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Relaxed predation selection on rare morphs of Ensatina 
salamanders (Caudata: Plethodontidae) promotes a 
polymorphic population in a novel dune sand habitat
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Department of Ecology and Evolutionary Biology, University of California, Santa Cruz, CA, USA
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The ring species Ensatina represents a classic example of locally adapted lineages. The Monterey ensatina (Ensatina 
eschscholtzii eschscholtzii) is a cryptic subspecies with brown coloration, although a recently discovered polymorphic 
population within a wind-blown sand region also contains leucistic (pink) and xanthistic (orange) morphs. In the 
present study, the frequency of leucism/xanthism was mapped across the subspecies’ range, revealing that these 
morphs are generally rare or absent except within regions containing light-coloured substrate. Attack rates were 
estimated using clay models of the three morphs, deployed only at the crepuscular period and during the night, on 
both light and dark substrates at a site within the dune sand region. Model selection found that the interaction 
between morph and substrate colour best predicted attack rates. Typical morphs had equal attack rates on both 
substrates while xanthistic and leucistic morphs incurred significantly fewer attacks on light vs. dark substrate, and 
there was no significant difference in attack rates among morphs on light substrates. These results support the idea 
that xanthistic and leucistic morphs are poorly adapted for dark substrates compared to typical morphs, but they are 
more or less equally adapted for light substrates. We suggest that this microgeographic island of relaxed selection on 
light-coloured morphs helps to explain the existence of this polymorphic population.

ADDITIONAL KEYWORDS:   clay models – colour polymorphism – microgeographic island – predation – relaxed 
selection

INTRODUCTION

Species with ranges that overlap multiple distinct 
habitats and/or substrate types may experience 
regionally divergent selection pressures (Storfer et al., 
1999). In particular, if predation selection pressures 
differ this can promote localized coloration adaptations 
such as crypsis, aposematism and mimicry (Darwin, 
1859; Cott, 1940; Endler, 1984; Skelhorn et al., 2010), 
and these adaptations have a higher likelihood of 
persisting when gene flow between surrounding 
regions is low (Endler, 1977; Storfer et al., 1999; Nosil 
et al., 2005). Unique, localized predation selection 
pressure can either influence the phenotype of an 
entire population (Marchinko & Schluter, 2007) or 
promote polymorphism (Endler, 1988). Of evolutionary 
significance, population-level polymorphism has been 
shown to be a precursor for rapid divergence and 

species formation (Gray & McKinnon, 2006; Corl 
et al., 2010). One way in which polymorphism can be 
established is when a region’s selection pressure is 
less intense or absent on rare morphs, those typically 
removed from populations by strong predation 
selection (Lahti et al., 2009). This removal of selection 
on a trait, known as ‘relaxed selection’, has been 
shown to proceed phenotypic plasticity (Hunt et al., 
2011), and when it occurs on islands (including habitat 
islands) it can influence a population’s behaviour 
(Beauchamp, 2004), promote non-cryptic coloration 
(Runemark et al., 2014), and increase colourfulness or 
conspicuousness (Blaird et al., 2020). An alternative 
process to create a regionally restricted polymorphic 
population is negative frequency-dependent selection, 
where rare morphs have a survival advantage (Allen, 
1988; Endler, 1988). Thus, by studying predator–
prey interactions on a regional scale it is possible 
to determine if selection pressures are driven by 
substrate colour, are driven by colour variation within 
the local population, or contribute to the maintenance 
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of coloration polymorphism (Endler,1978; Farallo & 
Forstner, 2012; Bateman et al., 2017).

One outstanding question concerns the geographical 
size of a unique substrate patch needed to promote 
adaptive divergence in coloration within an animal 
population (Richardson et al., 2014). This question 
is entirely dependent on the biological qualities of 
the organism, which are expected to place minimum 
bounds on the area in which adaptation is possible. 
These qualities include the population size and 
density within and surrounding the area in question, 
the strength of selection within the distinct region, 
and immigration to/emigration from the distinct 
region that are influenced by the dispersal abilities of 
the organism and the presence of barriers to dispersal 
(Hansen et al., 2002; Urban & De Meester, 2009; 
Yeaman & Whitlock, 2011; Richardson & Urban, 2013). 
Adaptive coloration divergence regarding melanin 
deposition has been documented in small vertebrates 
inhabiting isolated lava flows and sand dunes (Norris 
& Lowe, 1964; Rosenblum, 2005; Hoekstra, 2006; Corl 
et al., 2012; Krohn et al., 2019). These types of landscape 
features provide uniform backgrounds for organisms 
to colour-match, and tend to be exposed habitats that 
increase the visibility of prey to predators and thus 
increase predator-driven selection (Rosenblum, 2006; 
Vignieri et al., 2010; Rosenblum & Harmon, 2010). The 

focal taxa in the aforementioned studies typically have 
high vagility (e.g. lizards and mice), but low vagility 
organisms can presumably diverge in even smaller 
habitat patches.

The plethodontid salamander Ensatina eschscholtzii 
comprises several locally adapted colour morphs 
(currently described as subspecies) that occur from 
British Columbia to northern Baja California forming 
a classic example of a ‘ring species’ around the 
inhospitable Central Valley of California (Stebbins, 
1949; Wake, 1997). Six of the seven subspecies use 
crypsis to avoid predation, each occurring over large 
regions (Stebbins, 1949; Wake, 1997; Kuchta, 2005). 
Morphological diversification among subspecies 
is a result of biogeographical barriers, regional 
habitat structure and environmental conditions, 
varying selection pressures, and low vagility of the 
salamanders (Moritz et al., 1992; Wake, 1997; Kuchta 
et al., 2009; Pereira & Wake, 2009). The Monterey 
ensatina (E. e. eschscholtzii) typically has a brown 
dorsal coloration. However, we observed a population 
containing three morphs: (1) a typical brown-backed 
morph, although there is variation in the darkness 
of the brown colour (Supporting Information, Fig. 
S1a–c), (2) a leucistic morph that lacks dorsal melanin 
pigment deposition resulting in a pinkish colour 
(Fig. 1B; Fig. S1d, e), and (3) a xanthistic morph with 
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Figure 1.  A, map of the Monterey Bay region of California. The blue dashed line depicts the range limits of the cryptically 
coloured Monterey ensatina (Ensatina eschscholtzii eschscholtzii) and the yellow dashed line depicts the range limits 
of the mimetic coloured yellow-eyed ensatina (E. e. xanthoptica). The study site of Fort Ord is indicated. B, a leucistic 
E. e. eschscholtzii found at Fort Ord Reserve. C, a xanthistic E. e. eschscholtzii found at Fort Ord Reserve. D, a leucistic 
clay model deployed on light sand substrate. E, example of the three types of clay model morphs used in the experiment, 
including (left to right) typical, xanthistic and leucistic.
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a prevalence of xanthic pigments over its whole body 
resulting in an orange colour (Fig. 1C; Fig. S1f). These 
three morphs occur within an ~30-km2 region of 
predominantly light-coloured dune sand with various 
stages of habitat (including maritime chaparral and 
oak woodland) and soil succession occurring in patchy 
distributions. In general, leucistic salamanders of 
most species are rare, presumably because this light 
coloration increases conspicuousness and thereby 
increases predation risk (Mitchell & Mazur, 1998; 
Stuart-Fox et al., 2003; Husak et al., 2006). However, the 
lighter coloration of leucistic and xanthistic Monterey 
ensatina morphs may provide a background-matching 
advantage on the light-coloured sand (Norris & Lowe, 
1964). While Ensatina are nocturnal and crepuscular, 
cryptic coloration has been shown to effectively reduce 
attacks by nocturnal predators (Dice, 1947; Kaufman 
1974) and the open nature of these dune sand patches 
would increase the exposure of any organisms within 
them and possibly increase the strength of predation 
selection (Kotler et al., 1991).

In this study, we address the potential adaptive value 
of the leucistic and xanthistic Ensatina morphs relative 
to typical brown forms on the light-coloured dune 
sands of Fort Ord UC Reserve, a 245-ha plot found in 
northern Monterey County, California (Fig. 1A). While 
differences in predator community have been shown to 
contribute to the maintenance of colour polymorphism 
between regions (Kraemer et al., 2016), the potential 
predators at this site are the same or similar to those 
in the rest of the range of E. e. eschscholtzii, including 
jays, owls, snakes, racoons, skunks, bobcats, coyotes, 
foxes and rodents (Fitch, 1940; Stebbins, 1954; Wake & 
Yanev, 1986; Kuchta et al., 2008). First, the frequency 
of leucistic and xanthistic morphs of the Monterey 
ensatina were mapped over its range to determine if 
the dune sand region is unique. To measure relative 
predation rates among morphs, we deployed soft clay 
models of each morph on light-coloured sand substrate 
and darker soil or leaf litter substrates and recorded 
attack events by documenting predation imprints 
in the clay (Kuchta, 2005). Our experimental design 
contains an improvement over previous studies by 
only deploying these models at just before sunset 
(crepuscular) and recovering them the next morning, 
restricting the model exposure to times when these 
nocturnal/crepuscular salamanders are active at the 
surface.

Our ‘adaptive coloration’ hypothesis assumes 
that divergence in coloration of this population is 
influenced by predator-driven selection for crypsis 
by prey to match the light-coloured sandy substrate, 
in which case we would predict that both leucistic 
and xanthistic models will have lower predation 
rates than typical morphs on light backgrounds. 
However, if xanthistic and leucistic morphs have 

higher predation rates than typical morphs on dark 
backgrounds but relatively equal rates on light 
backgrounds this would support the ‘relaxed selection’ 
hypothesis. Finally, if xanthistic and leucistic morphs 
occur at much lower frequencies than typical morphs, 
and have lower predation rates than typical morphs 
on both light and dark backgrounds, this would be 
consistent with a ‘negative frequency-dependent 
selection’ hypothesis.

MATERIAL AND METHODS

Mapping leucism frequency

To understand the significance of the Fort Ord 
population of E. e. eschscholtzii relative to the rest of 
the subspecies’ range, we first mapped the frequency of 
leucistic and xanthistic morph individuals. Scoring of 
coloration qualities of organisms from citizen science 
photograph depositories is becoming an increasingly 
useful tool for biologists (see Moore et al., 2019). We 
utilized the online database iNaturalist (iNaturalist.
org; accessed April 2019)  where users upload 
georeferenced photos of plants and animals. Visual 
observations were made on 254 E. e. eschscholtzii 
individuals from across the subspecies’ range both 
from our own photos and from iNaturalist (Appendix 
S1, Rich et al., 2020). Photos were scored by each of the 
authors through independent visual observations and 
were ranked by morph type: 0, typical; 1, xanthistic; 
and 2, leucistic (see Fig. 1B, C for examples of leucistic 
and xanthistic individuals, respectively). All photos 
used to map the frequency of leucism, including our 
own from Fort Ord, can be found at the website: https://
www.inaturalist.org/projects/ensatina-eschscholtzii-
ssp-eschscholtzii-sinervo-lab. We created a leucism 
heat map using R (R Core Team, 2020) by using these 
morph scores, linked to their GPS coordinates, to create 
a grid cell (raster) matrix at a resolution of 1 × 1 km. 
The bilinear interpolation method was used to define 
gradients of estimated morph frequencies between 
input cells. The map was then used to visualize 
regions of the range of E. e. eschscholtzii that have high 
frequencies of leucistic/xanthistic individuals, and to 
confirm that the Fort Ord region of Monterey County 
has a high proportion of these morphs compared to 
the rest of the subspecies’ range. The R code used to 
create the frequency map can be found in the Dryad 
repository (Rich et al., 2020).

Experimental design

Observing and gathering quantifiable data of natural 
predation events in the field is difficult. However, 
success has been found through the use of replacement 
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methods with clay models mimicking prey (Brodie III,  
1993; Irschick & Reznick, 2009; Bateman et al., 2017). 
Models of prey are deployed in the field where marks 
are imprinted into the clay by predators’ attacks 
(Bateman et al., 2017). This type of experimental 
design allows the direct comparison of predation rates 
on different colour morphs, as well as determining 
each morph’s relative success at avoiding predation 
(Irschick & Reznick, 2009).

Models were created with plastic salamander casts 
coated in black non-toxic modelling clay. The models 
were 55 mm from snout to vent and 105 mm in total 
length, a size and proportion that is typical of adult 
Ensatina. These models consisted of three colour 
morphs: (1) light pink resembling leucistic salamanders, 
(2) orange resembling xanthistic salamanders, and (3) 
dark brown resembling Ensatina typically found across 
the subspecies’ range (Fig. 1E). The leucistic morphs 
were spray painted with a mixture of tan camouflage 
Rust-Oleum (Rust-Oleum, Vernon Hills, IL, USA) and 
gloss coral Ultra Cover paint + primer Rust-Oleum 
spray paint. The xanthistic morphs were sprayed with 
a mixture of tan camouflage Rust-Oleum and orange 
Gloss Protective Enamel Rust-Oleum spray paint. 
Typical morphs were painted with brown camouflage 
non-reflective finish Rust-Oleum spray paint and an 
orange ventral painted with the same orange Rust-
Oleum spray paint as the xanthistic morph, with 
additional orange pigment added to upper leg segments 
with pure pumpkin orange DecoArt all-purpose paint. 
The models received a final coat of Rust-Oleum clear 
enamel gloss finish to appear wet (Kuchta, 2005).

Models were deployed at the University of California 
Fort Ord Natural Reserve, which has restricted 
access to the public and represents 245 ha of well-
preserved maritime chaparral, oak woodland and 
coastal scrub habitat. Clay models were placed into 
80 clusters of three models (240 models total), each 
cluster containing one of each morph (Supporting 
Information, Fig. S2a). These 80 clusters were placed 
throughout the reserve in roughly equal proportions 
within each of the four most common habitat types 
on the reserve: oak forest, chaparral, grassland and 
open scrub. Each of the three models were tied with 
Shur Strike (Big Rock Sports LLC, Graham, NC, USA) 
2-lb test monofilament fishing line 1 m from a steel 
tent peg and placed in a triangle formation. Each 
model was set ~2 m apart and placed on either light-
coloured substrate (dune sand; see Fig. 1D) or a dark-
coloured substrate (soil or leaf litter). Models were 
deployed in the field for 14 nights between the dates 
of 28 November 2018 and 18 January 2019, for a total 
of 3281 model-nights (one model set out for one night 
is referred to as a ‘model-night’). Single-compartment 
Nutriboxes (24 oz) were used to cover models during 
the day to avoid marks from diurnal predators that 

would not typically come in contact with Ensatina, 
which take shelter during the day (Stebbins, 1949) 
but begin foraging during the crepuscular period. 
Nutriboxes were coloured with gloss meadow green 
Ultra Cover paint + primer Rust-Oleum spray paint to 
block model visibility from diurnal predators. Models 
were uncovered each late afternoon between 15:30 and 
17:30 h (the beginning of the crepuscular period when 
we have observed Ensatina to be active, pers. obs.) and 
checked for predation each early morning between 
05:30 and 08:30 h. The total number of model-nights 
for each morph were within 1% variance of each other, 
with typical morphs deployed for 1098 model-nights, 
xanthistic morphs for 1085 model-nights and leucistic 
morphs for 1097 model-nights. Appendix S2 provides 
raw data from the clay model study (Rich et al., 2020).

Predation scoring and statistical tests

Predation events were indicated by indentations left by 
animals on the models (Supporting Information, Fig. 
S2b, c). We visually inspected the models and recorded 
any new marks on models from the previous night. 
We scored each mark as a ‘strike’. The total number of 
strikes on each model were counted every day and the 
previous night’s strike total was subtracted from the 
new total to calculate the number of new strikes. While 
quantifying the number of strikes per attack does not 
best represent real-life attack rates, we analysed strike 
data (strikes per attack) to assess levels of predatory 
aggression. Attacks are the primary data for this study 
and are recorded as a binary character for statistical 
analyses. Multiple strikes from one night were 
considered a single ‘attack’ to avoid misrepresenting 
multiple marks by a single predator. If a model was 
missing from a cluster it was counted as a single 
attack event but was not replaced by another model 
due to limited model supplies. No cluster had multiple 
models attacked on the same night. Initial attempts 
to document the predator type (raptor, rodent, etc.) 
proved to be difficult and not reliable enough to make 
any robust inferences, so they are not included here.

All statistics were made using R v.3.6.3 (R Core 
Team, 2020). To determine if colour morph and/or 
substrate colour predicted attack rates, we used a 
generalized linear mixed model (GLMM) using the 
glmer function with a binomial error distribution in 
the package lme4 (Bates et al., 2015). We modelled 
‘Morph’, ‘Substrate Colour’, and the interaction of 
‘Morph’/‘Substrate Colour’ as fixed effects, while 
each night the models were deployed (‘Night’) and 
each cluster of models (‘Cluster’) were treated as 
random effects to account for any influence of time 
and place. Nested models and a null model were 
compared using ANOVAs and a favoured model was 
selected by examining corrected Akaike information 
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criterion (AICc) and AICc weight values (see McElroy, 
2016) calculated using the package bbmle (Bolker & R 
Development Core Team, 2020). A log-likelihood ratio 
test was used to calculate P-values to determine if 
models were a significantly better fit to the data than 
the null model where attack rates are constant with 
respect to morph and substrate colour. Once a best-fit 
model was selected, a Tukey test was implemented 
to identify significant pairwise comparisons using 
the glht function in the package multcomp (Hothorn 
et al., 2008, 2014). Mean attack rates with standard 
deviations for each morph across and within a specific 
substrate colour (light or dark) and type (light sand, 
dark soil, leaf litter) were calculated using the 
package dplyr (Wickham et al., 2020). Kruskal–Wallis 
rank sum tests were used to determine if attack rates 
significantly differed between morphs overall, and 
between morphs on each substrate colour. Wilcoxon 
tests were used to calculate P-values for both attack 
rates and strikes-per-attack of morph pairs between 
and within a substrate colour and plotted using the 
package ggpubr (Kassambara, 2018).

RESULTS

Leucism frequency mapping

Of the 254 photos of E. e. eschscholtzii scored, we recorded 
22 instances of leucistic or xanthistic salamanders with 

16 from the dune sand region or the immediate vicinity, 
two from northern Monterey County just south of the 
dune sand region, and four from southern California. 
This correlates to these morphs occurring at a frequency 
of roughly 0.087 range-wide, which is driven by the high 
frequency in northern Monterey County (0.35; 16/46). 
Within the region of northern Monterey County where 
light morph Ensatina are found (the dune sand region 
plus the area just to the south), leucistic individuals 
were found at a frequency of 0.11 (5/46), xanthistic 
individuals at a frequency of 0.28 (13/46) and typical 
morphs at a frequency of 0.61 (28/46). The results of this 
coloration trait frequency are shown in Figure 2A. In 
general, a single leucistic/xanthistic individual is shown 
as a distinct green or blue dot on the map. The high 
frequency of leucistic/xanthistic individuals in the dune 
sand region is seen as a more diffuse green and yellow 
blob roughly centred over the dune sands area (Fig. 2B).

Scoring predation and statistical tests

The GLMM that best predicted attack rates was the 
model with interactions between morph and substrate 
colour (AICc = 625.38, AICc weight = 0.405) and this model 
significantly outperformed the null model (χ 2 = 13.2, 
d.f. = 5, P = 0.0216) (Table 1). Including the random 
effects of ‘night’ and ‘cluster’ in the ‘morph × substrate 
colour’ model was heavily favoured (χ 2 = 81.17, d.f. = 2, 
P = 2e-16) when compared to excluding random effects 
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Figure 2.  A, heat map of the frequency of leucistic morph individuals across the range of E. e. eschscholtzii with red colour 
indicating their absence (or lack of documentation) and yellow-to-green colours indicating their presence. B, enlargement of 
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the region. The black dashed outline depicts the extent of the light-coloured dune sands.

D
ow

nloaded from
 https://academ

ic.oup.com
/biolinnean/article/132/3/643/6071924 by U

niversity of C
alifornia, Santa C

ruz user on 21 April 2021



648  C. RICH ET AL.

© 2021 The Linnean Society of London, Biological Journal of the Linnean Society, 2021, 132, 643–654

(AIC = 702.55). The ‘morph + substrate colour’ and 
‘substrate colour’ models were also favoured over the 
null model (P = 0.0476 and P = 0.0498, respectively), and 
the model with only ‘morph’ was not significantly better 
than the null model (P = 0.1293). The post-hoc Tukey test 
indicated a significant difference between the typical 
and xanthistic morph attack rates (P = 0.016).

The mean attack rate across all substrates was 
highest in xanthistic and lowest in typical morphs but 
was not significantly different between any of the three 
morphs (Kruskal–Wallis χ 2 = 2.96, d.f. = 2, P = 0.228) 
(Fig. 3A; Supporting Information, Table S1). Typical 
morphs showed no variation in attacks when comparing 
light and dark substrates (Wilcoxon P = 0.994), leucistic 
morphs incurred significantly less predation on light vs. 
dark substrates (Wilcoxon P = 0.0495), and xanthistic 
morphs incurred significantly less predation on light vs. 
dark substrates (Wilcoxon P = 0.003) (Fig. 3B). Within 
dark substrates there were significant differences among 
morphs (Kruskal–Wallis χ 2 = 6.09, d.f. = 2, P = 0.048) with 
xanthistic morphs being subject to the highest attack 
rate and typical morphs the lowest attack rates (Wilcox 
P = 0.014) (Fig. 3C). Within light substrate, typical 
morphs had the highest attack rate and xanthistic 
and leucistic morphs had lower attack rates, although 
these differences were not significant (Kruskal–Wallis 
χ 2 = 0.67, d.f. = 2, P = 0.710) (Fig. 3C). Further subdividing 
dark substrates into ‘Soil’ and ‘Leaf Litter’ did not reveal 
any significant attack rate differences between the two 
dark substrate types within any one morph (Fig. S3). 
Typical morphs had significantly fewer strikes per attack 
on light vs. dark substrates (Wilcox P = 0.005), and on 
dark substrates leucistic morphs had significantly 
fewer strikes per attack than xanthistic morphs (Wilcox 
P = 0.0002) (Fig. S4).

DISCUSSION

The case for relaxed selection

In general, leucistic salamanders tend to be rare and 
locally distributed, and presumably have decreased 

fitness compared to normally pigmented individuals 
(Mitchell & Mazur, 1998; Mitchell & Church, 2002). 
Mapping of light morph Monterey ensatina has 
confirmed that leucism and xanthism are rare or 
absent over most of the range where this subspecies is 
associated with forested habitats that typically have a 
dark substrate consisting of leaf litter, soil and organic 
matter. The clay model study showed that xanthistic 
and leucistic morphs have significantly higher 
predation rates on dark substrates when compared 
to typical morphs, which may explain their extremely 
low frequencies across most of the subspecies’ 
range. The mapping data showed that xanthistic 
and leucistic morphs are most common in the dune 
sands area of northern Monterey County, CA, and 
also in the Transverse Range of southern California 
where patches of light sandstone substrate are found, 
suggesting that the light substrate somehow allows 
light morphs to persist in these areas.

Under the adaptation hypothesis, we expect the light-
coloured morphs to have lower predation rates than 
typical morphs on the light sand substrate, which was 
not supported by our data. While leucistic and xanthistic 
attack rates were slightly lower than for typical morphs 
on light substrate, this difference was not significant. 
However, this relative equality in predation rates due to 
the relaxed selection of light morphs on light backgrounds 
is all that is necessary for the xanthistic and leucistic 
morphs to become established (Lahti et al., 2009). Relaxed 
predation selection has been linked to both phenotypic 
plasticity and colour polymorphism, including an increase 
in the colourfulness or conspicuousness of a population 
(Endler, 1980; Hunt et al., 2011; Runemark et al., 2014; 
Blaird et al., 2020), and our results are consistent with 
the hypothesis that relaxed selection has promoted the 
maintenance of these rare morphs.

The possibility of frequency-dependent 
selection

Although our sample size of colour-scored Ensatina 
from the dune sands and immediately surrounding 

Table 1.  Model selection for attacks on clay Ensatina models.

Model terms d.f. AICc ΔAICc
AICc weight logLik P

Morph × Substrate Colour 8 625.38 0 0.405 −304.69 0.0216*
Morph + Substrate Colour 6 626.66 1.28 0.216 −307.33 0.0476*
Substrate Colour 4 626.73 1.35 0.209 −309.37 0.0498*
Morph 5 628.49 3.11 0.087 −309.24 0.1293
Null 3 628.58 3.2 0.083 −311.29 –

d.f. = degrees of freedom; AICc = corrected Akaike Information Criterion; ∆AICc = differential AICc; logLik = log likelihood; P = P-values for pairwise 
chi-squared comparisons with the null model where morph and/or substrate colour does not influence attacks on clay models.
*Statistically significant P-value.
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region is small (N = 46), the results suggest that light 
morphs occur at lower frequencies than typical morphs 
(leucistic = 0.11, xanthistic = 0.28, typical = 0.61). If 
our results had shown that light morphs had lower 
predation on both light and dark substrates this would 
have supported the negative frequency-dependent 
hypothesis. However, our experimental design was not 
optimized to test for frequency-dependent processes. 
So to understand if frequency-dependent selection is 
operating to maintain Ensatina morphs within the 
dune sand region we recommend additional clay model 
studies that manipulate the frequencies of the three 
morphs, document the specific predators (e.g. motion 
detection camera traps) and contain sites both in the 
dune region and outside it.

Frequency-dependent selection has been shown to 
promote polymorphism in other salamanders with 
similar ecologies (Fitzpatrick et al., 2009; Hantak & 
Kuchta, 2018). Although more data are needed for 
confirmation, we suspect that negative frequency-
dependent selection, a form of balancing selection 
in which the fitness of a phenotype increases as it 
becomes less common, could be acting to maintain 
these three morphs (Allen, 1988). In this case, relaxed 
selection on rare morphs could even be a precursor to 
frequency-dependent selection processes by allowing 
the rare morphs to initially co-occur with typical 
morphs, after which their frequency in the population 
would dictate their predation rates. Endler (1988) 
proposed that interactions between background 
colour, the visual perception of predators and prey 
colour morphs can allow certain morphs to persist in 
one region and not another, even when the community 
of predators is the same between regions. Thus, it 
may simply be a situation where the rarer morphs are 
attacked less, a phenomenon seen in many other taxa 
(see Olendorf et al., 2006; Fitzpatrick et al., 2009). 

The complex web of environmental and biological 
interactions may even create temporal variation in 
selective forces (Calsbeek et al., 2009), one of which 
involves the influence of the moon phase on attack 
rates (Clarke, 1983), which we found not to have an 
effect on attack rates among morphs (see Appendix 
S2, Rich et al., 2020).

Relaxed selection on a microgeographic  
scale

The dune sand area is bordered to the west and 
north by the ocean and to the south and east by 
the Santa Lucia Mountains (which contain typical 
dark-coloured E. e. eschscholtzii) and there are no 
physical barriers between the sandy area and the 
neighbouring forested hills and mountains. This 
implies that dune sand populations have probably 
been continuously exchanging migrants with 
typical morph populations. The dune sand area was 
~30 km2 originally (most of which has been lost 
to development and agriculture), which is small 
compared to the overall range of the Monterey 
ensatina but large compared to other dune sand 
regions within this range. The size of this substrate 
patch, along with the dispersal ability of Ensatina 
(60–120 m; Staub et al., 1995), would qualify it as a 
‘microgeographic’ landscape feature (Stelkens et al., 
2012; Richardson et al., 2014). However, rather than 
driving local adaptation, this microgeographic island 
differs in its predation selection pressures on light 
morphs and has essentially provided a level playing 
field. We suggest that future surveys attempt to 
find the boundaries of the region where light morph 
Ensatina are found in northern Monterey County 
and test for an association with the extent of the 
wind-blown sand substrate patch.
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Figure 3.  A, overall mean attack rates across all substrates; B, differences in mean attacks per model night for each 
individual morph between substrate colours; and C, differences in attack rate per model night between different morphs 
within a shared substrate colour. Error bars represent standard error estimates and horizontal bars indicate statistically 
significant differences (Wilcoxon test; *P ≤ 0.05, **P ≤ 0.01). All pairs without a horizontal bar are not statistically significant.
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The influence of predators

The interactions of predation selection from multiple 
predators influence the evolution of coloration 
divergence within a population of prey species (Willink 
et al., 2014). The potential predators within the Fort 
Ord Reserve include scrub-jays, a number of owl 
species, snakes, racoons, skunks, bobcats, coyotes, foxes 
and large rodents (Fitch, 1940; Stebbins, 1954; Beneski, 
1989; Wake & Yanev, 1986). Given that scrub-jays and 
garter snakes are diurnal, they would have limited 
opportunities to prey upon Ensatina salamaders. 
We have observed a high density of owls at this site 
including Great Horned, Barn and Western Screech 
Owls, which have been known to have excellent vision 
sharpness and also prey upon salamanders (Allen, 
1924; Errington et al., 1940; Mobley & Stidham, 2000). 
It has also been demonstrated that owls (barn and 
screech) capture light-coloured prey against a dark 
background more efficiently than dark prey against 
a light background (Kaufman, 1974), which may help 
to explain the difference in predation rates of typical 
and light morph Ensatina on dark backgrounds. 
The nocturnal mammalian predators at this site 
have excellent night vision, and although they are 
dichromatic it has been shown that some species are 
able to discriminate colours (Denman et al., 2018). After 
examining faunal records of Fort Ord Reserve (https://
fortordreserve.ucsc.edu/maps-habitats-organisms/
index.html), we found that the predator composition 
at Fort Ord is generally representative of the predator 
community across the range of E. e. eschscholtzii. 
Accordingly, we believe our results are being driven 
by the unique colour and exposure of the dune sands, 
rather than by a unique predator community.

The temporal scale of selection

Pure dune habitats are not suitable for Ensatina 
salamanders due to the high levels of sun exposure, 
intense heat and lack of subterranean retreats, so it is 
likely that E. e. eschscholtzii did not colonize the dunes 
until after larger shrubs and oaks became established. 
Most estimates show the dunes have existed for roughly 
11 000–18 000 years (Dupré, 1990; Thornton et al., 
2006), but Ensatina would have been inhabiting the 
region for considerably less time than this as succession 
of maritime chaparral and oak woodland would have 
occurred well after initial dune formation. Interestingly, 
heavy fog (typical of maritime chaparral habitats) 
during California’s dry season allows for nearly year-
round nocturnal amphibian activity (S.B.R., pers. obs.) 
and may have allowed Ensatina and other nocturnal 
amphibians to colonize these dunes before larger 
plants became established. In either case, this suggests 
that this polymorphic population is relatively young 
(~10 000 years or less). The rapid evolution of a novel 

coloration has been recorded for various lineages of 
terrestrial vertebrates, with some occurring on the order 
of thousands of years (Rosenblum et al., 2010; Manceau 
et al., 2010). These dunes are not only young, but they 
are rapidly changing due to both natural (ecological 
succession) and human-caused processes (development, 
edge-effects, introduced species, fire suppression, etc.). 
As vegetation becomes more established in an area, the 
process of soil succession transforms the light sands into a 
darker coloured organic humus/sand mixture. The recent 
human disruption/suppression of natural fire cycles that 
typically clear out vegetation and dry leaf litter are 
causing a reduction in exposed light sand. While native 
Americans burned the region every couple decades 
from ~11 000 years ago until the late 1700s, the current 
mean fire interval in this region is now estimated to be 
>100 years (Greenlee & Langenheim, 1990). We suspect 
that the recent buildup of darker coloured substrate on 
the dunes could potentially shift the adaptive advantage 
back to the typical morph E. e. eschscholtzii.

Short-term colour change in Ensatina

Plastic colour change is one final confounding factor for 
the interpretation of the predation rates of the various 
morphs within this polymorphic population. Colour 
change in salamanders, which involves slight lightening 
or darkening of their coloration, is primarily the result 
of the redistribution of melanin pigments within the 
melanophore pigment cells (Duellman & Trueb, 1986). 
Short-term colour change in some salamanders has 
been linked to matching their background (Garcia 
& Sih, 2003; Polo-Cavia & Gomez-Mestre, 2017), 
and longer-term colour change has been observed by 
keeping salamanders in captivity (Kraemer et al., 
2012). However, leucistic salamanders lack melanin 
pigments in their skin and therefore it is expected that 
they are unable to change their colour. The xanthistic 
salamanders also have little or no melanin, so if any 
colour change occurs it is expected to be in yellow/
orange colours. Given that most colour change in 
salamanders is associated with melanin, it is expected 
that typical brown morphs have the greatest ability 
to darken or lighten themselves, but they will always 
have some shade of brown on their back. An appropriate 
follow-up study should examine the degree to which 
each Ensatina morph is able to alter its coloration and if 
colour change is associated with background matching.

CONCLUSIONS

While our predictions of local adaptation were not 
supported by our data, these results suggest that a 
relatively small and young region of unique substrate 
has promoted the existence of a polymorphic population 
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of Monterey ensatina by providing a level playing 
field of predation selection pressure for light morphs. 
Light morphs of these salamanders probably arise 
periodically throughout the subspecies range but are 
quickly removed by higher predation rates, possibly 
due to their high contrast against dark-coloured 
backgrounds, or simply that light-coloured objects 
are easier to see at night compared to dark ones. For 
some reason, the light-coloured sand appears to relax 
predation selection on light morphs allowing all three 
of these morphs to co-occur, at least for now. This study 
provides evidence that microgeographical islands of 
relaxed selection pressures can promote the formation 
of regionally restricted polymorphic populations.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Summarized raw data for the number of model-nights, number of attacks and the attack rate with 
standard deviation for each morph as a whole and within each substrate colour.
Figure S1. Examples of variation within Ensatina typical brown morphs (A–C), leucistic morphs (D, E), and 
xanthistic morphs (F) at Fort Ord UC Reserve, Monterey County, California.
Figure S2. A, an example of one model cluster containing one of each morph, tied by fishing line to an anchor 
point. This is an example of a light substrate cluster where all models are placed on light-coloured sand. These 
models have been placed closer to each other in this case for the purposes of the photograph. B, an example of a 
predation event, a large bite mark, on the head of a typical brown morph. C, an example of a predation event, a 
small indent, on a leucistic morph model.
Figure S3. A, attack rates of each morph across substrate types. B, attack rates of the three morphs within each 
substrate type. Error bars represent standard error. *P < 0.05, **P < 0.01.
Figure S4. A, mean strikes-per-attack of each morph across substrate colours. B, mean strikes-per-attack of the 
three morphs within each substrate colour. Error bars represent standard error. **P < 0.01, ***P <  0.001.

SHARED DATA

The R code used to create the frequency map, Appendix S1 (iNaturalist data), and Appendix S2 (clay model data) 
are available from the DRYAD data repository (Rich et al., 2020).
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