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Abstract

This study re-analyzes morphometric and meristic data among island night lizards, Xantusia riversiana, from the California Channel
Islands of San Clemente, Santa Barbara, and San Nicolas in order to ascertain whether the implementation of different statistical
methods can recover different results that could potentially alter biological interpretations. Our results concur with a recent previous
study demonstrating that the three island populations differ morphologically from one another and that the San Nicolas Island pop-
ulation is the most divergent. Several important aspects, however, of the previous study depart significantly from those recovered
here. Our analyses found sexual dimorphism within each population for both morphometric and meristic characters to be relatively
uncommon whereas the previous study found nearly all characters to be sexually dimorphic for all island populations. The previous
study also recovered significant differences among the three island populations for all morphometric characters whereas far fewer
differences were recovered in the present study. Both studies found few significant inter-island differences among the meristic char-
acters. The discordances between these two studies stem from differences in the a priori treatment of the raw character data and the
different downstream statistical analyses and visualization techniques used on those data. This was particularly relevant with the
use here of an allometric growth algorithm for size-correcting the morphometric data not used in the previous study and by treating
all three populations as independently evolving groups. We did not conduct analyses where data from the San Clemente and Santa
Barbara island populations were conflated based on their subspecific designation (X. 7 reticulata) and then compared to data from the
independently evolving San Nicolas Island population. This imprudent use of taxonomy violates the assumptions of statistical inde-
pendence. We emphasize that explicit justification for the use of particular statistical analyses should occur in all studies—especially
if the results bear on the implementation of effective and efficient resource management programs.
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Figure 1. Colored dots denote the distribution of Xantusia riversiana from the California Channel Islands off the coast of southern
California (CA). Photograph of X. riversiana from Santa Barbara Island by Nicholas A. Hess.

Introduction

The California Channel Islands comprise the western lim-
its of the California Borderlands—one of the most tecton-
ically active areas in North America. Distributed across
these eight islands are a suite of endemic vertebrates that
continue to serve as exemplary models for studying the
evolutionary patterns and processes of island radiations
(Johnson 1972; Eggert et al. 2004; Floyd et al. 2011; Funk
etal. 2016; Pergams et al. 2000). One of these vertebrates,
the island night lizard, Xantusia riversiana, occurs on
three of the four southernmost islands—San Clemente,
San Nicolas, and Santa Barbara (Fig. 1). These islands,
unlike the four northern islands—Anacapa, San Miguel,
Santa Cruz, and Santa Rosa—are separated by deep ocean
basins and have never been connected to each other, mak-
ing overwater dispersal the only likely mode of their col-
onization (Junger and Johnson 1980; Wenner and John-
son, 1980; Vedder and Howell 1980; Ward and Valensise
1996). Whereas the continental species of Xantusia are
relatively small (adult SVLs < 70 mm) microhabitat spe-
cialists (e.g. Zweifel and Lowe 1966; Bezy 1967; 1989;
Webb 1970; Lee 1975; Grismer and Galvan 1986; Levitt
et al. 2007; Noon et al. 2013; Grismer 2021), the insular
X. riversiana is much larger (adult SVLs 70-117 mm)

and more of a habitat generalist but with possible inter-is-
land differences in microhabitat preference, diet, and
other aspects of their ecology (Fellers et al. 1998, 2008;
Fellers and Drost 1991; Mautz et al. 1993; Drost et al.
2018). Many studies across multiple lineages of lizards
have demonstrated that morphology reflects habitat use as
well as a number of other ecological traits (e.g. Williams
1972; Melville and Swain 2000; Bergmann and Irschick
2010; Losos 2010; Lee et al. 2013; Pincheira-Donoso and
Meiri 2013, 2015; Grismer and Grismer 2017; Grismer
et al. 2015, 2018, 2020a,b; Kaatz et al. 2021; Pelegrin
et al. 2021; Pianka et al. 2017; Toyama 2017) and that
“ecomorphology” may represent an average of long-term
responses to multiple ecological parameters (Pianka et al.
2017). In fact, the application of ecomorphology to un-
cover, explain, and predict ecological patterns has become
formalized into a hypothetico-deductive framework that
reveals causal roles of morphological traits in organismal
ecology (Ricklefs and Miles 1994; Wainwright and Reilly
1994; Wainwright 1996; Kingsolver and Huey 2003; Fei-
lich and Lopez-Fernandez 2019; Kaatz et al. 2020).
Considerable high-quality field research on the ecol-
ogy of the three populations of Xantusia riversiana has
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been ongoing since the 1990’s (e.g., Fellers et al. 1998,
2008; Fellers and Drost 1991; Mautz et al. 1993; Drost et
al. 2018) but it was only recently that the first focused, sta-
tistically based, comparative morphometric and meristic
analyses among the three populations were conducted. Ad-
ams et al. (2018) employed a battery of poorly explained
and poorly justified statistical analyses on morphometric
and meristic characters using large sample sizes from all
three islands to investigate the morphological differences
among the island populations and between the subspecies
X. r. riversiana from San Nicolas Island and X. 7. reticu-
lata from San Clemente and Santa Barbara islands (Smith
1946). Using their raw data, we employed a standardized
analytical framework for morphological comparisons pro-
posed by Chan and Grismer (2021a) that is more stream-
lined and considerably different from the framework em-
ployed by Adams et al. (2018) to determine whether the
implementation of different statistical methods can recov-
er different results that could potentially alter biological
interpretations. Although both studies concluded that all
island populations were morphologically distinct and that
the San Nicolas Island population was the most divergent,
there were notable differences in several important details.
For consistency, we compare and contrast the results of
different sets of analyses and visually interpret the efficacy
of these analyses using many of the same multivariate vi-
sualization techniques employed by Adams et al. (2018).

Materials and methods

Samples and data

All morphological analyses were based on the raw data set
of Adams et al. (2018) which included 172 adults: 37 fe-
males and 32 males from San Clemente Island, 28 females
and 12 males from Santa Barbara Island, and 32 females
and 31 males from San Nicolas Island. The data set includ-
ed nine mensural (i.e. morphometric) characters: snout-
vent length (SVL), head length (HL), head width (HW),
head depth (HD), snout length (SNT), interorbital distance
(I0), forelimb length (FLL), hind limb length (HLL) and
pelvic width (PW). Tail length was omitted from our anal-
yses owing to a high number of samples with regenerat-
ed or broken tails. Five meristic characters examined in-
cluded ventral scales (VS), gular scales (GS), preanal (i.e.
precloacal used here; reptiles do not have an anus) scales
(PA), femoral pores (FP), and fourth toe subdigital lamel-
lae (TL4). Methods for measuring body dimensions and
counting scales are detailed in Adams et al. (2018).

Statistical analyses

We followed a standardized statistical protocol for mor-
phological analyses (Chan and Grismer 2021a) and em-
ployed multivariate analyses and data visualization meth-
ods recently used for other species of Xantusia (Grismer

2021) and commonly used in lizard taxonomy. Given that
the three island populations are allopatric and there is no
evidence of gene flow among them (Bezy et al. 1980;
Noonan et al. 2013; Rice 2017), they were treated as in-
dependent evolutionary units regardless of their taxono-
my (Smith 1946) so as to avoid violating the assumptions
of statistical independence.

Because preliminary Student #-tests on males and
females from each island detected sexual dimorphism
among some of the adjusted morphometric (see below)
and raw meristic characters within each population, males
and females were analyzed separately in all subsequent
analyses unless stated otherwise. Adams et al. (2018) did
not log-transform their meristic data but without expla-
nation size-corrected them by dividing each character by
its geometric mean. We conducted no a priori treatment
of the raw meristic data because scale patterns form ear-
ly in embryogenesis (Alibardi 1996) and do not change
during ontogeny (Chang et al. 2009). However, to ensure
that allometric biases (variation due to differences in
body size) in the raw morphometric data were appropri-
ately removed prior to analysis, these data were adjusted
using the allometric formula: X ,=log(X)-p[log(SVL)-
log(SVL,,...)]l, where X ,=adjusted value; X=measured
value; P=unstandardized regression coefficient for each
population; and SVL, .=overall average SVL of all
populations (Thorpe 1975, 1983; Turan 1999; Lleon-
art et al. 2000)—implemented through the R package
GroupStruct (available at https://github.com/chankinonn/
GroupStruct). Morphometric adjustments were conduct-
ed separately on each sex from each island. The data were
then concatenated by sex in order to construct separate
data frames composed of only males and only females
from each island. This ensured there was no intersexual
or interisland conflation of variation (Reist 1985; McCoy
et al. 2006). To remove the effects of allometry, Adams
et al. (2018) log-transformed all morphometric data and
divided each measurement (except for SVL) by its geo-
metric mean.

One-way analyses of variance (ANOVA) were per-
formed on the morphometric and meristic data sets to
test for the presence of statistically significant interisland
differences. If detected, Tukey HSD post hoc tests were
performed to ascertain which pairs of island populations
had significantly different mean values for which charac-
ter(s). All statistical tests were performed at a significance
threshold of a = 0.05. Boxplots for the discrete meristic
characters and violin plots embedded with boxplots for
continuous morphometric characters were generated to
visualize the distribution of variation among the charac-
ters across islands. Summary statistics (mean, range, and
+1 standard deviation) were generated for all meristic and
adjusted morphometric characters.

Separate and concatenated principal component anal-
yses (PCA) of the morphometric and meristic data were
employed to visualize and assess the degree of morpho-
spatial separation among the three populations. PCA is an
unsupervised analysis that does not group individuals a
priori according to species/population/sex. A non-para-
metric permutation multivariate analysis of variance

adj
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(PERMANOVA) from the vegan package in R (Oksanan
et al. 2020) was used to determine if the centroid loca-
tions of each population in PCA were statistically differ-
ent (Skalaski et al. 2018). The analysis is based on the
prior calculation of the distance between any two data
points in a Euclidean (dis)similarity matrix using 5000
permutations, not on the output of the PCA. A pairwise
post hoc test calculates the differences between all combi-
nations of population pairs, generating a Bonferroni-ad-
justed p-value and a pseudo-F ratio (F statistic). p < 0.05
is considered significant and larger F statistic values in-
dicate more pronounced group separation. A rejection
of the null hypothesis (i.e. centroid positions and/or the
spread of the data points are no different from random)
signifies a difference between populations.

A subsequent supervised analysis, discriminant anal-
ysis of principal components (DAPC; Jombart and Col-
lins 2015) that does group individuals a priori, was also
performed. DAPC relies on data calculated from a PCA
as a prior step to ensure that the variables analyzed are
not correlated and number fewer than the sample size.
Dimension reduction of the DAPC prior to plotting is ac-
complished by retaining the first set of principal compo-
nents that account for 90-95% of the variation (Jombart
and Collins 2015) as determined from a scree plot gen-
erated as part of the analysis. The DAPC analyses were
run using the adegenet package in R. All analyses were
performed in R (R Core Team 2014).

Results and comparisons with
Adams et al. (2018)

Comparing the results recovered here with those of Ad-
ams et al. (2018) was, in many cases, hampered by the
fact that Adams et al. (2018) often reported significant
differences resulting from their ANOVAs on the size-cor-
rected SVLs and analyses of covariance (ANCOVAs) on
all other size-corrected characters using size-corrected
SVL as a covariate. However, they presented no evidence
of any post hoc tests so it remains unclear how their com-
parisons were obtained.

Sexual dimorphism

Overview. Overall, the following analyses found far less
sexual dimorphism within all three island populations
compared to that of Adams et al. (2018) as summarized
in Table 1. The differences between these studies stem
from their ambiguous justification for using MANOVAs,
ANOVAs, and ANCOVAs on incorrectly size-adjusted
morphometric characters and inappropriately size-cor-
rected meristic characters (see below). Whereas Adams
et al. (2018) found all morphometric characters to be
sexually dimorphic in all populations, only snout-vent
length (SVL), head depth (HD), and pelvic width (PW) in
the San Clemente Island population and PW in the San-

ta Barbara Island population were recovered as sexually
dimorphic. No sexual dimorphism was recovered in the
San Nicolas Island population. Both Adams et al. (2018)
and the analyses here recovered sexual dimorphism in the
meristic characters of precloacal scales (PA) and femoral
pores (FP) in the San Clemente Island population and gu-
lar scales (GS) and PA in the San Nicolas Island popula-
tion. The analysis here recovered no sexual dimorphism
in the Santa Barbara Island population whereas Adam’s et
al. (2018) found this population to be sexually dimorphic
for GS, PA, and FP.

Morphometric characters. All characters conformed to
parametric test assumptions of normality (Shapiro-Wilk
test, p < 0.05) and homogeneity of variances (F-test, p >
0.05). Student #-tests between the sexes for each character
for each island population recovered minimal instances
of sexual dimorphism (Table 1) while two-way ANOVAs
and Tukey post hoc tests using island and sex as indepen-
dent variables recovered no sexual dimorphism. Student
t-tests indicated that males from San Clemente Island
were significantly smaller (SVL), had flatter heads (HD),
and narrower pelves (PW) than females (Tables 1 and 2).
Males from Santa Barbara Island also had significantly
narrower pelves than females. No sexual dimorphism
was recovered in the San Nicolas Island population. The
PCA and DAPC analyses concur, showing wide overlap
and slight separation between the sexes from each is-
land (Fig. 2). For the Santa Barbara Island population,
principal component (PC1) accounted for 31.8% of the
variation and loaded most heavily for head depth (HD),
head length (HL), forelimb length (FLL), and pelvic
width (PW) (Table 3). The second principal component
(PC2) accounted for 15.9% of the variation and loaded
most heavily for head width (HW). For the San Clemente
Island population PC1 accounted for 28.4% of the vari-
ation and loaded most heavily for head length (HL) and
head width (HW) (Table 3). PC2 accounted for 17.9%
of the variation and loaded most heavily for hind limb
length (HLL). For the San Nicolas Island population PC1
accounted for 26.8% of the variation and loaded most
heavily for snout length (SNT) and PC2 accounted for
19.4% of the variation and loaded most heavily for fore-
limb length (FLL) (Table 3). The PERMANOVA analysis
recovered no statically significant differences (p adjusted
values for Santa Barbara, San Clemente, and San Nicolas
islands = 0.42, 0.10, and 0.21, respectively) in centroid
placement in the PCA (Table 4).

Using an ANOVA on the size-corrected SVLs and
analyses of covariance (ANCOVAs) on all other size-cor-
rected characters with size-corrected SVL as a covariate,
Adams et al. (2018) stated that all morphometric char-
acters (see below), except tail length, to be sexually di-
morphic within all populations (i.e. their “Xantusia riv-
ersiana’) although PW was not significantly different
within the combined data of the San Clemente and Santa
Barbara island populations (i.e. X. . recticulata) nor in
the San Nicolas Island population. However, no post hoc
tests were discussed so it is not known how these compar-
isons were obtained.
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Table 1. p-values for statistically significant mean differences in the characters among males and females from each island pop-
ulation based on Student #-tests. Character abbreviations are in the Materials and methods. Orange shaded cells denote sexually
dimorphic characters reported by Adams et al. (2018), green shaded cells denote sexually dimorphic characters recovered herein and
by Adams et al. (2018), and gray shaded cells denote characters for which neither study found sexual dimorphism.

Morphometric characters SVL HL HW HD SNT 10 FLL HLL PW
San Clemente Island 0.007 0.04 0.006
Santa Barbara Island 0.03
San Nicolas Island

Meristic characters VS GS PA FP TL4
San Clemente Island 0.0005 0.009
Santa Barbara Island
San Nicolas Island 0.02 0.004

Table 2. Summary statistics of the adjusted morphometric characters for males and females from each island. Abbreviations are in
the Materials and methods.

Santa Barbara Island

Females SVL HL HW HD SNT 10 FLL HLL PW
Mean 1.93 1.47 1.16 0.97 0.77 0.95 1.27 1.38 1.13
+1 sd 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.02 0.02
Minimum 1.88 1.41 1.12 0.93 0.75 0.89 1.23 1.34 1.09
Maximum 2.00 1.51 1.19 1.01 0.80 0.99 1.30 1.42 1.16
n 28 28 28 28 28 28 28 28 28

Males
Mean 1.91 1.47 1.16 0.97 0.77 0.95 1.27 1.37 1.12
+1 sd 0.03 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02
Minimum 1.88 1.42 1.14 0.94 0.74 0.94 1.24 1.34 1.07
Maximum 1.99 1.50 1.18 0.99 0.78 0.98 1.28 1.39 1.14
n 12 12 12 12 12 12 12 12 12

San Clemente Island

Females SVL HL HW HD SNT 10 FLL HLL PW
Mean 1.93 1.48 1.17 0.98 0.76 0.95 1.27 1.38 1.15
+1 sd 0.03 0.02 0.02 0.01 0.01 0.02 0.01 0.02 0.02
Minimum 1.89 1.44 1.13 0.95 0.74 0.91 1.23 1.32 1.11
Maximum 1.99 1.50 1.20 1.01 0.79 0.99 1.30 1.41 1.17
n 37 37 37 37 37 37 37 37 37

Males
Mean 1.92 1.48 1.18 0.97 0.76 0.95 1.27 1.38 1.13
+1 sd 0.03 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.02
Minimum 1.86 1.44 1.13 0.95 0.74 0.91 1.24 1.35 1.07
Maximum 1.96 1.50 1.20 0.99 0.80 0.99 1.30 1.40 1.17
n 32 32 32 32 32 32 32 32 32

San Nicolas Island

Females SVL HL HW HD SNT 10 FLL HLL PW
Mean 1.96 1.51 1.19 1.01 0.81 0.99 1.30 1.40 1.17
+1sd 0.04 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.02
Minimum 1.88 1.48 1.17 0.94 0.78 0.95 1.27 1.38 1.14
Maximum 2.02 1.53 1.22 1.05 0.83 1.03 1.32 1.44 1.23
n 32 32 32 32 32 32 32 32 32

Males
Mean 1.94 1.51 1.20 1.01 0.80 1.00 1.29 1.41 1.16
+1 sd 0.03 0.01 0.02 0.03 0.02 0.02 0.01 0.01 0.02
Minimum 1.88 1.48 1.15 0.95 0.77 0.94 1.26 1.37 1.12
Maximum 2.03 1.55 1.23 1.06 0.84 1.04 1.32 1.44 1.20

n 32 32 32 32 32 32 32 32 32




6 L. Lee Grismer et al.: Comparative morphology among Island Night Lizards, Xantusia riversiana

Table 3. Summary statistics for the PCAs of the morphometric characters between the sexes for all island populations. Shaded cells

denote characters bearing the highest loadings. Abbreviations are in the Materials and methods.

Santa Barbara Island PC1 PC2 PC3 PC4 PCs PCé PC7 PC8 PC9
Standard deviation 1.69102 1.19550 1.04608 0.96615 0.92217 0.85369 0.73535 0.58753 0.46733
Proportion of variance 0.31773 0.1588 0.12159 0.10372 0.09449 0.08098 0.06008 0.03835 0.02427
Cumulative proportion 0.31773 0.47653 0.59812 0.70183 0.79632 0.8773 0.93738 0.97573 1
Eigenvalue 2.85955 1.42921 1.09428 0.93344 0.85040 0.72878 0.54075 0.34519 0.21840
SVL —0.04170 | —0.00296 | —0.67114 0.71277 | —0.04750 0.18035 —0.05392 | —0.04386 | —0.01301
HL —0.39380 | —0.48365 0.17609 0.06467 | —0.13896 0.07244 | -0.35329 | —0.16653 | —0.63143
HW -0.18974 | 0.59742 0.14656 | —0.00647 | —-0.51300 0.23115 -0.21042 | —0.46700 0.08125
HD —0.42701 0.25634 0.26804 0.18657 0.01194 0.36080 0.06720 0.71408 | —0.02334
SNT —0.27901 | —0.19318 | —0.44067 | -0.55613 0.11196 0.47275 | -0.23358 0.00431 0.30128
10 -0.37182 0.03627 0.24164 0.20921 0.66420 0.12713 0.22999 | -0.47257 0.15728
FLL —0.42503 | -0.29438 0.09280 0.16825 —0.27118 | —0.48096 | —0.14584 | 0.05380 0.60559
HLL —0.25193 0.46539 | —0.27478 | -0.14427 0.35194 | —0.52069 | —0.40356 0.11074 | -0.23135
PW —0.40575 0.03958 | —0.29755 | -0.22530 | —0.25303 | —0.19111 0.72932 | -0.06200 | —0.24127
San Clemente Island PC1 PC2 PC3 PC4 PCs PCé PC7 PC8 PC9
Standard deviation 1.59879 1.26841 1.03970 0.96864 0.92026 0.78509 0.73735 0.65214 0.61932
Proportion of variance 0.28402 0.17876 0.12011 0.10425 0.0941 0.06849 0.06041 0.04725 0.04262
Cumulative proportion 0.28402 0.46278 0.58289 0.68714 0.78123 0.84972 0.91013 0.95738 1
Eigenvalue 2.55614 1.60886 1.08097 0.93826 0.84687 0.61637 0.54368 0.42528 0.38356
SVL —0.04292 0.02769 | —0.81357 0.11408 —0.54945 0.03169 | —0.12149 0.06882 0.00945
HL —0.44434 | -0.07742 0.05257 | —0.17015 | —0.24620 | —0.55029 0.62959 0.04986 0.05046
HW -0.47163 | —0.13716 0.18281 0.33507 | —0.04872 0.00500 | —0.36073 0.24987 0.64660
HD —0.26039 | -0.38202 | —0.37201 | -0.19276 0.51821 —0.34490 | -0.31792 | —0.34259 | -0.06916
SNT -0.31992 | -0.22811 | —0.03820 | —0.65677 | —0.02707 0.61308 0.08046 0.16703 0.04296
10 —0.38463 | —0.30393 0.22019 0.40702 | —0.26597 0.26869 | —0.01530 | —0.39533 | -0.49607
FLL —0.37658 0.46190 0.06652 | —0.10542 0.05073 —0.16943 | —-0.36567 0.44845 —0.51304
HLL —-0.21043 0.61169 0.06194 | -0.23014 | -0.13959 0.04537 | —0.12398 | —0.65217 0.25001
PW -0.27223 0.31075 —0.32454 0.38408 0.52254 0.31364 0.44930 0.04858 0.02891
San Nicolas Island PC1 pPC2 PC3 PC4 PCs PCé PC7 PC8 PC9
Standard deviation 1.55341 1.32003 1.04910 1.00828 0.97695 0.86045 0.68796 0.60170 0.44392
Proportion of variance 0.26812 0.19361 0.12229 0.11296 0.10605 0.08226 0.05259 0.04023 0.0219
Cumulative proportion 0.26812 0.46173 0.58402 0.69698 0.80303 0.88529 0.93788 0.9781 1
Eigenvalue 2.41309 1.74249 1.10061 1.01662 0.95443 0.74038 0.47329 0.36204 0.19706
SVL —0.01892 0.07381 —0.16493 0.80586 | —0.55711 0.02425 | —0.06887 0.03681 0.02296
HL 0.35249 0.29690 | —0.02701 0.15973 0.36469 0.62071 —0.44842 0.15948 0.12868
HW 0.35843 —0.11165 0.48683 —0.18608 | —0.46334 0.35612 0.00173 —0.38893 | —0.30767
HD 0.40005 —0.49581 0.07878 0.17950 0.14547 | -0.08116 0.15353 —0.24927 0.66502
SNT 0.50436 0.09166 | —0.26741 0.07841 0.10880 0.07611 0.69665 0.25127 | —0.30572
10 0.37677 | -0.44900 | —0.11137 0.05868 0.08518 | —0.38884 | —0.49867 0.19769 | -0.44091
FLL 0.24388 0.54309 | -0.03576 0.13027 0.20886 | —0.43466 | —0.07619 | —0.61780 | —0.08544
HLL 0.35005 0.37398 0.16698 | —0.29929 | -0.40071 | —0.32767 | —0.10654 0.45112 0.37061
PW 0.09239 | -0.05745 | —0.78472 | -0.37696 | —0.31225 0.16566 | —0.13943 | —0.26908 0.11614

Meristic characters. All characters conformed to para-
metric test assumptions of normality (Shapiro-Wilk test,
p <0.05) and homogeneity of variances (F-test, p > 0.05).
Student #-tests indicated that males from the San Clem-
ente Island population have significantly more precloacal
scales and femoral pores (PA and FP, respectively) than
females (Tables 1 and 5). No sexually dimorphic meris-
tic characters were recovered in the Santa Barbara Island
population and the males of the San Nicolas Island pop-
ulation had significantly more gular (GS) and PA scales
(Tables 1 and 5). The PCA and DAPC analyses mirrored

those of the morphometric characters in showing wide
overlap between the sexes from each island (Fig. 3). In
the Santa Barbara Island population, PC1 accounted for
36.5% of the variation and loaded most heavily for ven-
tral scales (VS) (Table 6). PC2 accounted for 22.7% of
the variation and loaded most heavily gular scales (GS)
and fourth toe lamellae (TL4). In the San Clemente Is-
land population, PC1 accounted for 30.3% of the varia-
tion and loaded most heavily for ventral scales (VS) and
gular scales (GS) (Table 6). PC2 accounted for 24.7% of
the variation and loaded most heavily preanal scales (PA).
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Table 4. PERMANOVA results of all PCA data sets.

Meristic Data F statistic R1 p value p adjusted
Female
San Clemente vs Santa Barbara 7.976328842 0.112380127 0.000119998 0.000359993
San Clemente vs San Nicolas 17.8912351 0.210754798 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 28.63042077 0.330489227 2.00E-05 6.00E-05
Male
San Clemente vs Santa Barbara 3.38186634 0.074520213 0.020819584 0.062458751
San Clemente vs San Nicolas 12.35061832 0.168377835 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 13.11340086 0.242331856 2.00E-05 6.00E-05
Morphometric Data F statistic R1 p value p adjusted
Female
San Clemente vs Santa Barbara 4.256208897 0.063283509 0.001919962 0.005759885
San Clemente vs San Nicolas 58.34675042 0.465482753 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 60.41960349 0.510216229 2.00E-05 6.00E-05
Male
San Clemente vs Santa Barbara 2.961345004 0.065864244 0.008879822 0.026639467
San Clemente vs San Nicolas 66.56440768 0.521810189 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 46.06328362 0.52907818 2.00E-05 6.00E-05
Sex Concatenated Data F statistic R1 p value p adjusted
Female
San Clemente vs Santa Barbara 5.50039433 0.080297265 2.00E-05 6.00E-05
San Clemente vs San Nicolas 41.91324325 0.384831468 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 47.10026177 0.448145999 2.00E-05 6.00E-05
Male
San Clemente vs Santa Barbara 3.20096222 0.070816241 0.002359953 0.007079858
San Clemente vs San Nicolas 40.67761809 0.400064624 2.00E-05 6.00E-05
Santa Barbara vs San Nicolas 31.24682525 0.432501015 2.00E-05 6.00E-05
Total Concatenated Data F statistic R1 p value p adjusted
M = male; F = female
San ClementeM vs Santa BarbaraM 3.20096222 0.070816241 0.001679966 0.025199496
San ClementeM vs San NicolasM 40.67761809 0.400064624 2.00E-05 0.000299994
San ClementeM vs San ClementeF 3.646344679 0.05161406 0.000539989 0.008099838
San ClementeM vs Santa BarbaraF 6.155707548 0.095949492 2.00E-05 0.000299994
San ClementeM vs San NicolasF 48.90634901 0.440969786 2.00E-05 0.000299994
Santa BarbaraM vs San NicolasM 31.24682525 0.432501015 2.00E-05 0.000299994
Santa BarbaraM vs San ClementeF 4.747560753 0.091744629 8.00E-05 0.001199976
Santa BarbaraM vs Santa BarbaraF 1.147106447 0.029302458 0.334293314 1
Santa BarbaraM vs San NicolasF 35.92059215 0.460989722 2.00E-05 0.000299994
San NicolasM vs San ClementeF 34.79306543 0.345193048 2.00E-05 0.000299994
San NicolasM vs Santa BarbaraF 41.35669936 0.42047669 2.00E-05 0.000299994
San NicolasM vs San NicolasF 1.897946171 0.03017501 0.054378912 0.815683686
San ClementeF vs Santa BarbaraF 5.50039433 0.080297265 2.00E-05 0.000299994
San ClementeF vs San NicolasF 41.91324325 0.384831468 2.00E-05 0.000299994
Santa BarbaraF vs San NicolasF 47.10026177 0.448145999 2.00E-05 0.000299994

In the San Nicolas Island population, PC1 accounted for
36.9% of the variation and loaded most heavily for ventral
scales (VS) and gular scales (GS) and PC2 accounted for
19.1% of the variation and loaded most heavily for pre-
cloacal scales (PA) and femoral pores (FP) (Table 6). The
PERMANOVA analysis recovered statically significant
differences in centroid placement in the PCAs for the San
Clemente and San Nicolas island populations (p adjust-
ed = 0.0002 and 0.04, respectively) but not for the Santa
Barbara population (p adjusted = 0.55) (Table 4).

Using ANCOVA analyses with size-corrected SVL as
a covariate, Adams et al. (2018) found all size-corrected
meristic characters except femoral pores, to be sexually
dimorphic between the two subspecies but in an appar-
ent contradiction stated there were no “dramatic sexual
dimorphisms” in the size-corrected meristic characters
except for males having more “preanal” scales (PA) than
females in the San Nicolas and San Clemente Island pop-
ulations. However, their Table 1 of the raw meristic data
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Table 5. Summary statistics of the meristic characters for males and females from each island. Abbreviations are in the Materials

and methods.

San Barbara Island
Females VS GS PA FP TL4
Mean 34.30 50.96 5.19 10.57 23.38
sd 1.08 2.81 0.94 0.79 091
Minimum 32 45 3 9 22
Maximum 36 57 7 12 25
n 28 28 28 28 28
Males
Mean 34 5091 5.08 10.75 22.92
sd 1.21 2.35 0.79 0.45 1
Minimum 32 45 4 10 22
Maximum 36 54 6 11 25
n 12 12 12 12 12
San Clemente Island
Females A GS PA FP TL4
Mean 33.51 48.43 4.78 10.35 22.68
sd 0.93 2.24 0.82 0.82 1.18
Minimum 32 43 3 8 20
Maximum 36 52 7 13 25
N 37 37 37 37 37
Males
Mean 33.34 48.63 5.59 10.81 22.31
Sd 0.83 2.55 1.01 0.54 1.18
Minimum 31 43 4 10 20
Maximum 35 55 7 12 25
n 32 32 32 32 32
San Nicolas Island
Females VS GS PA FP TL4
Mean 33.06 43.63 4.28 10.63 21.59
sd 1.05 2.12 0.96 0.71 1.41
Minimum 31 38 3 9 19
Maximum 35 47 6 12 24
n 32 32 32 32 32
Males
Mean 32.90 45.06 4.94 10.61 21.45
Sd 1.16 2.45 0.77 0.99 1.34
Minimum 31 40 4 9 19
Maximum 35 51 7 13 25
n 31 31 31 31 31

shows all means for each character to be nearly equal
with widely overlapping ranges.

Inter-island differences

Overview. The results below recover statistical morpho-
metric and meristic differences among all three island
populations using the data types separately or combined
as summarized in Table 7. The San Nicolas Island pop-
ulation is considerably different from the San Clemente
and Santa Barbara Island populations which are morpho-
logically similar but also statistically different for many
characters. Adams et al. (2018) found similar results but

across a different suite of characters based on different
and sometimes inappropriately used analyses (see above).

Female morphometrics. ANOVA and Tukey HSD post
hoc analyses recovered a number of statistical differenc-
es between San Nicolas Island and the other two islands
(Tables 2 and 7). San Clemente and Santa Barbara islands
differed only in head width (HW). The PCA recovered
modest separation of the San Nicolas Island population
and broad overlap of the San Clemente and Santa Barbara
island populations (Fig. 4A). PC1 accounted for 53.6%
of the variation in the data set and loaded most heavily
for snout length (SNT), forelimb length (FLL), interor-
bital distance (IO), and less so for head length, width,
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Table 6. Summary statistics for the PCAs of the meristic characters between the sexes for all island populations. Shaded cells denote

characters bearing the highest loadings. Abbreviations are in the Materials and methods.

Santa Barbara Island PC1 PC2 PC3 PC4 PC5
Standard deviation 1.35020 1.06599 0.90096 0.80562 0.76149
Proportion of variance 0.36461 0.22727 0.16235 0.1298 0.11597
Cumulative Proportion 0.36461 0.59188 0.75422 0.88403 1
Eigenvalue 1.82304 1.13634 0.81174 0.64902 0.57987
VS —0.55376 0.08801 —0.32068 —0.39447 0.65358
GS —-0.47302 —0.45275 0.21901 —0.49266 —0.52971
PA —0.49439 —-0.29215 0.39941 0.67806 0.22568
FP 0.16313 -0.71739 -0.65114 0.18451 0.02669
TL4 —0.44562 0.43274 —0.51545 0.32843 —0.49052

San Clemente Island PC1 PC2 PC3 PC4 PC5
Standard deviation 1.23114 1.11417 0.91322 0.85415 0.82424
Proportion of variance 0.30314 0.24828 0.16680 0.14591 0.13588
Cumulative Proportion 0.30314 0.55142 0.71821 0.86412 1.00000
Eigenvalue 1.51570 1.24138 0.83398 0.72957 0.67938
A —0.51197 0.24144 —0.62982 0.38195 0.37018
GS —0.52228 —-0.14062 0.66328 0.51605 —0.03458
PA 0.02325 —0.72012 —-0.39511 0.30278 —0.48281
FP —0.37543 -0.57778 0.03169 —0.54629 0.47517
TL4 —0.56888 0.26370 —0.07919 —0.44463 —0.63473

San Clemente Island PC1 PC2 PC3 PC4 PCs5
Standard deviation 1.35766 0.97754 0.94659 0.82394 0.79136
Proportion of variance 0.36865 0.19112 0.17921 0.13578 0.12525
Cumulative Proportion 0.36865 0.55977 0.73897 0.87475 1.00000
Eigenvalue 1.84324 0.95558 0.89604 0.67888 0.62626
VS 0.50525 —0.20941 0.30917 —0.65894 0.41362
GS 0.50567 —0.31369 0.08704 0.73085 0.32276
PA —0.36679 —0.60275 —0.57665 —0.11135 0.39651
FP 0.33892 0.61644 —0.63488 —0.03456 0.31759

and depth (HL, HW, and HD, respectively) (Fig. 5). PC2
accounted for 9.8% of the variation in the data set and
loaded most heavily for snout-vent length (SVL). The
DAPC recovered complete separation of the San Nicolas
Island population and modest overlap of the 66% confi-
dence ellipses between the San Clemente and Santa Bar-
bara island populations (Fig. 4B). Quantitative differenc-
es among the characters among the three populations are
visualized in Figure 4C illustrating the higher mean value
of all characters in the San Nicolas Island population. The
PERMANOVA analysis recovered statistically significant
differences in centroid placement among all island pairs
with those comparing San Nicolas Island being magni-
tudes greater in difference compared to that between San
Clemente and Santa Barbara islands (F statistic 58.34 and
60.42 versus 4.25; Table 4).

Using an ANOVA on the size-corrected SVLs and AN-
COVAs on all other size-corrected morphometric charac-
ters with size-corrected SVL as a covariate, Adams et al.
(2018:Table 2) recovered significant differences among
the three island populations for all characters for both
sexes (Table 8). However, no post hoc tests were indicat-
ed to differentiate which island pairs differed for which
characters. Adams et al. (2018) stated that “X. r. reticu-

lata have relatively longer heads”. Although their data
were not shown, our data indicate that lizards from the
San Nicolas Island population have the longest, widest,
and thickest heads. Additionally, their PCA analyses re-
covered no separation among any island populations for
either sex.

Female meristics. ANOVA and Tukey HSD post hoc
analyses recovered a number significant differences
among the females from all islands for ventral and gular
scales (VS and GS, respectively) and subdigital lamellae
(TL4) (Tables 5 and 7). The ANOVAs and Tukey HSDs
post hoc tests also recovered significant differences
among the Santa Barbara and San Nicolas populations
for precloacal scales (PA). The PCA recovered much
less separation among the three populations compared
to that recovered by the morphometric data (Fig. 6A).
PC1 accounted for 41.4% of the variation and loaded
most heavily for gular scales (GS), fourth toe lamellae
(TL4) and ventral scales (VS) (Fig. 7). PC2 accounted for
22.0% of the variation and loaded most heavily for fem-
oral pores (FP). The DAPC mirrored that of the female
morphometrics in recovering complete separation of the
San Nicolas Island population and notable overlap of the
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Figure 2. Principal component analyses (A, C, and E) and discriminant analyses of principal components (B, D, and F) of meristic

characters between males and females from each island.

66% confidence ellipses between the San Clemente and
Santa Barbara island populations (Fig. 6B). Quantitative
differences in the characters among the three populations
are illustrated in Figure 6C. The PERMANOVA analysis
recovered statistically significant differences in centroid
placement among all island pairs for females with those
compared to San Nicolas Island being magnitudes great-
er in difference compared to that between San Clemente
and Santa Barbara islands (F statistic 17.89-28.63 versus
7.98; Table 4).

Conducting ANCOVAs on the size-corrected meris-
tic data set using the size-corrected SVL as a covariate,
Adams et al. (2018:Table 2) recovered significant dif-
ferences among the three island populations for ventral
scales (VS), gular scales (GS), precloacal scales (PA),
and fourth toe lamellae (TL4) but only among GS and
PA between the sexes. However, no post hoc tests were
indicated to differentiate which island pairs differed for
which character. Their combined data set from the San
Clemente and Santa Barbara islands (i.e. Xantusia river-
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Figure 3. Principal component analyses (A, C, and E) and discriminant analyses of principal components (B, D, and F) of morpho-

metric characters between males and females from each island.

siana reticulata) recovered significant differences in all
meristic characters between it and the San Nicolas Island
population (Adams et al. 2018).

Female concatenated data. The concatenated morpho-
metric and meristic data set recovered the same pattern
as the individual data sets of each data type but with
even clearer separation of the San Nicolas Island pop-
ulation from the other island populations in the PCA
(Fig. 8A). PC1 accounted for 41.4% of the variation and

loaded most heavily for the morphometric characters of
snout length (SNT), head depth (HD), head width (HW),
head length (HL), interorbital distance (IO), forelimb
length (FLL), and pelvic width (Fig. 9). PC2 accounted
for 10.8% of the variation and loaded most heavily for
fourth toe lamellae (TL4) and ventral scales (VS). These
analyses and the concatenated analysis in particular, in-
dicate that overall morphological variation in females is
disproportionately driven by body shape (compare Figs
4A, 6A, and 8A). The PERMANOVA analysis recovered
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Figure 4. (A) Principal component analysis, (B) discriminant analyses of principal components, and (C) comparative violin plots
with embedded boxplots of morphometric characters among females from each island showing the range, frequency, mean (white
dot), and 50% quartile (black rectangle) for each character. Violin plots are vertically oriented mirror-imaged frequency diagrams.

statistically significant differences in centroid placement
among all island pairs with those among San Nicolas Is-
land being magnitudes greater in difference compared to
that between San Clemente and Santa Barbara islands (F
statistic 41.91 and 47.10 versus 5.50; Table 4).

Male morphometrics. The pattern of morphometric vari-
ation in the males mirrored that of the females. ANOVA
and Tukey HSD post hoc analyses recovered a number
of significant differences between San Nicolas Island and
the other two islands for all characters (Tables 2 and 7).

San Clemente and Santa Barbara islands differed only
in head width (HW). The PCA recovered nearly com-
plete separation of the San Nicolas Island population and
broad overlap of the others (Fig. 10A). PC1 accounted
for 59.9% of the variation in the data set and loaded most
heavily for snout length (SNT), interorbital distance (10),
head length (HL), and head depth (HD) (Fig. 5). PC2 ac-
counted for 9.6% of the variation and loaded most heavily
for snout-vent length (SVL). The DAPC recovered nearly
complete separation of all three populations with mini-
mal overlap of the 66% confidence ellipses between the
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PCA summary statistics: female morphometric data

A PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
Standard deviation 2.19618 | 0.94147 | 0.90264 | 0.77516 | 0.76593 | 0.68934 | 0.56719 | 0.53603 | 0.45156
Proportion of variance | 0.53591 | 0.09849 | 0.09053 | 0.06676 | 0.06518 0.0528 0.03574 | 0.03193 | 0.02266
Cumulative proportion | 0.53591 0.6344 0.72493 | 0.79169 | 0.85687 | 0.90967 | 0.94542 | 0.97734 1
Eigenvalue 4.82320 | 0.88637 | 0.81476 | 0.60088 | 0.58666 | 0.47519 | 0.32170 | 0.28733 | 0.20391
SVL 0.17344 | -0.97425 | 0.10983 | -0.03848 | 0.01660 | -0.05982 | 0.04229 | 0.03844 | 0.00935
HL 0.34817 | 0.08321 | -0.13272 | -0.56536 | -0.42652 | -0.19228 | -0.18791 | 0.34525 | 0.40151
HW 0.34868 | 0.08817 | 0.16436 | 0.47798 | -0.28292 | -0.56119 | -0.15752 | 0.18960 | -0.39929
HD 0.34876 | 0.00836 | -0.48800 | 0.36742 | 0.09603 | -0.21127 | 0.25785 | -0.37395 | 0.49496
SNT 0.38028 | -0.01378 | -0.18403 | -0.05534 | 0.15531 | 0.28500 | -0.73779 | -0.35735 | -0.20220
10 0.35654 | 0.03259 | -0.44019 | -0.01597 | 0.28835 | 0.29000 | 0.30469 | 0.53774 | -0.35854
FLL 0.36569 | 0.11527 | 0.23211 | -0.46988 | 0.01483 | -0.13856 | 0.44565 | -0.49015 | -0.34647
HLL 0.30766 | 0.13929 | 0.55053 | 0.03165 | 0.63449 | -0.07251 | -0.07787 | 0.21485 | 0.34900
PW 0.32461 | 0.04609 | 0.34724 | 0.30052 | -0.46741 | 0.64039 | 0.17254 | -0.01617 | 0.15171
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PCA summary statistics: male morphometric data

D PC1 PC2 PC3 PC4 PC PC6 PC7 PC8 PC9
Standard deviation 2.30435 | 0.93039 | 0.91843 | 0.72545 | 0.70744 | 0.59265 | 0.49476 | 0.46537 | 0.37616
Proportion of variance | 0.59000 | 0.09618 | 0.09372 | 0.05847 | 0.05561 0.03903 | 0.02720 | 0.02406 | 0.01572
Cumulative Proportion | 0.59000 | 0.68618 | 0.77991 0.83838 | 0.89399 | 0.93302 | 0.96022 | 0.98428 1.00000
Eigenvalue 5.31003 | 0.86563 | 0.84351 | 0.52627 | 0.50046 | 0.35124 | 0.24479 | 0.21657 | 0.14150
SVL 0.17494 | 0.97185 | -0.15009 | 0.00259 | 0.02319 | -0.04114 | 0.01065 | -0.00465 | -0.00046
HL 0.36327 | -0.05393 | 0.17480 | 0.39088 | -0.24212 | -0.48550 | -0.22800 | -0.49281 | 0.30431
HW 0.31495 | -0.13758 | -0.36564 | -0.02412 | 0.78066 | -0.21974 | -0.29427 | 0.04937 | -0.02935
HD 0.36165 | -0.11577 | -0.39747 | 0.11472 | -0.29112 | 0.06538 | 0.14678 | 0.55710 | 0.51355
SNT 0.38586 | -0.03959 | 0.07494 | 0.27568 | -0.26678 | 0.16920 | -0.40572 | 0.28475 | -0.64995
10 0.36133 | -0.12598 | -0.39928 | 0.00940 | -0.06496 | 0.18800 | 0.58075 | -0.46879 | -0.31217
FLL 0.32360 | 0.00896 | 0.58463 | 0.00379 | 0.23434 | -0.31015 | 0.53394 | 0.32513 | -0.10720
HLL 0.34749 | 0.02251 | 0.38241 | -0.02531 | 0.22147 | 0.72172 | -0.12747 | -0.18566 | 0.33349
PW 0.32020 | -0.04731 | 0.04668 | -0.86990 | -0.25943 | -0.17026 | -0.19117 | -0.05736 | -0.01424
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Figure 5. Principal component analyses (PCA) summary statistics and loading scores of the first two principal components (PC) of
the morphometric data of females (A, B, and C) and males (D, E, and F). Abbreviations are in the materials and methods.
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Table 7. p-values for statistically significant mean values of the adjusted morphometric and raw mensural data between pairs of

island populations determined from Tukey HSD post hoc tests following ANOVAs. Island abbreviations are SB = Santa Barbara

Island, SC = San Clemente Island, and SN = San Nicolas Island. Character abbreviations are in the Materials and methods. Orange

cells denote significant differences reported by Adams et al. (2018), green cells denote significant differences recovered herein and

by Adams et al. (2018), and gray cells denote characters for which neither study found significant differences.

Morphometric data
Females SVL HL HW HD SNT 10 FLL HLL PW
SN-SC 0.009 0 1.43E-05 0 0 5.95E-07 0 1.83E-07
SB-SC 0.011
SB-SN 0.021 7.59E-08 | 1.65E-08 | 4.01E-09 0 1.06E-07 | 2.27E-07 | 9.29E-10 | 1.03E-08
Males
SN-SC 3.000463¢-07 | 2.00E-07 | 9.58E-06 | 7.59E-09 | 4.84E-10 | 5.15E-10 | 8.69E-10 | 4.09E-08 | 3.00E-07
SB-SC 0
SB-SN 4.837105e-10 | 2.25E-09 | 4.84E-10 | 5.26E-10 | 4.84E-10 | 6.35E-09 | 6.21E-10 | 3.99E-07 | 4.84E-10
Meristic data
Females \A) GS PA FP TL4
SN-SC 1.62E-01 4.85E-10 8.84E-04
SB-SC 8.60E-03 1.52E-04 6.41E-02
SB-SN 3.11E-05 4.84E-10 0.0007 4.07E-07
Males
SN-SC 7.31E-07 0.012 0.018
SB-SC 2.14E-02
SB-SN 0.0078 4.10E-09 0.002

San Clemente and Santa Barbara island populations (Fig.
10B). Quantitative differences in the characters among
the three populations are illustrated in Figure 10C, again
showing the higher mean values across all characters in
the San Nicolas Island population. The PERMANOVA
analysis recovered statistically significant differences
in centroid placement among all island pairs with those
compared to San Nicolas Island being magnitudes greater
in difference compared to that between San Clemente and
Santa Barbara islands (F statistic 46.06 and 66.56 versus
2.96; Table 4).

Using an ANOVA on the size-corrected SVLs and AN-
COVAs on all other size-corrected morphometric charac-
ters with size-corrected SVL as a covariate, Adams et al.
(2018:Table 2) recovered significant differences among
the three island populations for all characters. However,
no post hoc tests were indicated to differentiate which is-
land pairs differed for which character. Additionally, their
PCA analyses recovered no separation among any island
populations for either sex.

Male meristics. The pattern of meristic variation in the
males also mirrored that of the females. ANOVA and
Tukey HSD post hoc analyses recovered a number of
statistical differences among all islands for gular scales
(GA), between the San Clemente and San Nicolas is-
land populations and between the Santa Barbara and San
Nicolas island populations for subdigital lamellae (TL4),
between the San Clemente and San Nicolas island pop-
ulations for precloacal scales (PA), and between the San
Clemente and San Nicolas island populations for ventral
scales (VS) (Tables 5 and 7). The PCA recovered much
less separation among the three populations than did the

PCA of morphometric data (Fig. 11A). PC1 accounted for
39.5% of the variation and loaded most heavily for gular
scales (GS), fourth toe lamellae (TL4), and ventral scales
(VS) (Fig. 7). PC2 accounted for 20.0% of the variation
and loaded most heavily for precloacal scales (PA). How-
ever, the DAPC recovered complete separation of the San
Nicolas Island population with notable overlap between
the San Clemente and Santa Barbara island populations
(Fig. 11B). Quantitative differences in the characters
among the three populations are illustrated in Figure 11C.
The PERMANOVA analysis recovered statistically sig-
nificant differences between San Nicolas Island and the
other islands (p adjusted = 6.00E~) but not between San
Clemente and Santa Barbara islands for males (p adjusted
=0.062) (Table 4).

Conducting ANCOVAs on the size-corrected meristic
data set using the size-corrected SVL as a covariate, Ad-
ams et al. (2018:Table 2) recovered significant differenc-
es among the three island populations for ventral scales
(VS), gular scales (GS), precloacal scales (PA), and
fourth toe lamellae (TL4) but only among gular scales
and precloacal scales between the sexes. However, no
post hoc tests were indicated to differentiate which island
pairs differed for which character.

Male concatenated data. The PCA of the concatenated
morphometric and meristic data from all islands was con-
sistent with the individual PCAs and that of the female
concatenated PCA in that it recovered complete separa-
tion of the San Nicolas Island population from the other
island populations which overlapped greatly (Fig. 8C).
PC1 accounted for 43.8% of the variation and loaded
most heavily for snout length (SNT), head depth (HD),
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Table 8. Comparisons of a priori treatment of raw morphological data and subsequent analyses and visualization techniques be-

tween Adams et al. (2018) and those herein. Only inter-island analyses are listed. Subspecies analyses are not included.

Adams et al. (2018)

This study

a priori treatment of raw data

a priori treatment of raw data

log-transformation of morphometric data

Size correction of log-transformed morphometric data using geometric
means

size-correction of raw morphometric data using the GroupStruct
equation

Size correction of meristic data presumably using geometric means

raw meristic data untreated

Sexual dimorphism

Sexual dimorphism

ANOVA on log-transformed SVLs

Student #-test for each island population

ANCOVA on log-transformed morphometric data and meristic data with
island and sex as factors and size-corrected log-transformed SVL as a
covariate.

two-way ANOVA using species and sex as independent variables

MANOVA including all islands

Inter-island differences

Inter-island differences

MANOVA on log-transformed morphometric

one-way ANOVA and Tukey HSD post hoc analyses on adjusted
morphometric data for each sex

MANOVA on size-corrected log-transformed morphometric for each sex

Pillai’s Trace (V) calculated from MANOVA to estimate the effect size of
the factors island, subspecies, and sex.

this analysis was not done

MANOVA on size-corrected meristic data corrected for each sex

one-way ANOVA and Tukey HSD post hoc analyses on raw meristic
data for each sex

Data visualization

PCA on log-transformed morphometric data for each sex

PCA and DAPC on adjusted morphometric data for each sex

PCA on size-corrected log-transformed morphometric data for each sex

PCA and DAPC on raw meristic data for each sex

PCA and DAPC on various combinations of concatenated data

LDA of log-transformed morphometric data for each sex

this analysis was not done

LDA of size-corrected log-transformed morphometric data for each sex.

this analysis was not done

head width (HW), head length (HL), interorbital distance
(1I0), forelimb length (FLL), hind limb length (HLL), and
pelvic width (PW) (Fig. 12). PC2 accounted for 10.0% of
the variation and loaded most heavily for fourth toe lamel-
lae (TL4). The separation was less clear among all three
populations in the DAPC with wide overlap between the
San Clemente and Santa Barbara island populations (Fig.
8D). As with females, this analysis indicates that over-
all variation in the males is disproportionately driven by
body shape (Figs 4A, 6A, and 8A). The PERMANOVA
analysis recovered statistically significant differences
in centroid placement among all island pairs with those
compared to San Nicolas Island being magnitudes greater
in difference compared to that between San Clemente and
Santa Barbara islands (F statistic 31.25 and 40.68 versus
3.20; Table 4).

Concatenation of all data and both sexes. The PCA of
the concatenated data set that included all characters, all
islands, and males and females, recovered the same clear
separation of the San Nicolas Island population from the
other two island populations which again, showed com-
plete overlap (Fig. 13A). These data also continue to un-
derscore the weak separation between males and females
from their respective islands. PC1 accounted for 41.6%
of the variation and loaded most heavily for the morpho-
metric characters snout length (SNT), head depth (HD),

head width (HW), head length (HL), interorbital distance
(I0), forelimb length (FLL), hind limb length (HLL), and
pelvic width (PW) (Fig. 14). PC2 accounted for 10.4%
of the variation and loaded most heavily for fourth toe
lamellae (TL4), ventral scales (VS), and preanal scales
(PA). The DAPC recovered complete separation of the
66% confidence ellipses of San Nicolas Island males
from both sexes of the San Clemente and Santa Barba-
ra island populations. The San Nicolas Island females
slightly overlapped with both sexes from San Clemente
Island. Both sexes from San Clemente and Santa Barbara
islands broadly overlapped (Fig. 13B). As with the other
concatenated analyses, this analysis also indicates that the
overall variation among the island populations is dispro-
portionately driven by body shape. These results are con-
sistent with those of Grismer et al. (2018, 2020a, 2021)
indicating that concatenated data sets generally outper-
form other data sets in PCA and DAPC analyses by show-
ing greater separation among the operational taxonomic
units (OTUs). The PERMANOVA analysis recovered
statistically significant differences in centroid placement
among all possible combinations of island pairs and sexes
except for those between Santa Barbara Island males and
females and San Nicolas Island males and females. As
before, F statistic values were magnitudes greater in dif-
ference when comparing any population to the San Nico-
las Island population (Table 4).
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character. White dots are y-axis values.

Discriminant analyses. We did not perform a linear dis-
criminant analysis (LDA) on any data set as there were
no questions as to the insular provenance of any sam-
ple. Furthermore, LDA does not always return the cor-
rect provenance probabilities (see Grismer et al. [2019]
and the data for Santa Barbara Island of Adams et al.
[2018]). As with the PCA plots of Adams et al. (2018),
their LDA plots showed no separation among any of
the populations. We did perform discriminate analyses
(DAPC) on the PC scores of the most influential PCs
which generally showed modest to complete separation
of the San Nicolas Island population and overlap be-
tween the other two populations across the varying data
sets (see above).

Discussion

Comparison of the statistical
treatment of data

Differences between the results of Adams et al. (2018)
and those recovered here stem from differences in the a
priori treatment of the raw data (i.e. body-size correction
and data transformation), the different statistical analy-
ses and visualization techniques used on those data, their
lack of post hoc tests to explain putative significant differ-
ences, and our decision not to violate the assumption of
statistical independence by conflating data from the San
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PCA summary statistics: female meristic data

PC1 PC2 PC3 PC4 PC5
Standard deviation 1.43897 | 1.04794 | 0.92182 | 0.71575 | 0.68495
Proportion of variance | 0.41412 | 0.21963 | 0.16995 | 0.10246 | 0.09383
Cumulative proportion | 0.41412 | 0.63376 | 0.80371 | 0.90617 1
Eigenvalue 2.07062 | 1.09817 | 0.84975 | 0.51230 | 0.46916
VS -0.53461 | 0.02051 | -0.35488 | -0.76018 | -0.09977
GS -0.57282 | 0.04779 | 0.00798 | 0.30053 | 0.76106
PA -0.28685 | -0.51083 | 0.78379 | -0.16109 | -0.12844
FP 0.02268 | 0.82657 | 0.50701 | -0.23736 | 0.05358
TL4 -0.55069 | 0.23050 | -0.05118 | 0.49952 | -0.62568
B . - e v
0.5-
% % 0.0- =  — |:| L |
4 PC1=41.4% PC2 =22.0%
O heavy loadings O heavy loadings
L | |:| moderate loadings |:| moderate loadings
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Gs T4 Vs

O weak loadings

PA FP

Character

PCA summary statistics: male meristic data

PA Vs

O weak loadings

Gs
Character

T4

FP

PC1 PC2 PC3 PC4 PC5
Standard deviation 1.40606 | 1.00065 | 0.94052 | 0.79134 | 0.71477
Proportion of variance | 0.39540 | 0.20026 | 0.17692 | 0.12524 | 0.10218
Cumulative proportion | 0.39540 | 0.59566 | 0.77258 | 0.89782 | 1.00000
Eigenvalue 1.97701 | 1.00130 | 0.88459 | 0.62622 | 0.51089
VS -0.50894 | 0.26338 | 0.12464 | -0.77648 | 0.23056
GS -0.56279 | -0.01009 | -0.25183 | 0.09291 | -0.78174
PA -0.17265 | -0.93648 | -0.17549 | -0.18180 | 0.17131
FP -0.35858 | -0.15460 | 0.86023 | 0.32717 | 0.02191
TL4 -0.51562 | 0.17212 | -0.38762 | 0.49836 | 0.55308
E 0.0- — — — — F 0.25- |:|
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Figure 7. Principal component analyses (PCA) summary statistics and loading scores of the first two principal components (PC) of
the meristic data of females (A, B, and C) and males (D, E, and F). Abbreviations are in the materials and methods.
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Figure 8. Principal component analyses (A and C) and discriminant analyses of principal components (B and D) of the concatenated
morphometric and meristic data sets of females and males from each island.

Clemente and Santa Barbara island populations based on
their taxonomy given there is no evidence of gene flow
between them (Bezy et al. 1980; Noonan et al. 2013; Rice
2017).

A priori treatment of morphometric data. Adams et al.
(2018) created male and female data sets for the morpho-
metric data. One data set contained the log-transformed
values of all body measurements and the other contained
log-transformed vales of body measurements that were
then size-corrected “by dividing each measurement by
its (i.e. the character, [our parentheses]) geometric mean
across specimens.” However, it is not clear if the charac-
ter’s geometric means were calculated separately for each

island population and then concatenated into a single data
frame, or if the geometric means for each character were
calculated from the combined measurements from each
population. If the latter, inter-populational differences
in body shape—which we know exists—would be con-
flated and potentially affect the outcome of the analy-
ses. Additionally, a geometric mean is calculated from
measurements of multiple characters (not just one) and
then used to scale parameters of other characters within
localized anatomical systems (e.g. different components
of the cranium or pelvis) (Jungers et al. 1995; Tsegai et
al. 2013). We size-corrected the morphometric data using
a method that is theoretically derived from the equations
of allometric growth (Lleonart et al. 2000) that has been
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PCA summary statistics: concatenated morphometric and meristic data of females

A PCl1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PC14
Standard deviation 2.39861 1.23231 1.09827 1.00459 0.90635 0.81721 0.74499 0.70867 0.66374 0.65530 0.60726 0.53904 0.50471 0.42674
Proportion of variance | 0.41095 0.10847 | 0.08616 | 0.07209 | 0.05868 | 0.04770 | 0.03964 | 0.03587 | 0.03147 | 0.03067 | 0.02634 | 0.02075 0.01820 | 0.01301
Cumulative proportion | 0.41095 0.51942 | 0.60558 | 0.67767 | 0.73634 | 0.78405 0.82369 | 0.85956 | 0.89103 0.92170 | 0.94804 | 0.96880 | 0.98699 1.00000
Eigenvales 5.75334 1.51860 1.20620 1.00920 | 0.82147 | 0.66783 0.55501 0.50222 | 0.44055 0.42942 | 0.36876 | 0.29057 0.25473 | 0.18210
SVL -0.15587 | 0.23855 | -0.43077 | 0.42998 | -0.40981 | 0.49257 | -0.19366 | 0.02786 | -0.28473 | 0.08649 | -0.08002 | 0.01299 0.02881 0.05969
HL -0.30734 | 0.15089 | 0.06512 | -0.12049 | -0.19088 | -0.46185 | -0.33753 | -0.35656 | -0.25408 | 0.14434 | 0.06944 | -0.21316 | -0.31285 | 0.37375
HW -0.32214 | 0.04118 | -0.04270 | 0.01366 | 0.26876 | -0.15919 | 0.36682 | 0.23356 | -0.55819 | 0.11664 | -0.32564 | -0.21216 | -0.10182 | -0.34530
HD -0.32311 | -0.12502 | 0.09986 | 0.13293 | -0.27306 | -0.14324 | 0.50141 | -0.01188 | 0.06130 | -0.25131 | -0.24577 | 0.19684 | 0.31142 | 0.49259
SNT -0.34586 | 0.04137 | 0.09228 | -0.07836 | -0.21017 | 0.08927 | -0.01794 | 0.03106 | 0.39410 | 0.04069 | 0.04301 | -0.70773 | 0.32399 | -0.21429
10 -0.31564 | -0.03352 | 0.27906 | -0.03941 | -0.43156 | 0.08240 | 0.12022 | 0.06717 | 0.09725 | -0.22717 | 0.21822 | 0.27680 | -0.50713 | -0.40662
FLL -0.31155 | 0.28652 | 0.22727 | 0.04313 0.10456 | -0.14550 | -0.31487 | -0.16078 | 0.00455 0.16350 | -0.07527 | 0.47737 0.49885 | -0.31792
HLL -0.25542 | 0.31909 | 0.24915 | 0.02753 | 0.36825 | 0.39376 | 0.27809 | 0.01074 | 0.12095 | 0.39813 | 0.31160 | 0.04365 | -0.16381 | 0.32099
PW -0.30280 | 0.07739 | -0.10781 | -0.14831 | 0.35702 | 0.14098 [ -0.24935 | 0.16249 | -0.17093 | -0.70817 | 0.27261 | -0.03966 | 0.08865 | 0.13534
Vs 0.18606 | 0.50298 | 0.20658 | 0.21489 | -0.09082 | -0.28957 | -0.13983 | 0.66358 | 0.15131 | -0.06980 | -0.12226 | -0.04565 | -0.09249 | 0.13489
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Figure 9. Principal component analyses (PCA) summary statistics (A) and loading scores (B and C) of the first two principal com-

ponents (PC) of the meristic data of females. Abbreviations are in the materials and methods.

empirically demonstrated to outperform other commonly
used size-correction methods (Chan and Grismer 2021b;
Reist 1985)—neither study evaluated the geometric mean
method. As a crosscheck, we ran the size-corrected data
of Adams et al. (2018) using geometric means calculated
separately from each population and then concatenated
into a single data frame as well as geometric means calcu-
lated from pooled samples from all populations. In both
cases, the PCAs (not shown) for both males and females
showed no separation among any of the populations and
were consistent with those PCAs generated by Adams et
al. (2018: Fig. 2). This indicates that the allometric equa-
tion may also outperform the size-correction method us-
ing geometric means.

A priori treatment of meristic data. In their Table 2, Adams
et al. (2018) state that their meristic data were size-cor-
rected. We assume this meant the characters were divid-
ed by their geometric means as were the morphometric
characters but this was not explained. As above, we do
not know if the characters were size-corrected separately
for each population and concatenated or if the popula-
tions were combined prior to calculating the geometric
means. They did not generate PCA plots for the meristic
data. We did not size-correct the meristic data nor do we
understand the justification for doing so as scale counts
generally do not scale isometrically with body size (i.e.

the number of scales a lizard is born with does not change
as it grows). We did generate PCA plots and boxplots for
the meristic data which generally mirrored those plots of
the morphometric data in showing the overall separation
of the San Nicolas Island population and broad overlap of
the San Clemente and Santa Barbara Island populations
(Figs 4, 6, 8, 10, 11, 13).

Differences in morphometric analyses. Adams et al.
(2018) stated that the “MANOVA on the complete data
set recovered significant differences among islands
(P<2.2 X 10°'%) and between subspecies (P=3.19 X 10
16; Table 3).” We are uncertain what the “complete data
set” was as they went on to state they conducted separate
MANOVAs on males and females for morphometric and
meristic characters, comparing all islands and subspecies.
By our calculations this would potentially total to 30 data
sets—two data types for three islands and two sexes =
12, plus two sexes for two data types for two subspecies
= 6, and if they used both log-transformed morphometric
data and size-corrected log-transformed morphometric
data for each sex (and additional 12 data sets), that would
total 30. We conducted ANOVAs and Tukey HSD post
hoc tests separately for each sex across all island popula-
tions. We find these analyses to be justified as univariate
ANOVA is considered a post hoc test for MANOVA to
determine which dependent variables differ significantly.
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Figure 10. (A) Principal component analysis, (B) discriminant analyses of principal components, and (C) comparative violin plots

with embedded boxplots of morphometric characters among males from each island showing the range, frequency, mean (white

dot), and 50% quartile (black rectangle) for each character.

Differences in meristic analyses. In some of their analy-
ses, Adams et al. (2018) also conflated data from the San
Clemente and Santa Barbara island populations based
on subspecies taxonomy and employed ANCOVAs for
size-corrected meristic characters with log-transformed
SVL as a covariate. We conducted ANOVAs and Tukeys
HSD post hoc tests on the raw meristic data separated by
sex for all three populations only. We did not conflate data
from separate populations.

Sexual dimorphism. Adams et al. (2018) used ANCO-
VAs with island and sex as factors and log-transformed
size-corrected SVL as a covariate. We used Student
t-tests and two-way ANOVAs and Tukey post hoc tests
using species and sex as independent variables.

Why statistics matter. Morphology is inextricably linked
with many essential organismal functions, such as feed-
ing and locomotion, which in turn influence ecological
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interactions, resource use, and ultimately, survival and
reproduction (Bock and von Wahlert 1965; Arnold 1983;
Garland and Losos 1994). If effective and efficient re-
source management programs are to be implemented,
the morphological data and subsequent ecological inter-
pretations on which these programs are based, must be
generated appropriately. Different interpretations from
different statistical analyses often generate conflicting
results. Therefore, explicit explanations of what analy-
ses are used, what they mean, and why they are used is
paramount to any thorough investigation. In some cas-
es, a judicious use of taxonomy must also be taken into
consideration. Treating separate populations as a single
evolving entity (fide Adams et al. 2018) when in fact they
are evolving independently, not only violates the assump-
tions of statistical independence, but can lead to spurious
biological interpretations.

Ecomorphological interpretations

Our data indicate that the majority of overall morphologi-
cal variation among the three island populations is reflect-
ed in body shape (Figs 4, 6, 8, 10, 11, and 13). Among all
the data sets, lizards from San Nicolas Island are consis-
tently differentiated from those of the other two islands
and among the morphometric data sets, they consistently
have the largest body metrics in being longer (SVL) and
having relatively longer heads and snouts (HL and SNT,
respectively); wider heads (HW) with larger interorbit-
al distances (I0); thicker heads (HD); longer forelimbs
and hind limbs (FLL and HLL, respectively), and wider
pelves (PW) than do lizards from the other two popula-
tions (Tables 2 and 6; Figs 4 and 10) which overlap great-
ly in most characters.
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PCA summary statistics: concatenated morphometric and meristic data of males

A PC1 PC2 PC3 PC4 PCs PC6 PC7 PC8 PC9 PC10 PC11 PC12 PC13 PCl4
Standard deviation 247697 | 1.17920 | 1.10776 | 1.01118 | 0.95486 | 0.86788 | 0.74924 | 0.67933 | 0.65309 | 0.59825 | 0.54575 | 0.44412 | 0.37008 | 0.34671
Proportion of variance | 0.43824 | 0.09932 | 0.08765 | 0.07304 | 0.06513 | 0.05380 | 0.04010 | 0.03296 | 0.03047 | 0.02556 | 0.02127 [ 0.01409 | 0.00978 | 0.00859
Cumulative proportion | 0.43824 | 0.53756 | 0.62522 | 0.69825 | 0.76338 | 0.81718 | 0.85727 | 0.89024 | 0.92070 | 0.94627 | 0.96754 | 0.98163 | 0.99141 | 1.00000
Eigenvalue 6.13537 | 1.39051 | 1.22714 | 1.02249 | 091175 | 0.75321 | 0.56136 | 0.46149 | 0.42653 | 0.35790 | 0.29784 | 0.19724 | 0.13696 | 0.12021
SVL 0.15001 | 0.17563 | -0.29270 | 0.43757 | -0.60201 | 0.42965 | -0.17719 | 0.03662 | -0.24061 | -0.00725 | 0.09473 | 0.03151 | 0.11171 | -0.09675
HL 0.32645 | 0.21063 | -0.03187 | 0.04538 | 0.09960 | -0.10887 | 0.11882 | -0.58747 | 0.08463 | 0.04652 | 0.34908 | -0.45126 | 0.00995 | -0.36064
HW 0.29932 | -0.12151 | 0.22250 | 0.09890 | -0.03321 | -0.03243 | -0.55047 | 0.26852 | 0.47248 | -0.11076 | 0.37951 | -0.14239 | -0.11707 | 0.21346
HD 0.32868 | 0.07675 | 0.33020 | -0.04220 | -0.26042 | -0.05310 | 0.12469 | -0.11502 | 0.02994 | 0.19100 | -0.08662 | 0.46379 | -0.62227 | -0.16926
SNT 035174 | 0.16771 | 0.08048 | -0.02269 | -0.02262 | -0.15048 | 0.06284 | -0.25434 | -0.37200 | -0.21688 | -0.01426 | 0.00287 | 0.04850 | 0.74925
10 0.33004 | 0.03472 | 0.27009 | 0.09821 | -0.12739 | -0.00671 | 0.03745 | -0.01434 | 0.32519 | 0.29150 | -0.59345 | -0.11089 | 0.48393 | 0.00169
FLL 0.29657 | 0.21267 | -0.38763 | -0.06945 | 0.26142 | -0.17117 | -0.06239 | 0.03930 | 0.14445 | 0.04321 | 0.20449 | 0.63743 | 0.35941 | -0.09280
HLL 0.31040 | 0.27815 | -0.12451 | 0.00365 | 0.19184 | -0.04326 | -0.01279 | 033992 | -0.07358 | -0.59680 | -0.37958 | -0.17594 | -0.19783 | -0.28396
PW 0.30355 | -0.09517 | -0.04492 | 0.08423 | 0.05891 | 0.02283 | 0.59525 | 0.55447 | -0.09047 | 0.29489 | 0.29011 | -0.19581 | -0.01223 | 0.07833
Vs 017202 | 0.40216 | 0.54740 | -0.17268 | -0.21784 | -0.25513 | -0.05549 | 0.23461 | -0.27715 | -0.07652 | 0.26081 | 0.02795 | 0.32771 | -0.22292
GS 027672 | 0.30168 | -0.00690 | 0.14087 | -0.24367 | 0.02007 | 0.47580 | -0.05724 | 0.58075 | -0.36728 | 0.08966 | 0.08654 | 0.00008 | 0.18812
PA -0.10674 | -0.19405 | 0.10245 | 0.79382 | 0.13226 | -0.50788 | 0.01959 | -0.02508 | -0.11208 | -0.06034 | -0.02780 | 0.10572 | -0.00398 | -0.07537
FP 009384 | 0.39562 | 0.31229 [ 030420 | 0.55377 | 0.54367 | -0.04165 | -0.01600 | -0.02844 | 0.14315 [ 0.02613 | 0.08540 | -0.06017 | 0.08653
TL4 0.19452 | 0.54427 | -0.31600 | 0.02141 | -0.04910 | -0.35536 | -0.20150 | 0.13993 | 0.06896 | 0.45513 | -0.13297 | -0.21292 | -0.26545 | 0.17708
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Figure 12. Principal component analyses (PCA) summary statistics (A) and loading scores (B and C) of the first two principal
components (PC) of the concatenated morphometric and meristic datasets of males. Abbreviations are in the materials and methods.
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Figure 13. Principal component analysis (A) and discriminant analysis of principal components (B) of concatenated morphometric

and meristic characters with combined sexes from each island.
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PCA summary statistics: concatatenated morphometric and meristic data and the sexes

A PCI PC2 PC3 PC4 PCs PC7 PC8 PCY PCI0 | PCII PCI2_ | PCI3 | PCi4
Standard deviation 241293 | 120849 | 1.04639 | 0.98656 | 0.91726 | 0.87128 | 0.75841 | 0.70205 | 0.67790 | 0.66545 | 0.61795 | 0.52603 | 0.48857 | 0.42533
Proportion of variance | 0.41587 | 0.10432 | 0.07821 | 0.06952 | 0.06010 | 0.05422 | 0.04108 | 0.03521 | 0.03282 | 0.03163 | 0.02728 | 0.01976 | 0.01705 | 0.01292
Cumulative proportion | 0.41587 | 0.52019 | 0.59840 | 0.66792 | 0.72802 | 0.78224 | 0.82333 | 0.85853 | 0.89136 | 0.92299 | 0.95026 | 0.97003 | 0.98708 | 1.00000

[ Eigenvalue 5.82222 | 1.46044 | 1.09494 | 0.97330 | 0.84137 | 0.75914 | 0.57519 | 0.49287 | 0.45954 | 0.44282 | 0.38186 | 0.27670 | 0.23870 | 0.18091
SVL -0.14533 | 032033 | -0.47944 | -0.15642 | 0.25814 | -0.68588 | 0.12028 | -0.09628 | 0.14658 | -0.16075 | 0.08622 | 0.05495 | -0.00552 | 0.05760
HL -0.31781 | 0.15153 | 0.15681 | -0.02172 | -0.01314 | 0.01880 | -0.58968 | -0.00419 | -0.10584 | -0.38071 | 0.15522 | -0.24681 | 0.36911 | 0.35401
HW -0.31165 | -0.07057 | 0.09156 | -0.03523 | 0.08730 | 0.13041 | 036960 | -0.62360 | -0.27681 | -0.36523 | -0.17934 | -0.18623 | 0.03004 | -0.24577
HD -0.32946 | -0.05060 | 0.05098 | 0.14537 | 0.44138 | 0.05554 | -0.06666 | 0.00959 | -0.12423 | 0.22300 | -0.30743 | -0.02424 | -0.52200 | 0.47956
SNT -0.35190 | 0.08757 | 0.10314 | 0.06343 | 0.10056 | -0.02599 | -0.13551 | 0.17953 | 0.32717 | 0.18474 | 0.13579 | -0.54511 | -0.20666 | -0.54129
10 -0.32669 | -0.04810 | 0.22418 | 0.14352 | 032383 | -0.14553 | -0.06395 | 0.10049 | -0.09114 | 0.27900 | -0.18799 | 0.46930 | 0.50335 | -0.29119
FLL -0.30788 | 0.26012 | 0.05603 | 0.14060 | -0.39072 | 0.04898 | -0.21625 | -0.08530 | 0.05088 | -0.21699 | 0.09839 | 0.55720 | -0.44734 | -0.18867
HLL -0.28554 | 027747 | 0.12748 | 0.15631 | -0.31656 | 0.00763 | 038656 | -0.19889 | 0.04521 | 0.47456 | 0.36724 | -0.07070 | 0.17723 | 0.33617
PW -0.30052 | 0.03698 | -0.08265 | -0.08534 | -0.20724 | -0.00199 | 038090 | 0.69132 | -0.40806 | -0.22084 | -0.08484 | -0.07581 | 0.00221 | 0.00335
VS 0.17788 | 043991 | 0.16687 | 0.28919 | 0.44629 | 0.34957 | 0.28613 | 0.16748 | 0.27454 | -0.34478 | 0.15560 | 0.09364 | 0.05436 | 0.04350
GS 029129 | 028145 | 0.11955 | 0.08105 | 0.20109 | -0.13494 | -0.14319 | -0.04911 | -0.70328 | 0.15725 | 0.37583 | -0.05945 | -0.17154 | -0.19993
PA 0.13326 | -0.26791 | 059131 | 0.31886 | -0.10196 | -0.57775 | 0.14112 | 0.04781 | 0.09562 | -0.23711 | 0.01501 | -0.06347 | -0.11608 | 0.09826
FP 001132 | 020613 | 050023 | -0.81358 | 0.07586 | -0.01640 | 0.06802 | 0.01972 | 0.09361 | 0.05603 | -0.02262 | 0.09784 | -0.10263 | 0.04103
TL4 020156 | 056910 | 0.07375 | 0.15099 | -0.25335 | -0.10164 | -0.07829 | -0.03907 | -0.02982 | 0.10053 | -0.68562 | -0.19050 | 0.07974 | -0.03707
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Figure 14. Principal component analyses (PCA) summary statistics (A) and loading scores (B and C) of the first two principal

components (PC) of the concatenated morphometric and meristic data sets with combined males and females. Abbreviations are in

the materials and methods.

We presume that based on their log-transformed data
corrected for size, Adams et al. (2018) hypothesized that
the longer heads in lizards from Santa Barbara and San
Clemente islands may be an adaptation to having a high-
er proportion of vegetation in their diet. Their raw data,
however, show that the mean head lengths (and all other
head proportions) of lizards from those populations are
shorter than those of lizards from San Nicolas Island not
longer, which is consistent with our results. They did not
list the size-corrected data for each island. Additionally,
robust head dimensions have been reported to be an adap-
tation for eating a larger proportion of hard-bodied prey
not softer prey (e.g. Stayton 2005; Kohlsdorf et al. 2008;
Sagonas et al 2014). Bite force, in particular, has proven to
be an informative performance metric in numerous taxa,
which is often correlated with head morphology (princi-
pally skull width and depth), as well as diet (e.g., Binder
and Van Valkenburg 2000; Herrel et al. 2001, 2002, 2005;
Erickson et al. 2004; Dumont et al. 2005, Anderson et al.
2008). This is an example where the results from different
analyses can lead to different biological interpretations.
Furthermore, Charles Drost (pers com. in lit. 2021) stated
“these lizards are decidedly generalized in their feeding,
and the studies that have been reported from the differ-
ent islands differ substantially in terms of methods. And

further, the limited information from San Clemente and
San Nicolas are almost certainly strongly biased in terms
of both time of year and location where the specimens
were collected—both of which would strongly affect diet
contents in a limited sample. In short, I don’t think there
is any basis for serious considerations of diet differences
among the islands.” This statement indicates we are far
from understanding the dietary nature of these popula-
tions and that diet analyses throughout the year from var-
ious parts of the islands may shed light on reasons for the
significantly larger head dimensions of lizards from the
San Nicolas Island.

Adams et al. (2018) noted that “San Nicolas Island
largely consists of sandstone, whereas Santa Barbara
and San Clemente islands are composed mainly of vol-
canic rocks. These geological differences likely result
in numerous habitat differences that could relate to the
observed morphological divergence of X. r. riversiana
and X. . reticulata” although the particular differences to
which they were referring were not stated. Charles Drost
(pers com. in lit. 2021) however, stated that this “has no
practical effect, as these are not rock-dwelling lizards; the
great majority of Island night lizards on all three islands
never see rocks larger than pebbles. As the studies of Is-
land night lizard ecology have documented, the primary
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habitats on all of the islands are cactus and boxthorn, on
silt/clay substrates. Comparing among the islands, San
Clemente stands out as most different, because of the
significantly more arid conditions on that island; Santa
Barbara and San Nicolas are more similar in all respects
that I can see (but that does not fit the analyses presented
by Adams et al., of course).”

Our data demonstrated that lizards from the San Nico-
las island population had relatively longer limbs than
those from the other two islands. Many studies have
shown that shorter limbs are more advantageous for loco-
moting through restrictive types of vegetation (e.g. Gar-
land and Losos 1994; Van Damme et al. 1998; Bonine and
Garland 1999; Melville and Swain 2000; Kohlsdorf et al.
2001; Herrel et al. 2002; Irschick et al. 2005; Goodman et
al. 2008; Siler and Brown, 2011; Grismer et al. 2018) and
that lizards with longer hind limbs spend more time in the
open away from cover (e.g. Pianka 1969, 1986; Herrel et
al. 2002). However, this has not been quantified for the
San Nicolas Island population. These and other function-
al ecomorphological scenarios will be tested using a sta-
tistically robust quantifiable framework (i.e. Feilich and
Lépez-Fernandez 2020).
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