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abstract: Bergmann’s rule—the tendency for body size to increase

in colder environments—remains controversial today, despite 150

years of research. Considerable debate has revolved around whether

the rule applies within or among species. However, this debate has

generally not considered that clade-level relationships are caused by

both intra- and interspecific effects. In this article, we implement a

novel approach that allows for the separation of intra- and inter-

specific components of trait-environment relationships. We apply this

approach to body size clines in two Caribbean clades of Anolis lizards

and discover that their similar body size gradients are constructed

in very different ways. We find inverse Bergmann’s clines—high-

elevation lizards are smaller bodied—for both the cybotes clade on

Hispaniola and the sagrei clade on Cuba. However, on Hispaniola,

the inverse cline is driven by interspecific differences, whereas in-

traspecific variation is responsible for the inverse cline on Cuba. Our

results suggest that similar body size clines can be constructed

through differing evolutionary and ecological processes, namely,

through local adaptation or phenotypic plasticity (intraspecific clines)

and/or size-ordered spatial sorting (interspecific clines). We propose

that our approach can help integrate a divided research program by

focusing on how the combined effects of intra- and interspecific

processes can enhance or erode clade-level relationships at large bio-

geographic scales.

Keywords: Bergmann’s rule, Anolis lizards, body size clines, size-

ordered species turnover.

Introduction

Large-scale patterns in trait variation that we see today are
a major source of phenotypic diversity (Mayr 1956; Black-
burn et al. 1999; Ackerly and Cornwell 2007; Lepš et al.
2011; Meiri 2011). Spatial variation in body size is one
such pervasive pattern. In particular, body size is known
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to vary across thermal environments, such that it may

increase (Bergmann’s cline), decrease (inverse Bergmann’s

cline), or vary little with elevation and/or latitude (Ashton

and Feldman 2003; Pincheira-Donoso et al. 2008). Berg-

mann’s rule (sensu stricto) was initially proposed to ex-

plain the tendency for endothermic organisms in colder

climates to be larger bodied. The pattern was described as

an interspecific cline manifested in homeothermic animals

(Bergmann 1847; James 1970); the proposed mechanism

underlying this pattern was the conservation of heat

through a smaller surface area–to-volume ratio in larger-

bodied animals. More recently, however, the rule (sensu

lato) has been extended to include intraspecific size clines

and ectothermic organisms, especially squamates (Rensch

1938; Ashton and Feldman 2003; de Queiroz and Ashton

2004; Olalla-Tárraga et al. 2006) and insects (Chown and

Gaston 2010; Shelomi 2012). As empirical studies accu-

mulated, new interpretations of the mechanisms under-

lying Bergmann’s cline emerged. These interpretations in-

volve environmental factors correlated with temperature

or differences in thermoregulatory ability (reviewed in

Meiri 2011; Olalla-Tárraga 2011).

Despite various empirical and theoretical developments,

it remains challenging to bridge studies conducted at dif-

ferent phylogenetic scales. Much debate surrounding Berg-

mann’s rule has focused on whether it should occur within

or among species (Mayr 1956; Blackburn et al. 1999; Meiri

2011), largely considering intra- and interspecific body size

clines separately. However, at the clade level, clines of body

size (or any other trait) reflect intra- and interspecific var-

iation. Within species, body size–environment relation-

ships, like other trait-environment correlations, can arise

because of local adaptation and/or phenotypic plasticity

(Phillimore et al. 2010, 2012). However, differences in

mean body size among species (beyond the effects of local

adaptation and plasticity) may also contribute to body size
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H1: Single cline H2: Interspecific cline only

H3: Intraspecific clines only H4: Consistent intraspecific
and interspecific clines

H6: Varying intraspecific
patterns with interspecific cline

H5: Contrasting intraspecific
and interspecific clines

H7: Varying intraspecific
patterns; no interspecific cline

H8: No clines
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Figure 1: The eight hypotheses for the construction of body size
clines along elevational gradients from intra- and interspecific clines.
In each plot, three hypothetical species (represented by solid black,
solid gray, and dashed lines) are shown. Inverse Bergmann’s clines
are depicted (decreasing size with increasing elevation), as these are
often observed in squamates, but the hypotheses apply identically to
positive Bergmann’s clines. SVL p snout-vent length.

clines because of evolutionary divergence and size-struc-
tured species turnover, such that larger species replace
smaller ones along an environmental gradient (Blackburn
et al. 1999; Meiri and Thomas 2007). Finally, species-spe-
cific differences in local adaptation and plasticity may
strengthen or weaken these effects. Thus, factors operating
both within and among species may enhance or degrade
clade-level clinal relationships.

In this article, we take an integrative approach by si-
multaneously considering intra- and interspecific contri-
butions to body size clines. At the interspecific level, we
focus on cross-taxon comparisons rather than assemblage-
based approaches (sensu Olalla-Tárraga 2011). Specifically,
we formulate and test eight competing hypotheses (H1–
H8 below; fig. 1; table 1) for how intra- and interspecific
factors can interact to construct body size clines along
elevation gradients. Body size clines may be solely ex-
plained by local adaptation and plasticity, with no addi-
tional interspecific contributions, leading to a single overall
cline (H1). Alternatively, either interspecific divergence or
local adaptation and plasticity may be the only source of
variation, resulting in purely interspecific (H2) or intra-
specific clines (H3). When body size clines are due to a
mixture of intra- and interspecific effects, they may be
concordant (H4) or discordant (H5). In addition, there
may be varying intraspecific clines, either with an inter-
specific cline (H6) or without (H7). Finally, there may be
no intra- or interspecific clines whatsoever (H8).

We test these eight hypotheses by using two clades of
Caribbean Anolis lizards from Cuba and Hispaniola as
model systems. Divergence in body size is an important
feature of the adaptive radiation of Greater Antillean Anolis
lizards (Williams 1983; Losos 2009). For this study, we focus
on body size divergence within two deeply divergent clades
from Cuba and Hispaniola. On these islands, lizards are
found in environments ranging from scrubby semidesert to
montane pine forests, which pose different selective pres-
sures (Glor et al. 2003; Muñoz et al. 2014a) and provide
the opportunity for body size adaptation. By comparing the
intra- and interspecific contributions to body size on both
of these islands, we test whether size clines are replicated
across independent but ecologically convergent clades of
Anolis lizards in similar thermal environments.

Methods

Data Collection

We assembled body size data of 16 Anolis species from the
cybotes (seven species) and sagrei (nine species) clades in
Hispaniola and Cuba, respectively. Anoles from both clades
are found in nearly all the available habitats on their islands
(Henderson and Powell 2009). Further, the two clades are
similar in that they include a mix of widespread (e.g., A.

cybotes on Hispaniola and A. sagrei on Cuba) and range-
restricted (e.g., A. shrevei on Hispaniola and A. rubribarbus
on Cuba; Glor et al. 2003; Knouft et al. 2006) species, sug-
gesting that differences in species delimitation between
clades is unlikely to bias our results. We measured body size
from ethanol-preserved specimens in the herpetological col-
lection at the Museum of Comparative Zoology at Harvard
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Table 1: Predictions of the eight hypotheses for the construction of body size clines along elevational gradients

Hypothesis Predictions

H1 1. Significant SVL-elevation slope (model 1)

2. No difference in intercepts after elevation is accounted for (model 3 vs. model 1)

3. No slope differences among species (model 4 vs. model 3)

H2 1. Significant difference in species means (model 2)

2. No significant individual SVL-elevation slopes (individual species regressions)

3. Significant relationship between mean SVL and mean elevation (model 5)

H3 1. No differences in species means (model 2)

2. Significant slope after intercept differences are accounted for (model 3 vs. model 2)

3. No slope differences among species (model 4 vs. model 3)

4. All individual SVL-elevation slopes significant in same direction (individual species regressions)

H4 1. Significant intercept differences after elevation is accounted for (model 3 vs. model 1)

2. Significant slope after intercept differences are accounted for (model 3 vs. model 2)

3. No slope differences among species (model 4 vs. model 3)

4. All individual SVL-elevation slopes significant in same direction (individual species regressions)

5. Significant relationship between mean SVL and mean elevation (model 5)

H5 1. Significant intercept differences after elevation is accounted for (model 3 vs. model 1)

2. No slope differences among species (model 4 vs. model 3)

3. All individual SVL-elevation slopes significant in same direction (individual species regressions)

4. Significant relationship between mean SVL and mean elevation (model 5)

5. Directions of mean SVL-elevation and individual SVL-elevation slopes differ (individual species regressions

and model 5)

H6 1. Significant difference in species means (model 2)

2. Significant relationship between mean SVL and mean elevation (model 5)

3. Significant slope differences among species (model 4 vs. model 3)

H7 1. Significant slope differences among species (model 4 vs. model 3)

2. No relationship between mean SVL and mean elevation (model 5)

3. At least one individual species’ SVL-elevation slope is significant (individual species regressions)

H8 1. No relationship between SVL and elevation (model 1)

2. No relationship between mean SVL and mean elevation (model 5)

3. No significant individual SVL-elevation slopes (individual species regressions)

Note: The linear models used to test each prediction are indicated in parentheses. Model 1 is a linear regression of snout-vent length (SVL) on elevation,

pooling all species. Model 2 is a one-way ANOVA to test for mean body size differences among species. Model 3 is an ANCOVA that constrains SVL-

elevation slopes to be identical but allows intercepts to vary. Model 4 is an ANCOVA with an interaction term that allows both slopes and intercepts to

vary. Model 5 is the regression of species’ mean SVL on species’ mean elevation.

University, ensuring a minimum of five individuals from at
least two localities for each species (table A1 [tables A1–A3
available online]). Sample sizes were not significantly dif-
ferent between islands (Wilcoxon rank-sum statistic p 28.5,
n p 7 and 9, P 1 .75). We focused on adult male lizards
for this study because females are less well represented in
museum collections. We identified males by the presence
of enlarged postanal scales and a visibly enlarged throat fan
(dewlap), and we measured snout-vent length (SVL), using
digital calipers, to the nearest 0.01 mm. We recorded SVL
as the distance between the tip of the snout and the opening
of the cloaca. One person (J.E.W.) performed all measure-
ments, which were taken twice per lizard to assure that
deviation between the measurements was less than 1%; if
it was not, a third measurement was taken. We retained the
average of these measurements as the body size for each
lizard. To control for body size evolution caused by factors
unrelated to temperature that can occur on small, offshore

islands, such as niche expansion and ecological release
(Schoener 1969; Lister 1976a, 1976b), we restricted our anal-
yses to individuals from mainland Cuba and Hispaniola.
Body size and elevation data are deposited in the Dryad
Digital Repository: http://dx.doi.org/10.5061/dryad.q39h2
(Muñoz et al. 2014b).

Regression Models and Hypothesis Testing

To test hypotheses of how body size varies with elevation
within and among species (H1–H8; fig. 1), we fitted a
series of linear models to the cybotes (Hispaniola) and
sagrei (Cuba) clades. Figure 1 depicts how inverse clines,
commonly observed in squamates (Ashton and Feldman
2003), may arise through the combination of intraspecific
and interspecific effects. We used these models to evaluate
our eight hypotheses by testing whether incorporating
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slope and/or intercept differences explained significantly
more variation than simpler models, using ANOVA on
marginal sums of squares. Testing the hypotheses requires
assessing results from multiple models; specific predictions
and how they were tested with the various regression mod-

els are described in table 1.

Model 1 was a simple linear regression of SVL on el-

evation, pooling all species within a clade; this assumed

that all species shared a common intercept and slope (e.g.,

H1). Model 2 was a one-way ANOVA that tested for dif-

ferences in mean SVL among species, assuming no in-

traspecific relationships between SVL and elevation (e.g.,

H2, H8). Model 3 was an ANCOVA that allowed intercepts

of the SVL-elevation relationship to vary among species

but constrained slopes to be equal; this model also allowed

us to assess whether intra- and interspecific patterns

worked in concert or in opposition (e.g., H3–H5). Finally,

model 4 was an ANCOVA with an interaction that allowed

both slopes and intercepts to vary, which allowed us to

assess whether intra- and interspecific effects varied in

strength and direction (e.g., H6, H7). Each of our hy-

potheses makes a number of predictions that can be tested

by evaluating these models. For example, hypothesis H1

(fig. 1) predicts a significant relationship between SVL and

elevation (model 1), no difference in species’ intercepts

after accounting for elevation (testing model 3 vs. model

1), and no difference in slopes between species (testing

model 4 vs. model 3).

In all models, elevation was log transformed after ad-

dition of 0.5, to reduce right skew. We accounted for vastly

different sample sizes among species by weighting obser-

vations by the inverse of their species’ sample size. This

weighting ensured that the relationships were not domi-

nated by a few prevalent species (e.g., A. sagrei on Cuba

and A. cybotes on Hispaniola). Given that the interaction

term in model 4 evaluates whether the slope of the SVL-

elevation relationship varies among species (H6, H7) but

not whether individual species’ slopes differ from 0 (H2,

H8), we also regressed SVL on elevation individually for

each species.

Model 2 tests whether species’ means differ but not

whether those differences are related to elevation (e.g., H8

vs. H2). To test this, we calculated the mean SVL and

mean elevation of each species. Using these mean values,

we fitted another regression model (model 5) with species’

mean SVL as the response variable and mean elevation as

the predictor. Thus, for the cybotes clade (Hispaniola) n p

7, and for the sagrei clade (Cuba) n p 9. Because a species’

mean elevation and body size may be strongly affected by

sampling variation along its elevational range, we also fit-

ted model 5 using species’ SVL and elevational midpoints

rather than means. To account for relatedness among spe-

cies, we used Mahler et al.’s (2010) maximum clade cred-

ibility tree to fit model 5 for each clade with phylogenetic
generalized least squares (PGLS), using the gls function in
the nlme package (Pinheiro et al. 2013) in R, version 2.15.3
(R Development Core Team 2013), and assuming a Brown-
ian motion (BM) model for body size evolution. We chose
BM because it fits the data better than an Ornstein-Uhlen-
beck model in all cases (change in corrected Akaike In-
formation Criterion [DAICc] was 14.8 for all com-
parisons).

Spatial Autocorrelation

Specimens obtained from identical or nearby localities are
not expected to be independent, because of dispersal, gene
flow, relatedness, or other, unmeasured environmental
variables. Following Dormann et al. (2007), we accounted
for spatial autocorrelation by fitting generalized least
squares (GLS) models, using the gls function in the nlme
package (Pinheiro et al. 2013) in R, version 2.15.3. We
fitted each model with three different spatial correlation
structures—exponential, Gaussian, and spherical—and se-
lected the one with the lowest AICc for further significance
testing, as above. Many specimens were collected at iden-
tical localities. Thus, to avoid distances of 0 separating
spatial neighbors, we added a random jitter to X and Y
coordinates. These were randomly drawn from a normal
distribution with a mean of 0 and a standard deviation of
0.1 m. We repeated jittering 100 times, refitting GLS mod-
els each time. Results from GLS models were nearly iden-
tical to those from nonspatial models and led to the same
conclusions; thus, spatial autocorrelation cannot account
for the observed results. We present only nonspatial results
below, and GLS results can be found in “Supplementary
Material,” available online.

Comparing Elevational Range

The detected relationships between elevation and body size
within species may depend on a species’ elevation range.
However, we found no significant difference between the
mean elevational range occupied by Hispaniolan species
and that of Cuban species (Hispaniola: mean " SE p

904.7 " 247.8 m; Cuba: mean " SE p 462.8 " 170.1
m, t p !1.52, df p 14, P p .15). Furthermore, intra-
specific clines may be easier to detect in species with wide
elevational ranges. To test for this, we regressed the ab-
solute value of individual species’ SVL-elevation slope
against elevation range, weighting points by the standard
error of the slope estimate. After log-transforming indi-
vidual species’ regression slopes, because of highly skewed
residuals, and pooling species from both islands, we found
a negative relationship between individual absolute SVL-
elevation regression slopes and elevation range (fig. A1 [figs.
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A1–A3 available online]; general linear model slope "

SE p !1.1 # 10!3
" 4.6 # 10!4, t p !2.40, df p 14,

P p .006). Thus, species with narrower ranges actually
tended to have steeper body size clines, though not nec-
essarily in a consistent direction. However, as species’ el-
evational ranges did not differ among islands, this is un-
likely to underlie any observed differences between the
two clades.

Results

Body Size–Elevation Relationships in the

cybotes Clade (Hispaniola)

We found that body size was negatively related to elevation
on Hispaniola when data from all species were pooled
together (model 1), indicating an inverse Bergmann’s cline
(fig. 2; slope " SE p !1.95 " 0.18, t p !10.60, df p

433, P ! 10!15). Elevation accounted for 21% of the var-
iance in body size (table 2). Mean body sizes differed
significantly among species (model 2; table 2) and ac-
counted for 53% of the total variance. We also found that
the intercepts, but not the slopes of the SVL-elevation
relationships, varied among species (model 3), revealing
that the negative Bergmann’s cline was primarily due to
inter- rather than intraspecific differences (table 2; fig. 2).
In this model, species’ intercepts were significantly differ-
ent, even after elevation was accounted for, whereas the
elevation term was not significant after intercept differ-
ences were accounted for (table 2). In addition, the per-
centage of variance uniquely attributable to intercept
differences (32%) was far greater than that uniquely at-
tributable to elevation (0.1%; table 2). Finally, we found
no evidence that the slopes of body size relationships var-
ied among species (fig. 2), as the interaction in model 4
was not significant (table 2).

The lack of a significant elevation effect in model 3
suggests that interspecific differences drive the inverse
Bergmann’s cline in the cybotes clade. The inverse rela-
tionship between species’ mean SVL and mean elevation
(model 5) further corroborates this interpretation (fig. 3;
slope " SE p !4.27 " 0.99, t p !4.32, df p 5, P p

.008). Nearly identical results were obtained when species’
midpoints, rather than means, were used (not shown) and
when PGLS was used to account for relatedness among
species (P ! .025 for PGLS slopes). Finally, individual spe-
cies’ regressions of SVL on elevation revealed that slopes
were not significantly different from 0 (table 3). The lack
of significant intraspecific relationships, coupled with the
overall inverse body size cline (model 1) and a negative
cline in mean body size (model 5), is consistent with hy-
pothesis H2 (fig. 1), in which the clade-level inverse cline
is due solely to interspecific effects.

Body Size–Elevation Relationships in the

sagrei Clade (Cuba)

When species identity was ignored (model 1), we found
that SVL decreased with elevation in the sagrei clade (fig.
2; slope " SE p !0.71 " 0.19, t p !3.78, df p 669,
P ! 2 # 10!4), but only weakly so, explaining only 2.1%
of the variance (table 2). Thus, we detected an overall
inverse Bergmann’s cline for the sagrei clade anoles.

As with the cybotes clade anoles, there were significant
differences among species’ mean body sizes that explained
60% of the variance in SVL (model 2; table 2). However,
in contrast to the results from Hispaniola, we recovered
significant intraspecific relationships between body size
and elevation in the Cuban sagrei clade (fig. 2; table 2).
Specifically, the elevation term in model 3 remained sta-
tistically significant after species differences were incor-
porated, although it uniquely explained extremely little
variance (table 2). This is in part because the SVL-elevation
relationships differed among species (fig. 2; table 2). When
the variance explained by model 3 was partitioned, we
found that the intercept differences and elevation inde-
pendently explained 59% and 0.7% of the variance, re-
spectively (table 2). Allowing the slopes to vary (model 4)
accounted for an additional 6.5%, for a total of 67%, dem-
onstrating that intraspecific variation is slight relative to
interspecific differences in SVL in this clade (table 2).
However, interspecific differences were not responsible for
overall SVL clines, as we found no significant relationship
between species’ mean SVL and mean elevation (model 5;
fig. 3; slope " SE p 0.21 " 1.97, t p 0.11, df p 7, P p

0.92). These results were nearly identical when midpoints,
rather than means, were used (not shown) and remained
nonsignificant when PGLS was used (P 1 .55 for both
mean and midpoint analysis). Regressions of SVL on el-
evation for individual species revealed that body size de-
creased significantly with elevation in five out of nine spe-
cies (A. allogus, A. homolechis, A. jubar, A. sagrei, and A.
quadriocellifer; fig. 3; table 3). These results closely mir-
rored those from our GLS analysis, with the exception of
A. ahli. Although A. ahli’s body size apparently increased
with elevation, this relationship was not significant in our
GLS analysis (table A3). In summary, as with the cybotes
clade anoles, the sagrei clade anoles exhibited an inverse
Bergmann’s cline. However, unlike in the cybotes clade,
there was no clear interspecific cline for the sagrei clade.
Rather, within species, several species showed significant
body size–elevation relationships. Given that strength and
direction of the size clines differed, our results are most
consistent with hypothesis H7 for the sagrei clade on Cuba.

Discussion

The cybotes and sagrei clades both exhibit an inverse Berg-

mann’s cline; lizards tend to be smaller at high elevations
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Figure 2: Body size (snout-vent length [SVL])–elevation relationships for the cybotes clade on Hispaniola and the sagrei clade on Cuba.
Model 1 fitted a single relationship to all species (P ! .05 in both cases). Model 2 constrained slopes at 0 and allowed intercepts to vary
(P ! .05 in both cases), and model 4 allowed slopes and intercepts to vary; dashed lines depict slopes that were not significant (P 1 .05)
in generalized least squares models that incorporated spatial autocorrelation (table A2, available online). To ensure that the best-fit lines
are visible, points are faded for models 2 and 4. Model 3 is not shown because the value of the common slope is arbitrary. Results for the
cybotes clade are consistent with hypothesis H2, whereas results for the sagrei clade are consistent with hypothesis H7 (fig. 1).

than near sea level. Inverse Bergmann’s clines have been

previously documented in squamates (Ashton and Feld-

man 2003; Olalla-Tárraga et al. 2006), although they are

by no means ubiquitous (Pincheira-Donoso and Meiri

2013). Inverse size clines may arise from a number of

mechanisms. First, small body sizes at high elevations may

be adaptive for thermoregulation. Because of their greater

surface area–to-volume ratio, smaller-bodied individuals

warm and cool more rapidly, which may allow them to

more precisely thermoregulate in cold montane environ-

ments (Ashton and Feldman 2003; Sears and Angilletta

2004).
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Table 2: Analysis of variance of four linear models fitted to the cybotes clade on Hispaniola and sagrei clade on Cuba

Common slope Intercept differences Slope differences

Model F df P Partial R2 F df P Partial R2 F df P Partial R2 Model R2

cybotes clade, Hispaniola:

1 112.3 1, 433 !1 # 10!15 .21 ... ... ... ... ... ... ... .21

2 ... ... ... ... 79.1 6, 428 !1 # 10!15 .53 ... ... ... ... .53

3 1.0 1, 427 .31 1.1 # 10!3 48.3 6, 427 !1 # 10!15 .32 ... ... ... ... .53

4 ... ... ... ... ... ... ... 1.6 6, 421 .32 .14 .54

sagrei clade, Cuba:

1 14.3 1, 669 !1 # 10!3 .021 ... ... ... ... ... ... .021

2 ... ... ... 124.1 8, 662 !1 # 10!15 .60 ... ... ... .60

3 123.4 1, 661 !1 # 10!15 .0074 12.5 8, 661 !1 # 10!3 .59 ... ... ... .61

4 ... ... ... ... ... ... 16.1 8, 653 !1 # 10!3 .065 .67

Note: Model 1 was a simple linear regression of snout-vent length (SVL) on ln(elevation " 0.5). Model 2 was a one-way ANOVA to test for mean (intercept) differences in SVL among species.

Model 3 was an ANCOVA that allowed intercepts of the SVL-ln(elevation " 0.5) relationship to vary among species, and model 4 allowed slopes and intercepts to vary. We tested the significance

using marginal sums of squares. Significant (P ! 0.05) relationships are in boldface.
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Figure 3: Relationship between species’ mean body size (snout-vent length [SVL]) and the mean elevation of their sampled localities for
the cybotes clade on Hispaniola (P ! .01) and the sagrei clade on Cuba (P 1 .90). The relationships were nearly identical when midpoints,
rather than means, were used (not shown).

Indeed, previous work has demonstrated that montane

lizards in the Hispaniolan cybotes clade thermoregulate

during the day at temperatures comparable to those for

their lowland counterparts (Hertz and Huey 1981; Muñoz

et al. 2014a). Low thermal inertia may aid this thermo-

regulatory behavior of smaller montane lizards. Current

evidence suggests that body temperatures and basking ten-

dencies differ considerably among species in the sagrei

clade (Ruibal 1961; Rodrı́guez Schettino et al. 2010; Hertz

et al. 2013). Thus, it seems possible that lizard species in

the two clades show different relationships between body

size and thermoregulatory behavior. However, given that

the anoles examined are all relatively small-bodied lizards,

it also remains unclear whether the magnitude of size dif-

ferences among species is sufficient to significantly alter

thermal inertia.

Inverse size clines may also reflect differences in life

history between low- and high-elevation lizards. Colder

temperatures typically slow growth in ectotherms. This

slower growth may produce smaller adult body size if

colder temperatures also reduce survival to maturity or

reduce fecundity, relative to lizards inhabiting warmer

temperatures (Angilletta et al. 2004a, 2004b; but see Sears

and Angilletta 2004). Given that high-elevation lizards in

the cybotes clade retain their eggs until a later develop-

mental stage before laying (Huey 1977) and that anoles

lay one egg at a time (discussed in Losos 2009), it is pos-

sible that smaller body size at maturity may serve to com-

pensate for reduced fecundity in montane species. Alter-

natively, smaller body size at high elevation may also be

nonadaptive and may be the result of reduced activity

times that limit growth (Sears and Angilletta 2004; Caruso

et al. 2014). Finally, individuals are also subject to a range

of abiotic and biotic selection pressures beyond temper-

ature, including but not limited to microhabitat avail-

ability, competition, predation, disease, and resource avail-

ability, all of which may influence body size (Angilletta et

al. 2004b; Pincheira-Donoso and Meiri 2013).

Although the precise mechanisms underlying inverse

size clines remain unknown, it is clear that they were con-

structed in different ways on Cuba and Hispaniola. For

the Hispaniolan cybotes clade, interspecific size differences

are responsible for the cline, with little or no evidence for

intraspecific contributions (H2 in fig. 1). Thus, the cybotes

clade cline reflects the evolutionary divergence of species’

body size, coupled with size-ordered species turnover, or

the replacement of larger species with smaller ones as el-

evation increases (Blackburn et al. 1999; Ackerly and

Cornwell 2007; Lepš et al. 2011). Alternatively, in the Cu-

ban sagrei clade, intraspecific body size clines are respon-

sible for the overall inverse Bergmann’s cline, with no

evidence for contributions from interspecific body size dif-

ferences. We suggest that these results are consistent with

hypothesis H7 (fig. 1), as there are varying intraspecific

patterns but no clear interspecific cline. Thus, in this clade,

variation in local adaptation and/or phenotypic plasticity

likely underlies the cline, rather than evolutionary diver-

gence in body size among species.

The differential roles of interspecific and intraspecific

processes between the two clades raise many questions,

especially because the adaptive radiation of Caribbean ano-

les is characterized by replicated, convergent evolution in

microhabitat use and functional adaptations (Williams

1972, 1983; Losos 2009). One possibility is that differences

in the physical geography of Cuba and Hispaniola may

underlie the different patterns observed on each island.

Hispaniola’s highland areas (sensu Wollenberg et al. 2013)

and their associated climatic gradients are far more ex-

tensive than those on Cuba. Hispaniola harbors 7,940 km2

of habitat more than 1,000 m above sea level, whereas

Cuba has only 271 km2 of highland habitat. The greater

extent of climatically extreme habitats suggests a greater
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Table 3: Body size–elevation relationships for individual Anolis species in the

cybotes clade on Hispaniola and the sagrei clade on Cuba

Species Slope (SE) t df P R2

cybotes clade, Hispaniola:

A. armouri !1.83 (2.69) !.68 27 .50 .017

A. cybotes !.38 (.20) !1.93 298 .055 .012

A. longitibialis .89 (.56) 1.58 24 .13 .095

A. marcanoi .24 (.84) .28 38 .78 .0021

A. shrevei !5.59 (10.69) !.52 15 .61 .018

A. strahmi 1.45 (3.59) .40 14 .69 .011

A. whitemani .90 (1.46) .044 5 .57 .070

sagrei clade, Cuba:

A. ahli 19.75 (5.00) 3.95 7 .0055 .69

A. allogus !.75 (.33) !2.24 94 .028 .051

A. homolechis !.37 (.16) !2.34 266 .020 .020

A. jubar !1.25 (.39) !3.17 43 .0028 .19

A. mestrei 1.22 (2.88) .42 11 .68 .016

A. ophiolepis !1.14 (1.65) !.69 11 .50 .042

A. quadriocellifer !12.98 (2.62) !4.96 3 .016 .89

A. rubribarbus !1.03 (2.45) !.42 14 .68 .013

A. sagrei !.53 (.26) !2.03 204 .043 .020

Note: Body size was measured as snout-vent length. Elevation was natural log transformed

(after adding 0.5). Significant (P ! 0.05) models are in boldface. These results were closely

mirrored in the generalized least squares analysis, except for A. ahli (table A3, available online).

potential for reduced dispersal and isolation by environ-

ment along tropical elevational gradients (sensu Janzen

1967) in Hispaniola. Given that speciation depends on an

area threshold on oceanic islands (Losos and Schluter

2000; Kisel and Barraclough 2010; Losos and Parent 2010),

the same may be true for highland habitat. Hispaniola’s

extensive highland environments may create ecological

isolation that triggers speciation. This speciation may be

preceded or followed by selection for reduced body size.

Importantly, the ecological isolation would more likely

produce stronger interspecific clines while reducing in-

traspecific variation. Conversely, climatically extreme hab-

itat is more rare on Cuba. As a result, higher gene flow

across elevations may have enabled the broader intra-

specific clines to arise here.

The intraspecific clines observed in the Cuban sagrei

clade varied considerably in strength and direction. Body

size is important for multiple dimensions of an organism’s

biology, including physiology, ecology, and life history.

Thus, body size is likely under various types of selection

at the same time that may work in concert or in opposition

to shape clinal patterns. For example, geographic variation

in sexual selection is known to enhance or erode body size

clines, particularly in species that exhibit sexual size di-

morphism (Storz et al. 2001; Blanckenhorn et al. 2006).

In anoles, sexual selection may promote large male size to

aid defense of territories and to increase access to mating

opportunities (reviewed in Butler et al. 2000; Losos 2009).

Thus, variation in the strength and direction of intra-

specific clines in male body size may reflect a combined

response to sexual and natural selection, possibly to the

extent that narrowly restricted species exhibit steeper clines

than broadly distributed species, as we observed. Females

in the sagrei clade exhibit much less variation in body size

than males (Henderson and Powell 2009). This point high-

lights that our findings stem only from males. Although

female size is likely correlated with male size, it remains

unknown whether intraspecific or interspecific variation

creates body size–elevation clines on these islands.

In this article, we introduced an approach that is widely

applicable for parsing out the contributions of intra- and

interspecific variation to trait-environment relationships.

We found that patterns apparent at the level of clades may

be absent or nearly so at the level of species, and vice

versa. Thus, similar clinal patterns in body size can be

constructed from different ecological and evolutionary

processes. Our results demonstrate that restricting analyses

of Bergmann’s rule (or other ecogeographical patterns)

solely to either the intra- or interspecific level may miss

important trait-environment relationships and, conse-

quently, may affect inferences of their underlying ecolog-

ical and evolutionary factors. The analyses we present here

show that mechanisms underlying biogeographic patterns

should be considered in a framework that explicitly con-

siders how local adaption and trait divergence during spe-

ciation can produce similar patterns. Integrating both

intra- and interspecific effects can improve our under-

standing of how geographic patterns in trait distributions
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emerge and may prove useful to explain a wide variety of

evolutionary phenomena.
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Figure A1: Relationship between the absolute slope of the body size–elevation regression and the elevation range of 16 species of anole

from the cybotes clade on Hispaniola (light yellow) and the sagrei clade on Cuba (orange-red). Absolute slopes were log transformed to

reduce skew of residuals.

Table A1. Summary statistics for the 16 Anolis species in this study

Elevation (m) Body size (mm)

Clade, species N Unique X, Y Mean (SD) Range Mean (SD) Range

cybotes clade, Hispaniola:

A. armouri 29 6 1,462 (482) 887–2,122 57 (5.1) 45.9–65.5

A. cybotes 300 75 350 (437) 0–2,100 58.8 (7) 39.8–73.5

A. longitibialis 26 6 97 (76) 6–161 68.1 (4) 57.7–72.7

A. marcanoi 40 22 374 (237) 8–1,198 55.1 (4.3) 46.4–63.7

A. shrevei 17 4 2,312 (165) 1,871–2,381 51.2 (3.3) 46.2–56.9

A. strahmi 16 2 87 (118) 58–528 65.3 (7.4) 50.8–77.9

A. whitemani 7 4 467 (271) 13–686 56.3 (5) 51.2–65.6

sagrei clade, Cuba:

A. ahli 9 4 600 (129) 451–774 49.8 (5.2) 44.1–59.1

A. allogus 96 17 199 (299) 6–1,136 52.6 (5.6) 37.4–63.4

A. homolechis 268 39 167 (280) 3–1,136 50.1 (4.5) 36.9–66.2

A. jubar 45 8 55 (42) 4–119 49.6 (3.5) 37.5–57.2

A. mestrei 13 5 82 (38) 9–189 47.2 (6.4) 37.2–55.1

A. ophiolepis 13 7 105 (35) 37–151 34.7 (2.3) 31.8–40.4

A. quadriocellifer 5 3 14 (4) 10–18 45 (3.7) 40.5–49.9

A. rubribarbus 16 4 24 (12) 10–38 55 (4.5) 46.2–60.6

A. sagrei 206 39 96 (180) 2–1,136 50.1 (4.4) 39.5–61.6

Note: “Unique X, Y” is the number of unique localities for each species. Body size was measured as snout-vent length.
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Spatial Regression Results

Body Size–Elevation Relationships in the cybotes Clade (Hispaniola)

We found a significant inverse body size cline, pooling data from all species (model 1; table A2). As for the nonspatial

analysis, this inverse cline arose because of interspecific differences. Even after elevation was accounted for, species had

significantly different intercepts, but not vice versa (model 3; table A2). Furthermore, slopes did not differ among species.

As with nonspatial analysis, regressing each species’ SVL against elevation revealed no significant intraspecific

relationships (table A3).

Table A2. Significance tests of four generalized least squares models fitted to the cybotes clade on Hispaniola and sagrei clade
on Cuba to account for spatial autocorrelation while evaluating the relationship between snout-vent length and elevation
(ln(elevation ! 0.5))

Spatial

correlation

structure

Common slope Intercept differences Slope differences

Model F df P F df P F df P

cybotes clade, Hispaniola:

1 Exponential 59.4 1, 433 !1 # 10"13 ... ... ... ... ... ...

2 Exponential ... ... ... 76.9 6, 428 !1 # 10"15 ... ... ...

3 Gaussian 1.0 1, 427 .32 46.8 6, 427 !1 # 10"15 ... ... ...

4 Exponential ... ... ... ... ... ... 1.57 6, 421 .15

sagrei clade, Cuba:

1 Exponential 8.4 1, 669 .0038 ... ... ... ... ... ...

2 Spherical ... ... ... 122.3 8, 662 !1 # 10"15 ... ... ...

3 Gaussian 11.9 1, 661 5.1 # 10"4 131.5 8, 661 !1 # 10"15 ... ... ...

4 Spherical ... ... ... ... ... ... 15.6 8, 653 !1 # 10"15

Note: Model 1 assumed a common slope and intercept among species, model 2 constrained slopes to 0 and allowed intercepts to vary (i.e., tested for mean

differences among species), model 3 assumed a common slope and varying intercepts, and model 4 allowed slopes and intercepts to vary. All significance tests were

performed with marginal sums of squares. Medians of 100 fits to each model are presented, each with a unique small, random jitter added to coordinates to avoid

distances of 0 between localities. Spatial autocorrelation structure was chosen with the corrected Akaike Information Criterion. Significant relationships are in boldface.

Table A3. Generalized least squares (GLS) models showing the body size–elevation relationships
for individual Anolis species

Species Median slope (SE) t df P

Spatial

correlation

structure

Models with

P ! .05

cybotes clade, Hispaniola:

A. armouri "1.83 (2.69) ".68 27 .50 Gaussian 0

A. cybotes ".38 (.20) "1.93 298 .055 Spherical 14

A. longitibialis .89 (.56) 1.58 24 .13 Spherical 2

A. marcanoi .22 (.84) .26 38 .80 Gaussian 0

A. shrevei "5.59 (10.69) ".52 15 .61 Exponential 0

A. strahmi 1.45 (3.59) .40 14 .69 Gaussian 0

A. whitemani .90 (1.46) .61 5 .57 Exponential 0

sagrei clade, Cuba:

A. ahli 17.34 (7.41) 2.34 7 .052 Exponential 28

A. allogus ".70 (.34) "2.09 94 .039 Gaussian 53

A. homolechis ".33 (.16) "2.01 266 .046 Exponential 52

A. jubar "1.25 (0.39) "3.17 43 .0028 Gaussian 99

A. mestrei 1.22 (2.88) .42 11 .68 Exponential 0

A. ophiolepis "1.44 (1.65) ".69 11 .50 Exponential 0

A. quadriocellifer "12.98 (2.61) "4.96 3 .016 Gaussian 100

A. rubribarbus "1.03 (2.45) ".42 14 .68 Gaussian 0

A. sagrei ".52 (.26) "2.01 204 .046 Exponential 50

Note: The results for the GLS analysis closely mirrored those from the nonspatial analysis, except for the relationship

for A. ahli, which is significant in the general linear model analysis (table 3). For the GLS models, autocorrelation structure

was chosen with the corrected Akaike Information Criterion. One hundred repetitions were performed for each species, with

a different random jitter added to localities each time to avoid neighbor distances of 0. The model with the median slope

is presented here. As P values were sensitive to jittering in some cases, the final column gives the number of these 100

models that had a slope with a P value of !.05. Elevation was natural log transformed (after adding 0.5), and snout-vent

length was used as a measure of body size. Significant (P ! .05) models are in bold.
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Body Size–Elevation Relationships in the sagrei Clade (Cuba)

On Cuba, we also found a significant inverse cline in body size with elevation, after accounting for spatial autocorrelation

(table A2). We also found significant differences in species’ slopes, indicating that intraspecific body size clines varied

among species. Our individual species’ regressions closely mirrored the nonspatial analysis, with the exception of Anolis

ahli. This species slope was significant using a nonspatial model but nonsignificant using GLS (P p .052).

Sensitivity to Random Jittering of Species’ Locales

We randomly jittered localities to avoid distances of 0 separating species collected at the same location. In some cases, P

values were sensitive to this procedure, in particular for individual species regressions, although the balance of evidence

still indicates significant relationships in these species (tables A2, A3; figs. A2, A3). The exact reasons behind this

sensitivity remain elusive, but it likely arises because jittering sometimes induced additional spatial structure, that is,

increased the collinearity between interlocality distances and elevation.
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Figure A2: P values for coefficients of generalized least squares models linking body size (snout-vent length) and elevation (ln(elevation !

0.5)), accounting for spatial autocorrelation. Model 1 assumed a common slope and intercept among species, model 2 constrained slopes

to 0 and allowed intercepts to vary (i.e., tested for mean differences among species), model 3 assumed a common slope and varying

intercepts, and model 4 allowed slopes and intercepts to vary. P values were based on marginal sums of squares. Results of 100 fits to

each model are presented, each with a unique small, random jitter added to coordinates to avoid distances of 0 between localities. The

cybotes clade (Hispaniola) results are in pale yellow, and the sagrei clade (Cuba) results are in orange-red.
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Figure A3: Slope and P values for generalized least squares regressions of snout-vent length on ln(elevation ! 0.5) for individual Anolis

species, accounting for spatial autocorrelation. Results of 100 regressions for each species are presented, each with a unique small, random

jitter added to coordinates to avoid distances of 0 between localities. The cybotes clade (Hispaniola) results are in pale yellow, and the

sagrei clade (Cuba) results are in orange-red.


