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Abstract: Intra-specific body size variation is common and often is assumed to be adaptive. Studies of body
size variation among sites should include or consider environmental and ecological variables in their designs.
Additionally, reciprocal transplant or common garden studies will support which variables are really contribut-
ing to the observed body size variation. This study analyzed the microgeographic body size variation in Anolis
mariarum, a small lizard endemic to Antioquia, Colombia. Parameters such as body size, shape, and lepidosis
variation were quantified in 217 adult 4. mariarum, belonging to six populations separated by less than 80km.
Results showed that significant body size variation was not related to differences among sites in mean annual
temperature, but covaried with mean annual precipitation, with the largest individuals occurring in dryer sites.
Mark-recapture data obtained from 115 individuals from both the wettest and dryest sites from October 2004 to
April 2005 showed that growth rates were higher at the latter. Eight males from each site were captured at the
end of the mark-recapture study and reared for two months under identical conditions in a common garden study.
Individuals from both sites grew faster when reared in the laboratory with food provided ad libitum. Although
growth rates of males from the two populations did not differ significantly in the laboratory, males from the
dryest site still maintained a significantly larger asymptotic body size in their growth trajectories. Multivariate
analyses also demonstrated that both males and females from the six populations differed in terms of body shape
and lepidosis. However, only female body size was found to covary significantly with an environmental gradient
(precipitation). 4. mariarum does not conform to Bergmann’s rule, but the relationship found between mean
body size and asympotic growth with mean annual precipitation at these sites needs further analysis. Generally,
studies of intra-specific body size variation should consider a number of additional phenotypic traits to provide
stronger baseline information on the degree of overall divergence among populations, including those likely to
be selectively neutral, before interpreting results of analyses on the body size differences. Rev. Biol. Trop. 57
(4): 1253-1262. Epub 2009 December 01.

Key words: body size, growth rates, Bergmann’s rule, morphometrics, lepidosis, geographic variation, common
garden study, precipitation, temperature.

Intraspecific body size variation is com-
mon and is often assumed to have an adap-
tive basis. Recent meta-analyses of studies
on endotherms (Ashton ef al. 2000, Meiri &
Dayan 2003) have supported this premise
by confirming that body sizes covary with

environmental temperature (as measured by
the surrogate variables of latitude or elevation)
in the majority of the species examined, with
larger individuals occurring in cooler climates
in accordance with Bergmann’s rule. However,
results of comparable meta-analyses of studies
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on vertebrate ectotherms have been equivocal
(Ashton 2002, Belk & Houston 2002, Ashton
& Feldman 2003, Adams & Church 2008,
Pincheira-D et al. 2008), suggesting that body
size variation in these species may not be
adaptive (Van Voorhies 1996), or at least may
not always be the result of a single general-
ized selection pressure (Angilletta & Dunham
2003). Thus, the study of body size variation
in ectotherms would seem to be best conducted
intraspecifically or among closely related spe-
cies, employing designs that include consider-
ation of additional environmental factors.

Studies of intraspecific body size variation
in ectotherms also should address additional
considerations. In wide ranging species, the
risk of pooling data on undetected cryptic spe-
cies exists. Also, when comparing populations
from different latitudes, one should control for
elevational differences among sites, and vice
versa. Finally, care should be taken to avoid
comparing populations that markedly differ in
their sympatries with predators, prey, or inter-
specific competitors (Ashton & Feldman 2003,
Roughgarden & Fuentes 1977).

Even when an adequately designed study
for an ectotherm species shows that body size
covaries with a particular environmental vari-
able, follow-up reciprocal transplant or com-
mon garden studies are required to determine
whether these differences represent pheno-
typic responses to the different environments
or reflect genetically based local adaptations
(Berven 1982, Ferguson & Talent 1993, Mous-
seau 1997, Lorenzon et al. 2001, Thorpe et
al. 2005). Unfortunately, transplant studies
suggesting an adaptive basis for body size
variation often have low power due to limited
sample sizes and insufficient replication. In the
context of admonitions to employ null models
in ecological research (Harvey er al. 1983,
Gotelli & Graves 1996, Gotelli 2001), before
one over-interprets evidence for genetically
based body size differences among popula-
tions, one needs an estimate of how much other
presumably selectively neutral traits also differ
among the demes. When significant and appar-
ently genetically based body size differences

exist among populations while differences in
other neutral traits are lacking, one may more
safely conclude the differences arose via selec-
tion and are not merely the result of genetic
drift among isolated demes. Molecular mark-
ers might provide baseline information on
the degree of variation in neutral characters,
although the correspondence between levels
of genetic and morphological variation is not
always high (Merild & Crnokrak 2001, McKay
& Latta 2002). Information on levels of varia-
tion in other quantitative traits also could help
provide a baseline against which levels of dif-
ferentiation in the trait of interest (here, body
size) could be interpreted.

In this study, microgeographic body size
variation was quantified in Anolis mariarum
(Barbour 1932), a small lizard endemic to the
Antioquia Department, Colombia. The species
does not occur in sympatry with other anoles
in the studied areas. Also, the complex moun-
tanous terrain throughout its restricted distribu-
tion produces considerable microgeographic
variation in mean annual precipitation, even
among sites at the same elevation, facilitat-
ing the independent assessment of the impor-
tance of these two environmental variables in
influencing morphological differences among
populations.

Furthermore, this study also considered
lizard growth rates in the field and compared
them with the two study areas where lizard
body sizes were found to be most divergent,
and conducted a common garden experiment
to assess the relative contributions of environ-
mental versus genetic factors affecting growth
rates and asymptotic body sizes for these popu-
lations. Finally, intra-specific divergence in
other quantitative traits was assessed to provide
a null model to use when interpreting the body
size differences documented.

MATERIALS AND METHODS

Comparisons of populations: Microgeo-
graphic morphometric variation was quanti-
fied in six A. mariarum populations located
along a 80km north-south transect of Cordillera
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Central, northern Andes, Colombia. Elevations
of the sites varied from 1 900 to 2 700m,
and although mean annual temperature of the
sites was negatively correlated with elevation
(Spearman rho= -0.94, p< 0.005), mean annual
precipitation was not (Spearman rho= -0.15,
p> 0.10).

All study sites suffered from some degree
of human impact, ranging from relatively
pristine sites, such as Caldas (6°01°54 N,
75°36°02” W), where lizards occupied low
riparian vegetation in natural and artifi-
cial clearings along the headwaters of the
Medellin river, and San Vicente (6°17°14”" N,
75°20°10” W), where individuals occupied
isolated patches of herbaceous and shrubby
vegetation, to more impacted sites where the
habitat was comprised entirely of ornamental
plants and fence posts along rural roadsides,
such as the Belmira (6°37°40”° N, 75°41°16™
W), San Antonio de Prado (6°11°21” N,
75°40°44” W), and Santa Elena (6°17°22”
N, 75°30°57” W) sites, and especially the
Santa Rosa de Osos (6°44°27 N, 75°28°42
W) site, where lizards were caught perching
on concrete road markers and refuse objects
scattered along a major highway.

Body size variation was quantified by
measuring snout vent length (SVL) of 217
adult (SVL>45mm) A. mariarum individuals
that had been collected from these six popula-
tions. To minimize preservation-induced varia-
tion among individuals (Lee 1982, Reed 2001),
all lizards were measured at least one month
after they had been fixed in 10% buffered for-
malin and stored in 70% alcohol.

In order to analyze shape and lepido-
sis differences among the sites, 11 additional
morphometric and eight meristic (scale count)
traits were selected from those commonly used
in studies of intra and inter-specific morpho-
logical variation in anoles (Fulger 1977, Lee
1980, Lee 1987, Losos 1990, Losos et al. 1994;
Malhotra & Thorpe 1997). The morphometric
characters measured to the nearest 0.0lmm
were: trunk length measured on the right side
between the insertion of the extremities; head
length measured bilaterally from the anterior

margin of the rostral scale to the anterior mar-
gin of the ear opening; mouth length measured
from the anterior margin of the rostral scale
to the union of the supralabial and infralabial
scales; head width measured as the maximum
distance across the region anterior to the ear
openings; head height measured at the level of
the eyes; snout length measured from the ante-
rior margin of the rostral scale to the anterior
margin of the eye; interorbital distance; dewlap
base length in males; tail base width; forearm
length measured bilaterally; and tibia length
measured on the left hind limb.

Meristic characters were: number of scales
between the supraorbital semicircles, minimum
number of scales between the interparietal and
the supraorbital semicircle measured bilater-
ally; minimum number of scales between the
second canthal rows; number of post-rostal
scales; number of supralabial scales to the
center of the eye, measured bilaterally; number
of infralabial scales to the center of the eye,
measured bilaterally; number of loreal rows
measured bilaterally; and number of subdigital
lamelae on the second and third phalanges of
the fourth toe of the left rear limb.

All data were recorded by the same per-
son (AMO) over a two month period. Data
recorded during the first week of this period
were discarded and these individuals were
remeasured to eliminate effects of initial prac-
tice-related changes in measurement crite-
ria. All original morphometric variables were
natural log transformed to improve normality
and homogeniety of variances. Measurements
recorded bilaterally were averaged and from
the new resultant variables, those with the
greatest precision and exactitude were selected
(Sokal & Rohlf 1995). The eight morphomet-
ric characters selected by these criteria were
SVL, head length, width and height, mouth
length, interorbital distance, tibia length, and
forearm length. All eight scale counts exhib-
ited comparable precision and exactitude, so
none were eliminated from the analyses.

Many anole species, including 4. mariarum
(see results), are sexually dimorphic, so body
size differences among the sites were inspected
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using separate ANOVA for each sex. For shape
analyses, the effect of body size was removed by
regressing each morphometric variable on SVL
to obtain residuals for analyses (Bookstein et al.
1985). This procedure was not conducted for the
meristic variables, given their lack of correlation
with body size. Our A. mariarum individuals also
proved to be sexually dimorphic for shape (see
results), so shape analyses also were conducted
separately for each sex. Multivariate analyses
of shape variation require a minimum number
of individuals per group that depends upon the
total number of variables inspected (Klingenberg
1996). Thus, the San Antonio de Prado and San
Vicente populations had to be excluded from
the shape analyses due to insuficient sample
sizes after separating male and female data. All
populations were included in the analyses of the
meristic data.

Descriminant function analyses (DFAs) were
conducted to inspect for differences between
populations in shape (size-adjusted morphomet-
ric characters) and lepidosis (meristic charac-
ters). Once the canonical variables (CVs) were
obtained, the centroids for each group (median
of all variables in the multivariate space) were
compared using ANOVA.

Voucher specimens inspected from the Museo
de Herpetologia of the Universidad de Antioquia
(MHUA) and Museo del Colegio San José de la
Salle (CSJ) in Medellin, Colombia were: Belmi-
ra - MHUA 010149-010154, 010192-010200,
010211, 010241, 010253-010256, 010305-
010308, 010333-010339, 010345-010353,
and CSJ 0569, 0866, 0956-0958; Caldas -
MHUA 010013, 010016, 010017, 010171-
010173, 010177, 010185, 010237, 010238,
010240, 010245-010249, 010323-010326,
010354-010389, 010432-010444; San Antonio
de Prado: MHUA 010201-010206, 010445-
010455; Santa Elena - MHUA 010167-010170,
010413-010430, 010522-010536; San Vicente
— CSJ 001-006, 0488-0493, 0496, 0497, 0501,
0503, 0504, 0531, 0536, 0840; Santa Rosa
de Osos - MHUA 010314, 010315, 010317-
010319, 010340-010344, 010395-010400,
010507-010521.

Growth rate study: After documenting
significant body size differences among the
sites (see results), a growth rate study was
initiated with individually marked lizards at
the wettest and dryest sites. From October 12,
2004 until April 1%, 2005; one of us (AMZ)
visited Caldas (mean annual precipitation= 2
500mm) and Santa Elena (mean annual precipi-
tation= 1 600mm) on seven and eight occasions,
respectively, to capture and mark juvenile and
adult lizards. Captured individuals were mea-
sured for SVL with a dial caliper to the nearest
0.lmm and marked with individually unique
combinations of toe clips. During the 168 days
of the study, 115 individuals were marked at
each site, of which 78 were recaptured at least
once on subsequent visits. Analyses were lim-
ited to data on adult individuals (n=22 Caldas
and 36 Santa Elena males; n=12 Caldas and 6
Santa Flena females) because only one of the
21 juveniles that were marked was recaptured.
We used the SVL of each individual on the day
of its first and last capture (mean interval=81
days) to calculate its growth rate (mm/day). We
also estimated population growth parameters
for each sex at each site using the interval equa-
tion of the logistic growth model (Schoener &
Schoener 1978):

LA
[L+(4-L)e?]

2

where L, and L, represent the SVLs of an indi-
vidual on its first and last capture, respectively,
and D is the number of days between these
events. Estimates of the intrinsic population
growth rate (r) and asymptotic body size (A),
with their respective 95% likelihood confi-
dence intervals, were obtained using non-linear
regresion.

At the conclusion of the field growth rate
study, eight adult males from each population
were captured for use in a captive rearing study.
All but one of these individuals had been cap-
tured previously, thus permitting comparison of
their growth rates in the field and after transfer
to the common garden study. However, thanks
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to the differences among these sites in mean
SVL, the males collected from the Caldas
site were significantly smaller than the males
from the Santa Elena site (Caldas mean SVL=
49.0mm; Santa Elena mean SVL= 52.1mm;
t-test, p<0.005).

These 16 individuals were reared in pairs
in cubical cages measuring 40cm on each side
in a laboratory in Medellin, where they expe-
rienced identical conditions of ambient tem-
peratures and photoperiod cycles (elevation= 1
550m, mean temperature= 22.5°C). Cages were
mist sprayed several times daily and food (live
caught arthropods) and water was provided ad
libitum. After two months, individuals were
measured again for SVL and their labora-
tory growth rates (mm/day) were calculated.
We also estimated the two population growth
parameters (r and A) for each laboratory group,
using the same non-linear regresion method as
with the field data.

Growth rates in the field were negative-
ly correlated with lizard body size (Caldas,
r= -0.74, p<0.001; Santa Elena, r= -0.70,
P<0.001), so ANCOVA were used to compare
growth rates between populations, using SVL
as a covariate. Growth rates in the common
garden study were not correlated to body size
(both groups pooled, r= 0.05, p>0.10) because
lizards of comparable body sizes were included
in the study, so growth rates of the two groups
in the laboratory could be compared with

simple ANOVA. All statistical analyses were
conducted using the JMP software package
(SAS 1997).

RESULTS

Significant sexual dimorphism in body
size was documented in 4. mariarum (t-test,
p<0.001). Body sizes also differed signifi-
cantly among populations for males (ANOVA,
F. .= 3.91, p<0.005) and differed marginally

5,128
for females (ANOVA, F._ = 2.28, p=0.054),

with Caldas individuals tlig 9smallest and Santa
Elena individuals the largest. While body
size variation was not related to mean annual
temperatures at the sites (males, Spearman
Rho= -0.03, p>0.10; females, Spearman Rho=
0.03, p>0.10), body sizes were smaller at sites
with greater mean annual precipitation (males,
Spearman rho= -0.74, p=0.09; females, Spear-
man rho= -0.97, p<0.005).

Results from the field growth rate study in
the Caldas and Santa Elena populations were
equivocal. Although the estimates of the intrin-
sic growth rates for the two populations did
not differ significantly for either sex (Table 1),
ANCOVA indicated that, after controlling for
body size, Santa Elena males grew significantly
faster than Caldas males (ANCOVA, F= 13.8,
p<0.001), while female growth rates in the
two populations did not differ (ANCOVA, F=
0.1, p>0.10). The non-linear regresion analysis

TABLE 1
Logistic growth non-linear regresion estimates of population intrinsic growth rates (r) and asymptotic body sizes (4)
in the field for each sex at the Caldas and Santa Elena sites

Caldas

Females T Lower CI

0.022 0.006
A Upper CI

50.5 54.2
Males T Lower CI

0.012 0.009
A Upper CI

51.0 52.1

Santa Elena Sign.

Upper CI T

0.024 0.013 n.s
Lower CI A

514 532 ns.
Upper CI r

0.010 0.008 n.s.
Lower CI A

54.8 55.6 *

Significant differences determined by the lack of overlap of their respective 95% confidence intervals.
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also showed that Santa Elena males had a sig-
nificantly larger asymptotic body size than the
Caldas males (Table 1, Fig. 1).

Males from both populations significantly
increased their size-ajusted growth rates when
brought to the laboratory (Caldas, ANCOVA,
F= 5.4, p<0.05; Santa Elena, ANCOVA, F=
10.6, p<0.005), where both groups thereafter
grew at comparable rates (t-test, p> 0.10).
Nonlinear regression analyses also showed
that males from both populations significant-
ly increased their intrinsic growth rates in
the laboratory, while the respective estimated
asympotic body sizes of the two groups did not
change (Table 2).

To inspect for the existence of inter-
populational differences in other quantitative
traits, we further analyzed the original data set
obtained from lizards collected at the six sites.
Multivariate analyses of the size-corrected
shape variables for males showed the four pop-
ulations with adequate sample sizes differed
significantly in their projections onto both CV1
and CV2 (ANOVA, F, ;.= 28.6, p<0.001 and
F; 17¢= 15.4, p<0.001, respectively). Females
from these populations also showed significant
shape differences, as evidenced by their scores
on CV1 and CV2 (ANOVA; F, = 32.01,
p<0.001 and F, = 15.76, p<0.001, respec-
tively). Finally, there were significant differ-
ences in lepidosis among the six populations

SVL (mm)

300 400 500 600 700

Days

0 100 200

Fig. 1. Logistic growth curves obtained by non-linear fit-
ting of male field growth data at each site to the logistic
equation. Open circles = Caldas, filled circles = Santa
Elena.

(data for both sexes combined) as shown by
their projections onto CV1 (ANOVA, F; 3=
28.28, p<0.001) and CV2 (ANOVA, F; ;=
14.65, p<0.001).

Male and female shape and lepidosis dif-
ferences did not covary with precipitation
(Spearman tests, p’s>0.10), but mean annual
temperature at the sites was marginally cor-
related with scores of females on shape CV1
(Spearman Rho=-0.95, p=0.051) and scores of
males on shape CV2 (Spearman Rho=-0.95,
p=0.051).

TABLE 2
Logistic growth non-linear regresion estimates of population intrinsic growth rates (r) and asymptotic body sizes (A)
in the field and laboratory for males from the Caldas and Santa Elena sites

Field
Caldas r
0.012
A
51.0
Santa Elena r
0.008
A
55.6

Laboratory Sign.

Upper CI r

0.016 0.019 *
Upper CI A

52.1 51.9 n.s.
Upper CI r

0.010 0.028 *
Upper CI A

56.6 55.7 n.s.

Significant differences determined by the lack of overlap with the field 95% confidence intervals (sample sizes did not

permit estimation of laboratory confidence intervals).
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DISCUSSION

A simple study only comparing body sizes
among the six sites would have concluded that
A. mariarum does not conform to Bergmann’s
rule, but that differences in mean annual pre-
cipitation somehow contribute to the body size
differences documented. A follow-up study
documenting faster growth rates at the dryer
site also might have spectulated that lizards
are larger there because dryer conditions may
afford lizards better forraging or basking oppor-
tunities. Finally, a common garden study show-
ing an increase in growth rates in males from
both populations when reared under warmer
temperatures with ad libitum food provided,
but without altering their significantly different
growth asymptotes, might have concluded that
these two populations differ genetically for this
trait. Because we included consideration of
other traits besides body size in this study, we
only adhere to the first of these conclusions.

Bergmann’s rule was initially formulated
for endotherms based upon an explicit physi-
ological argument (Bergmann 1847). However,
with ectotherms, some have argued that larger
body sizes at higher latitudes or elevations
may merely be an unadaptive epiphenomenon
related to how cells divide under cooler con-
ditions (van der Have & de Jong 1996, Van
Voorhies 1996, Atkinson & Sibly 1997). Others
have argued that with ectotherms, their adap-
tive responses to cooler environments likely
represent complex interactions on how the
thermal constraints of their environments influ-
ence their thermoregulatory activities (Grant
&Dunham 1988, Hertz ef al. 1993, Bashey &
Dunham 1997, Angilletta & Dunham 2003).
This may explain why recent meta-analyses
have failed to show clear patterns of body size
variation with elevation or latitute in ecto-
therms (Ashton 2002, Belk & Houston 2002,
Ashton & Feldman 2003, Adams & Church
2008, Pincheira-D et al. 2008). However, A.
mariarum is a species that occurs at remark-
ably high elevations for its genus, and so might
be expected to be more likely to show some
consistent pattern of body size variation with

environmental temperature. Yet our analyses
found no such evidence.

Even so, we have shown that A. mariarum
exhibits considerable morphological variability
on a micro-geographic scale, with significant
differences among populations in all eight of
the independent tests we conducted. Because
we considered both mean annual temperature
and precipitation in this study, 16 separate
tests for an association between environmental
and morphological variation were possible
(temperature and precipitation effects on body
size and shape CV1 and CV2 for both sexes,
plus lepidosis CV1 and CV2 for the two sexes
combined). Of these, three comparisons pro-
duced significant Spearman correlations, but a
sequential Bonferroni adjustment (Holm 1979)
to achieve an experiment-wide alpha level of
0.05 left only the precipitation/female body size
relationship still significant. The marginally
significant precipitation/male body size trend
was in the same direction. This, considered
along with the evidence of fixed differences in
asymptotic male body sizes in the wettest and
dryest populations, argues that while most of
the morphological differences among popula-
tions may be selectively neutral, this particular
association warrants further study.

However, in spite of the evidence that
males grew faster at the dryest site, we feel it
is premature to conclude that the larger body
sizes documented there were necessarily due
to these higher growth rates. Mean body size
in a population of ectotherms also may be
influenced by mortality rates, the intensity of
sexual selection, or other factors related to life
history evolution (Dunham ez al. 1989, Grant &
Dunham 1990, Stamps 1999, Shine ef al. 2002,
Pearson et al. 2002a, Pearson et al. 2002b,
Angilletta et al. 2004).

Finally, the fact that male A. mariarum
from the wettest site stoped growing at a sig-
nificantly smaller asymptotic body size, even
when reared under identical laboratory condi-
tions with males from the dryest site, does not
necessarily constitute demonstration of a fixed
genetic differences between these two popula-
tions. If asymptotic body size is phenotypically
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plastic in A. mariarum, perhaps determined by
egg incubation conditions (Joanen et al. 1987,
Rhen & Lang 1995, Hare et al. 2004, Nelson et
al. 2004, Goodman 2008) or growth trajectories
established shortly after hatching (Campbell &
Echternacht 2003), then our common garden
study of adult individuals would be incapable
of detecting it.

In summary, by evaluating multiple envi-
ronmental and phenotypic variables in this
study, and using the results of these analyses
as a baseline null model, stronger evidence
has been provided that precipitation could be
influencing growth rates and asymptotic body
sizes in these A. mariarum populations. The
fact that so many aspects of the phenotype of
A. mariarum varied among these populations
argues that studies of intra-specific morpho-
logical variation should not assume that only
selectively important phenotypic traits will dif-
fer among reproductively isolated demes.
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RESUMEN

Se reporta diferencias en el tamafo corporal entre
individuos adultos de seis poblaciones de Anolis maria-
rum (Squamata: Polychrotidae), separadas por una dis-
tancia de hasta 80km. Esta variacion no se relacion6 con
las diferencias en las temperaturas promedio anuales que
existen entre los sitios analizados, pero si covarié con
la precipitacion promedio anual, con los individuos de
mayor talla habitando los sitios mas secos. Datos de mar-
ca-recaptura del sitio mas seco y mas hiimedo, mostraron
que los individuos del sitio mas seco tienen mayores tasas
de crecimiento corporal. Bajo condiciones de laboratorio
con alimento ad libitum, machos de ambos sitios crecie-
ron mas rapido que en condiciones naturales. Aunque las
tasas de crecimiento de machos de las dos poblaciones no
difirieron significativamente en el laboratorio, los machos
del sitio mas seco mantuvieron tamafios corporales asin-
toticos en sus trayectorias de crecimiento que fueron
significativamente mayores. Analisis multivariados mos-
traron que tanto los machos como las hembras de las seis
poblaciones difieren en la forma corporal y en lepiodosis,
pero la tnica variable que covarié de manera significativa
con un gradiente ambiental fue el tamafio corporal con
la precipitacion. Estudios de variacion intraespecifica en
el tamano corporal deben considerar otras caracterisitcas
fenotipicas adicionales para obtener una linea base sobre
el grado de divergencia entre poblaciones, incluso aque-
llas que se consideran neutrales.

Palabras claves: tamafio corporal, tasas de crecimiento,
regla de Bergmann, morfometria, variacion geografica,
estudio de jardin comun, precipitacion, temperatura.
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