-5, Table 1; Hague
etal., 2020a).

3.2 | Concordance of snake coloration with
coevolutionary traits

Our cline-fitting analysis revealed that clines of snake coloration
overlapped substantially with the coevolutionary clines along both
transects, while also deviating from the neutral expectations of
snake population genetic structure (Figures 4 and 5). Snake colora-
tion in the Pacific Northwest exhibited the most intuitive pattern
of conspicuous coloration. Here, the geographic centre points of
clines representing dorsal blotch hue, dorsal blotch size, major head
scales hue, temporal scales hue, and labial scales hue all overlapped

VLVNV

with the cline centres of newt TTX, snake phenotypic TTX resist-
ance, and/or genotypic TTX resistance (Figure 4, Table 1). Lower hue
values (reddish-purple) for the colour phenotypes on the dorsum
and head were generally associated with increasing levels of newt
TTX and snake resistance along the cline. Visual inspection revealed
that dorsal blotch hue and area exhibited the clearest patterns of
clinal concordance with coevolutionary traits (Figure 5). Mean dor-
sal blotch area also had a strong positive correlation with newt
TTX levels (r(s) = 0.757, p = .049) and snake phenotypic resistance
(r(5) =0.666,p =.103; Figure S5, Table S5), although our correlational
analyses were generally underpowered (Figure S7). This positive re-
lationship of dorsal blotch area with newt TTX and snake resistance
is consistent with the hypothesis that TTX-resistant garter snakes in
central Oregon that can retain large amounts of newt TTX have also
evolved a conspicuous red colour pattern.

Many of the snake colour clines in California also had geo-
graphic center points that overlap with those of the arms race;
however, the overall pattern was less intuitive than the Pacific
Northwest. The geographic centre points for dorsal blotch hue,
dorsal blotch area, temporal scales hue, and the proportion of
labial scales with red all overlapped with the centre points of
newt TTX levels, snake phenotypic TTX resistance, and/or geno-
typic TTX resistance in California (Figure 4). Higher hue values
(reddish-orange) for the colour traits were generally associated
with increasing levels of newt TTX and snake resistance along the
cline, which was opposite the pattern we observed in the Pacific
Northwest. Visual inspection indicated that dorsal blotch hue,
dorsal blotch area, and the proportion of red on labial scales var-
ied clinally with the coevolutionary traits and departed from ex-
pectations of snake population structure (Figure 5). Mean dorsal
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FIGURE 5 Clinal analyses in California and the Pacific Northwest of (a) newt TTX levels, (b) snake TTX resistance and population
structure, (c) snake dorsal blotches, (d) head scales, and (e) labial scales. Error bars indicate confidence intervals (Cls) surrounding the
geographic centre point of each cline. Below, hue values are shown ranging from purplish-red (0.9) to red (1.0) to orangish-red (1.1), with

saturation and value held constant at 100%.

blotch hue also had a strong correlation with the coevolutionary
traits, such that mean hue was positively correlated with newt
TTX levels (r(s) =0.813, p =.094) and snake phenotypic resistance
(r(3) =0.906, p =.034; Figure S4, Table S5). Notably, colour pattern
variation in California generally ran counter to our observations
in the Pacific Northwest. Increasing levels of newt TTX and snake
resistance along the California cline were associated with declin-
ing dorsal blotch area and a declining proportion of red on labial

scales.

4 | DISCUSSION

We found that garter snake coloration deviates from neutral ex-
pectations and covaries with escalating newt TTX and snake resist-
ance along replicate clines in California and the Pacific Northwest
(Figures 4 and 5), supporting anecdotal observations that coloration
has evolved in conjunction with hotspots of snake-newt coevolu-
tion at the phenotypic interface. However, the two snake lineages
exhibited different patterns of a putative warning signal. Below, we
discuss evidence that snake coloration has evolved in concert with
the arms race in the geographic mosaic of coevolution, and evalu-
ate how cascading effects of coevolution may potentially implicate
other levels of trophic interaction.

The relationship between snake coloration and coevolution-
ary traits exhibited clear differences in the Pacific Northwest and
California. In the Pacific Northwest, red dorsal blotches increase in
size and decrease in hue value (trending towards reddish-purple) as
newt TTX and snake resistance escalate at the southern end of the
cline in central/southern Oregon (Figure 5). This pattern contrasted
the direction in California, where dorsal blotches tended to decrease
in size and increase in hue value (towards reddish-orange) with arms
race escalation at the southern end of the transect. The proportion
of red on labial scales also declined with coevolutionary traits in
California. Despite these differences between the Pacific Northwest
and California, we note that TTX-resistant snakes in each region did
exhibit some colour similarities, as highly resistant snakes at the
southern end of each transect converged on roughly similar dorsal
blotch hue values of ~1.015 (Figure 5). Importantly, these clines of
snake coloration in both regions deviate from the major axes of vari-
ation from the PCAs of neutral SNPs (Table 1), implying that colour
variation is not simply a consequence of snake population genetic
structure.

At least in the Pacific Northwest, the concordant clines of snake
dorsal blotch size/colour, newt TTX, and snake resistance are con-
sistent with the hypothesis that garter snakes exhibit conspicuous
red colours as a warning to potential predators in hotspots where
TTX-resistant snakes consume toxic newts. Bright red coloration is a

common element in aposematic signalling, especially for signalling to
avian predators (Brodie Jr., 1977; Gamberale-Stille & Guilford, 2003;
Mochida, 2009; Roper, 1990). Although we do not know how pred-
ators might perceive observed variation in red hue, the relatively
large dorsal blotches on TTX-resistant snakes in central Oregon are
consistent with an aposematic trait. Moreover, newts in central and
southern Oregon, particularly Benton County, are the most toxic
known Taricha populations in western North America (Figure 1;
Hague et al., 2020a; Hanifin et al., 2008; Stokes et al., 2015; Williams
et al., 2004). The ability of garter snakes to retain TTX in their livers
was originally discovered in central Oregon (Williams et al., 2004),
where we also observed the bright red coloration on snakes that
helped motivate this study.

The conspicuousness of red coloration on the dorsal blotches
suggests they may serve as a warning signal. When confronted by
predators, garter snakes normally expose a startle coloration by
expanding their bodies to reveal the white (ancestral) or red (de-
rived in Th. sirtalis) hidden in the integument between dorsal scales
(Cott, 1940; Shine et al., 2000; Westphal & Morgan, 2010). However,
the red dorsal blotches on Th. sirtalis in western North America are
also present on the surface of dorsal scales (Figure 1), making the
blotches constantly visible and conspicuous. Crypsis-violating pat-
terns such as these are generally only expected to evolve in snakes
with a toxic or venomous defence, or snakes with a sympatric model
that is toxic/venomous (but see below; Westphal, 2007).

The different patterns we observed in the Pacific Northwest ver-
sus California could be explained by a number of factors. Due to field
constraints, our transect in California did not include southern local-
ities along the central coast, including in the Bay Area, where TTX-
toxic newts and highly resistant snakes have been found in the past
(Brodie Jr. et al., 2002; Feldman et al., 2010; Hanifin et al., 2008).
These populations include the federally endangered subspecies Th.
sirtalis tetrataenia, which is described as one of the most visually
striking snakes in North America with a vibrant red head and bright
red dorsolateral stripes (Stebbins, 2003). Further south, newts con-
tain less TTX and Th. sirtalis are less resistant (Brodie Jr. et al., 2002;
Hanifin et al., 2008), which seems to coincide with a reduction in red
coloration on the head and along the body (Stebbins, 2003). These
southern localities may help elucidate the relationships among newt
TTX, snake resistance, and snake coloration in California.

Garter snakes in California and the Pacific Northwest also in-
teract with different newt species. Taricha granulosa is the only
TTX-bearing newt species in the Pacific Northwest, whereas two
additional species, Ta. torosa and Ta. rivulosa, are found in California.
TTX levels can also differ among newt species in California (Hanifin
et al., 2008), even within a single location. For instance, we found
that Ta. granulosa has significantly lower levels of TTX than Ta. to-
rosa at the Knoxville locality (p<.001). There is no evidence that
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garter snakes preferentially prey on either Taricha species, so prey
could contain quite variable levels of TTX at sites like Knoxville. If
prey are not consistently toxic enough for snakes to retain large
quantities of TTX, then conspicuous warning coloration may not
be strongly favoured in California populations with multiple newt
species.

Finally, garter snakes in California and the Pacific Northwest
are geographically and genetically differentiated (Figure S1; Janzen
et al., 2002; Hague et al., 2017, Hague et al., 2020a), and as a result,
these lineages have experienced different evolutionary histories
and selective pressures that probably influenced colour variation in
complex, unknown ways. For instance, there could be unmeasured
aspects of snake coloration or other characters in California that in-
fluence predator responses in ways we do not understand. In the
future, inferences of aposematism will be aided by documenting
predator communities in California and the Pacific Northwest, as
well as the colour perception of dominant predators in each region
(Endler & Mielke Jr., 2005; Maia et al., 2013).

The contrasting nature of our results in the Pacific Northwest
and California motivates consideration of other explanations for
why clines of snake coloration might exist. Population differences
in snake colour and pattern may be due to variation in light envi-
ronments, which could influence colour perception by predators
(Endler, 1993). For example, red colours could aid with crypsis (rather
than conspicuousness) in certain local environments. Garter snakes
often inhabit thickets of willow and brambles of blackberry or other
shrubs with bright red and yellow leaves and stems, especially in au-
tumn. An irregular red blotched pattern on the dorsum could have a
cryptic function that minimizes initial detection by predators (Allen
et al., 2013; Brodie Ill, 1989, 1992; Jackson et al., 1976). A similar
crypsis hypothesis has been proposed for the red dorsal stripe on
Plethodon cinereus salamanders, which may help individuals blend in
with reddish leaf litter on the forest floor (Venesky & Anthony, 2007).
Moving forward, explicit tests of predator responses (e.g., with
plasticine models) could illuminate the cryptic or aposematic func-
tions of these colour pattern elements (Brodie Ill, 1993; Brodie Il &
Janzen, 1995; Pfennig & Mullen, 2010). It is unlikely that dorsal col-
oration is under sexual selection, because courtship of Th. sirtalis is
primarily mediated by olfactory signals (Mason et al., 1989; Mason &
Parker, 2010; Westphal, 2007), with no evidence that visual signals

are involved.

Interestingly, red dorsolateral coloration has evolved inde-
pendently in two other western Thamnophis species, Th. elegans and
Th. ordinoides, that co-occur with Taricha (Figure 6; St. John, 2002;
Westphal, 2007). In particular, Th. elegans in central coastal California
can bear striking resemblance to local Th. sirtalis, with red dorsal
coloration organized into recognizable blotches (St. John, 2002;
Stebbins, 2003). However, both Th. elegans and Th. ordinoides are
sensitive to TTX (Feldman et al., 2009, 2020; Motychak et al., 1999),
and are unlikely to consume newts and sequester TTX like Th. sirtalis
(Westphal, 2007; Williams et al., 2004). The red dorsal coloration on
Th. elegans could be a form of Batesian mimicry to TTX-toxic Th. sir-
talis in sympatric populations with highly toxic newts (E.D. Brodie IlI
personal observation; Westphal, 2007). Alternatively, the presence
of red coloration on three Thamnophis species that share roughly
similar habitats could be due to similar selective pressures, for exam-
ple, for crypsis in relation to similar backgrounds (e.g., Sweet, 1985).
Two other western Thamnophis species, Th. couchii and Th. atratus,
have evolved escalated TTX resistance in response to toxic newts
(Feldman et al., 2009, 2010), although it remains unknown whether
these species sequester TTX. Th. couchii lacks any red coloration;
however, highly resistant Th. atratus can be found with a bright
orangish-red dorsal stripe in central coastal California where toxic
newts occur (Rossman et al., 1996; Stebbins, 2003).

In summary, we find evidence that snake coloration covaries with
clinal escalation of newt TTX and snake resistance surrounding two
hotspots in the geographic mosaic of arms race coevolution. In the
Pacific Northwest, clinal increases in red dorsal blotches match pre-
dictions of an aposematic warning signal, suggesting that cascading
effects of the arms race have led to a novel trait in resistant pred-
ators that retain prey toxins. Interactions between toxic prey and
resistant predators seem especially likely to generate effects that
extend to other trophic levels. For example, snakes in the related
Natricine genus Rhabodophis sequester defensive bufadienolide
toxins from toad and firefly prey and also display red patches on in-
terscalar tissue when threatened (Fukuda et al., 2021; Hutchinson
et al., 2007, 2012; Mori et al., 2012; Yoshida et al., 2020). Similarly,
toxin-resistant monarch butterflies sequester the defensive car-
diac glycosides in milkweeds and, as a result, some of the butter-

flies' avian and mammalian predators seem to have also evolved

toxin-resistant mutations (Groen & Whiteman, 2021; Karageorgi
et al., 2019; Petschenka & Agrawal, 2015).

FIGURE 6 Thamnophis species found in western North America that display conspicuous red coloration and co-occur with TTX-bearing
Taricha newts. (a) Th. sirtalis (photo from Hopland, CA), (b) Th. elegans (San Mateo, CA; credit R.W. Hansen), and (c) Th. ordinoides (Hebo, OR).
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Together, these studies illustrate how coevolution at the phe-
notypic interface of a two-species arms race can become an indi-
rect gateway to evolutionary innovation along unrelated phenotypic
axes. In the case of garter snakes, coevolution with newts seems
to have indirectly led to the evolution of a novel aposematic trait
that has no bearing on outcomes in the pairwise arms race itself.
Innovations like these can cascade to additional trophic interactions
(e.g., avian predators), because coevolving species exist within a
much larger network of interacting species (Andreazzi et al., 2017;
Guimarées et al., 2017). In the geographic mosaic of coevolution,
hotspots represent locations on the landscape where two focal
species experience intense reciprocal selection (Thompson, 1999,
2005). Our findings here suggest that these locations could also rep-
resent hotspots of evolutionary innovation that cascade to interac-

tions with other local species.
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