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Anole lizards represent one of the best studied radiations of terrestrial vertebrates. Herein we examine the autecology of
Anolis brasiliensis from the Cerrado of central Brazil, based on a large amount of data collected across much of its geographic
range. Species Distribution Modelling (SDM) techniques revealed that A. brasiliensis likely has a wider distribution than
currently verified. For ecological comparisons, we tested whether i) body temperature is influenced by microhabitat, ii) sexes
differ in diet, iii) sexes differ in morphology, and iv) climatic variables influence reproduction. Lizards were collected primarily
in seasonally dry forests and gallery forests. Body temperature is strongly associated with air temperature at 5 cm above
the substrate. The most important diet items were Araneae, Orthoptera and Formicidae, and high diet niche overlap exists
between sexes. Females are significantly larger in body size than males. Males, however, have larger heads than females.
Due to allochronic ovulation, A. brasiliensis largely have clutches with single eggs. Females often contain an oviductal egg
and an enlarged vitellogenic follicle, suggesting the production of multiple clutches largely in the rainy season from October
to January. Recruitment occurred mostly from January to April. Anolis brasiliensis is ecologically more similar to other anoles
than to sympatric lizards in other major clades. These results reiterate the impact of evolutionary history on ecological and life
history traits of squamate reptiles.
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INTRODUCTION

nole lizards represent one of the most diverse and

best-studied radiations of terrestrial vertebrates
(Losos, 2009; Nicholson et al., 2012; Uetz et al., 2014).
Their distribution extends from the southeastern
United States, Mexico, Central America and Antilles,
to approximately 20° S in South America (Avila-Pires,
1995). Most anoles are predominantly arboreal, with
specialised foot morphology for scansorial locomotion,
streamlined bodies, and long tails. They range from 30
mm snout-vent length (SVL, A. ophiolepis) to more than
190 mm SVL (A. equestris, Butler et al., 2000; Nicholson
et al., 2012). Most anoles are sexually dimorphic in size
(with males larger than females), diurnal, sit-and-wait

foragers, and feed on arthropods (Pough et al., 2004; Vitt
& Caldwell, 2014). All anoles have allochronic ovulation
producing a single egg at a time (Smith et al., 1973),
although it is common to find one egg in each oviduct at
different stages of shell development. Nearly continual
egg production is common (Roff, 1992, 2002).

Until recently, the Brazilian Amazon was thought to
contain 10 species of anoles (A. auratus, A. bombiceps, A.
chrysolepis, A. fuscoauratus, A. ortonii, A. philopunctatus,
A. phyllorhinus, A. punctatus, A. trachyderma and A.
transversalis) and the Cerrado two species (A. chrysolepis
and A. meridionalis, Vanzolini & Williams, 1970; Avila-
Pires, 1995). However, a recent revision of A. chrysolepis
recognised all four subspecies as full species: A.
scypheus, distributed throughout Amazonian Colombia,
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Fig. 1. Species distribution model of Anolis brasiliensis.
Grey gradient indicates environmental suitability for the
species; areas with higher values are climatically more
favourable. Circles represent distribution records from
specimens deposited in scientific collections and the
literature. Triangles represent sites sampled in this study.

Ecuador, Peru and Brazil; A. planiceps, distributed
throughout Venezuela, Trinidad, Guyana and northern
Brazil; A. brasiliensis, distributed throughout open areas
in Brazil; A. chrysolepis, distributed in forested habitats
throughout Southern Guyana, Suriname, French Guiana
and northern Brazil; and A. tandai, distributed in the
Amazon rainforest south of the Amazon River and west
of the Tapajés River in Brazil and Peru (D’Angiolella et al.,
2011).

Considering the vast continental distribution of
the group, our knowledge about the ecology of the A.
chrysolepis complexis largely based on studies conducted
at single sites. This compromises our understanding
of life-history response to differing environments and
geography. Anolis tandai is a leaf litter specialist, feeding
mainly on grasshoppers, crickets, spiders and insect
larvae, and showing pronounced sexual dimorphism in
mass and limb length (Vitt et al., 2001a). A comparative
study on A. planiceps and A. scypheus in the Amazon
forests of Ecuador and Brazil, respectively, showed that
A. scypheus attains higher body temperatures than A.
planiceps, that both species are sexually dimorphic, and
that their diets are similar (Vitt & Zani, 1996). Anolis
brasiliensis, living in a transitional area between Cerrado
and Amazonia, was found mostly on tree trunks and
on the leaf litter in gallery forest, and its diet consisted
mostly of spiders, crickets/grasshoppers, ants and
beetles (Vitt et al., 2008b). Males were larger and heavier
than females, but had relatively shorter hind limbs (Vitt
et al., 2008b). Considering that A. brasiliensis has a large
geographic distribution in the Cerrado, much remains to
be learned about its ecology.

Most tropical savannahs in South America are
disappearing at an extraordinary rate due to extensive
cattle breeding, mining, agriculture and other human
activities (Alho & Martins, 1995; Machado et al., 2004;
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Klink & Machado, 2005). Surprisingly, many of these
areas are vanishing even before scientists have the
opportunity to perform simple biodiversity inventories
(Wilson, 1992; Rodrigues, 2005). Paradoxically, the lack
of studies could easily lead the government to designate
these areas to development programs rather than
protected areas. Herein we examine the autecology of
A. brasiliensis from the Cerrado of central Brazil, based
on a large amount of data collected across much of
its geographic range. We test four hypotheses: i) body
temperature is influenced by microhabitat, ii) diet differs
between sexes, iii) morphology differs between sexes,
and iv) climatic variables influence reproduction.

MATERIALS AND METHODS

Species distribution modelling

To determine the potential distribution of A. brasiliensis,
we used Species Distribution Modelling (SDM)
techniques (for a review of methods see Elith et al.,
2006) as implemented in MaxEnt (Elith et al., 2006;
Elith & Leathwick, 2009). The algorithm in MaxEnt fits
a probability distribution for species occurrence to the
set of pixels across the region of interest (for a detailed
explanation on how the maximum entropy principle
applies to SDM see Elith et al., 2011). We performed 10
replications using a cross-validation procedure where
we divided our dataset using 75% of data for model
calibration and retained 25% of the data to evaluate the
models. We report the mean and standard deviation of
AUC test values across the 10 runs. We used MaxEnt
default parameters (Phillips & Dudik, 2008) in the R
package dismo (Hijmans et al., 2013). The output model
is projected in geographical space and the result can be
interpreted as a map of environmental suitability for the
species where areas with higher values are climatically
more favourable.

We obtained 45 locality records from museum
collections and the literature (Costa et al., 2007; Nogueira
etal.,, 2011). We used bioclimatic environmental variables
from the Worldclim project (Hijmans et al., 2005),
downloaded at a 30” (1 km?) spatial resolution (available
on-line at: http://www.worldclim.org/). Layers were
cropped to span from latitude 1247’ N to 3446’ S and
longitude 7831’ W to 35 W, representing a larger spatial
range than the Cerrado region. To avoid over-fitting of
models and use of redundant climatic variables, we
identified highly correlated variables (r>0.9) and excluded
those considered less relevant (see Rissler & Apodaca,
2007). We used a total of 10 abiotic environmental
variables: Bio 3—isothermality, Bio 4—temperature
seasonality, Bio 7-temperature annual range, Bio 10—
mean temperature of warmest quarter, Bio 11-mean
temperature of coldest quarter, Bio 14—precipitation of
driest month, Bio 15—precipitation seasonality, Bio 16—
precipitation of wettest quarter, Bio 17—precipitation of
driest quarter, and altitude.

Microhabitat, activity and temperatures
During several biodiversity inventories conducted from
1986 to 2005, we collected A. brasiliensis specimens
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across 15 localities distributed throughout the Cerrado.
We captured lizards by hand, rubber bands or using
a shotgun and dust shot cartridges. When specimens
were captured alive, they were killed in the same day
with a lethal injection of Tiopental®, preserved with 10%
formalin and stored in 70% alcohol. Because the present
study is part of a larger project involving other studies,
alternative techniques (such as stomach flushing for diet
analysis) were not possible. All collected specimens are
housed in the Cole¢do Herpetoldgica da Universidade de
Brasilia (CHUNB). At time of capture, we recorded body,
substrate and air temperatures (at 5 cm from substrate
and at chest height) to the nearest 0.2 degree Celsius
with Miller & Weber® cloacal thermometers. We also
recorded microhabitat and activity when individuals were
first sighted and after approached by the investigator.
Data recorded included hour, date of capture, and
lizard exposure to sun (in sun, shade or filtered sun).
We used the following microhabitat categories: burrow,
bush, fallen log, grass, clear ground on sandy soil, rock,
termite nest, tree trunk and under rock. When lizards
were perched, we estimated height above ground (5
cm). We classified lizard activities as stationary, moving
or running. To assess the contribution of environmental
temperatures to lizard cloacal temperatures, we used a
stepwise multiple regression (Tabachnick & Fidell, 1996).

Diet

We obtained diet information from dissected stomachs of
229 preserved lizards from 16 localities. Prey items were
carefully separated and identified to broad taxonomic
levels (order or family). Prey items with preserved
body dimensions were measured (length and width)
to produce an estimate of the volume of consumed
items. We calculated the volume of individual prey items
using the following ellipsoid volume formula where V is
volume, w is prey width and / is prey length:
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For each prey category, we calculated its frequency,
numeric and volumetric percentage and calculated
an importance index based on individual stomachs, /IS
(N%+V%)/2 and on pooled stomachs, IPS (F%+N%+V%)/3.
Toinvestigate diet overlap between males and females,
we calculated numeric and volumetric niche overlap
indices (Pianka, 1973) using the following formula in the

R package spaa (Zhang, 2013)
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where p, is the proportion of prey category i for males
and p,, the proportion for females. We calculated
volumetric and numeric niche breadth for individual
and pooled stomachs using the inverse of the Simpson’s
diversity index (Simpson, 1949)
1
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where p, represents the proportion of prey category .

O!-‘M -

D:

2

Ecology of Anolis brasiliensis

235

We assessed intersexual differences in diet niche
breadth considering both individual and pooled
stomachs. For individual stomachs, we performed an
ANCOVA with niche breadth as the dependent variable,
sex as the class variable, and size (SVL) as covariate. This
controlled for the effects of the positive association
between SVL and niche breadth for individual stomachs.
For pooled stomachs, we compared the overall niche
breadth with a rarefaction analysis to control for the
influence of the number of individuals sampled in each
sex. We calculated the diversity index for 1000 random
sub-samples of size 100 for each sex and tested the mean
differences with a t-test.

Morphometry and Sexual Dimorphism

From each individual, we took the following
measurements to the nearest 0.01 mm with digital
calipers: snout-vent length (SVL), body width (at widest
point in mid-body), body height (at highest point in mid-
body), head width (at the widest point), head height (at
highest point), head length (from tip of snout to anterior
margin of ear opening) and tail length (from cloaca to tip
of tail). Some measurements could not be assessed for
all specimens analysed (e.g., animals with broken tails).
A variety of methods can be used to estimate missing
observations (Tabachnick & Fidell, 1996; Quinn & Keough,
2002). Multiple imputation is regarded as the most robust
approach (Rubin, 1996; Van Buuren et al., 2006, Penone
etal., in press), and we used chained equations using the
R package mice (Van Buuren et al., 2006; Van Buuren &
Groothuis-Oudshoorn, 2011). We log-transformed (base
10) all morphometric variables after multiple imputation,
and screened the data for multivariate outliers with the
R package mvoutlier (Filzmoser & Gschwandtner, 2014).
Eleven females (2.9 % of all females) and 30 males (8.5 %)
were considered as outliers using a maximum threshold
for adaptive outlier detection of 0.001, and were dropped
from further analyses.

To partition the total morphometric variation between
size and shape variation, we defined body size as an
isometric size variable (Rohlf & Bookstein, 1987, following
Somers, 1986): we calculated an isometric eigenvector,
defined a priori with values equal to p=0-5, where p is
the number of variables (Jolicoeur, 1963), and obtained
scores from this eigenvector, hereafter called body size,
by post multiplying the n x p matrix of log, transformed
data, where n is the number of observations, by thep x 1
isometric eigenvector. To remove the effects of body size
from the log, -transformed variables we used Burnaby’s
method (Burnaby, 1966). We post-multiplied the n x p
matrix of the log, transformed data by a p x p symmetric
matrix, L, defined as:

L=l - V(VTV)V,

where Ip is a p x p identity matrix, V is the isometric size
eigenvector defined above, and V" is the transpose of
matrix V (Rohlf & Bookstein, 1987). Hereafter we refer to
the resulting size-adjusted variables as shape variables.
To assess difference between sexes, we conducted
an analysis of variance on body size (ANOVA) and a
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logistic regression on the shape variables. To assess the
statistical significance of the full model based on shape
variables, we compared it against a constant-only (null)
model using a chi-square test of the scaled deviance
(Chambers & Hastie, 1992; Faraway, 2006). We assessed
the importance of each variable by model selection via
single term addition (Chambers & Hastie, 1992): (i) the
full model was tested against a constant-only model; (ii)
the significant term with the lowest AIC value was added
to the null model; (iii) step 2 was repeated; (iv) any non-
significant terms were dropped from the model; (v) steps
3 and 4 were repeated until no significant terms could
be added or no non-significant terms could be dropped
from the model. After the model selection analysis, we
assessed the misclassification error of the reduced model
using 100 bootstrap replications of a linear discriminant
analysis with the R package ipred (Peters & Hothorn,
2013). We further assessed variable importance using
model averaging, retaining only models with DAIC <4
(Crawley, 2007). Model averaging analysis was conducted
in the R package MuMiIn (Burnham & Anderson, 2002).

Reproduction

We determined the sex of each specimen by direct
observation of gonads. In females, reproductive activity
wasdescribed by observation of the presenceand number
of vitellogenic follicles, oviductal eggs and corpora lutea.
We measured the width and length of oviductal eggs
with Mitutoyo electronic calipers (0.1 mm). Egg volume
was estimated using the ellipsoid formula:

p aw’l
6 »

where Vis egg volume, w is egg width, and / is egg height
The minimum size for sexual maturity was determined
by the SVL of the smallest reproductive female. We
considered the simultaneous presence of oviductal eggs,
vitellogenic follicles, or corpora lutea as an indication of
more than one clutch per reproductive season.
Reproductive activity of males was described by
measuring the width and length of testes with Mitutoyo
electronic calipers (0.1 mm), and testis volume (TV)
was estimated using the ellipsoid formula described
above. Testes and epididymides were removed by
dissection and fixed in Bouin’s fixative. Next, samples
were dehydrated in ascending alcohol concentrations,
and embedded in paraffin. For histological analysis, four
longitudinal sections were obtained from each individual
and stained with hematoxylin-eosin. From each section
ten measurements of seminiferous tubule diameter
and germinative epithelium height were obtained using
a staged micrometer. The mean seminiferous tubule
diameter (STD) and mean germinative epithelium height
(GEH) were calculated from each measurement. We
categorised testes according to spermatogenesis activity
following Vieira et al. (2001). Five stages of spermatogenic
activity were recognised: stage |, seminiferous tubules
without lumen, containing some cells at different stages
of differentiation, such as spermatocytes, spermatids and
spermatozoa; stage Il, opened lumen of the seminiferous
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Fig. 2. Frequency distribution of individuals of Anolis
brasiliensis from Cerrado according to time of capture.
Numbers on top of bars indicate sample sizes.

tubules and presence of spermatocytes in their margins;
stage lll, presence of spermatids in the luminal margin;
stage |V, presence of spermatozoa in the lumen;
stage V, lack of connection between the seminiferous
tubule epithelium and spermatocytes, spermatids and
spermatozoa, as well as cellular debris obstructing the
lumen of tubules (Vieira et al., 2001). Minimum size
for sexual maturity was determined by the SVL of the
smallest male with spermatozoa in the testes.

RESULTS

Species distribution modelling

We obtained 45 unique localities for A. brasiliensis spread
acrossthe species’ distribution (Fig. 1). The MaxEnt model
had good accuracy (AUC,__, x=0.945, SD=0.008), revealing
higher climatic suitability throughout the Cerrado
distribution (Fig. 1). The most important variables were
precipitation of the driest month (43.3% of training gain)
and precipitation of the wettest quarter (35.9% of training
gain). The response curves for these two variables show
that higher suitability for A. brasiliensis occurs in areas
where precipitation of the driest month is low (<100 mm)
and precipitation of the wettest quarter is intermediate
(>750mm). These results mainly reflect that this species
is endemic to the Cerrado, a highly seasonal environment
with well-marked dry and rainy seasons.

Microhabitat, activity, and temperatures

All individuals were found in seasonally dry forests
and gallery forests and adjacent habitats. Of the 111
individuals of A. brasiliensis for which we collected
microhabitat data, 46.9% were perched in trunks, 38.7%
in leaf litter, 4.5% in logs, 3.6% under logs, 1.8% in shrubs,
1.8% in roots, 0.9% in rocks, 0.9% in burrows and 0.9%
in vines. Of the 47 individuals for which we obtained
activity data, 78.7% were stationary when first sighted;
after approached, 59.6% remained still, 28% ran, 8.5%
ran to lower perches and only 4.3% walked. We found
active lizards from 0800 to 1600 hours, with a peak
between 0900 and 1100 (Fig. 2). Approximately 49.1%
of the individuals were in shade, 35.5% were under
filtered light and 15.5% were exposed to direct sunlight.
Of the 63 individuals for which data on perch height were
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Table 1. Diet composition of Anolis brasiliensis from Cerrado (n=229). n=prey number; v=prey volume; SD=standard
deviation; f=number of stomachs containing prey item; iis- importance index based on individual stomachs; ips-

importance index based on pooled stomachs.

Pooled stomachs

Individual stomachs

Category F f% n n% v v % ips n+SD n%+SD v+SD v %+SD iis
Araneae 88 2424 141 2444 10564.96 28.24 25.64 0.616+1.05 25.36+37.05 46.14+123.55 26.07+38.75 25.72
Araneae egg 1 028 2 0.35 461.4 123  0.62 0.009+0.13  0.22+3.30 2.01+30.49 0.16+2.39  0.19
sac

Blattaria 26 7.16 27 4.68 3270.17 8.74 6.86 0.118+0.34  7.34+22.90 14.284+53.82 7.80+24.33 7.57
Chilopoda 5 138 5 0.87 589.18 157 1.27 0.022+0.15  0.62+4.65 2.57+27.01 0.98+8.50 0.8
Coleoptera 26 716 35 6.07 996.36 2.66 53 0.153+0.49 6.01+18.95 4.35+17.41 5.45+18.98  5.73
Collembola 1 0.28 1 0.17 13.29 0.04 0.16  0.004+0.07 0.15+2.20 0.06+0.88 0.13+1.98 0.14
Diplopoda 6 165 6 1.04 208.16 0.56 1.08 0.026+0.16  0.86+5.96 0.91+8.09 0.69+6.52 0.77
Diptera 2 055 6 1.04 45.86 0.12  0.57 0.026+0.34  0.41+5.54 0.20£2.23 0.11+1.20  0.26
Formicidae 44 12,12 97 16.81 2391.8 6.39 11.77 0.424+1.66 11.08+26.54 10.44+44.48 8.88+25.09  9.98
Gastropoda 8 2.2 8 1.39 458.99 123 1.61 0.035+0.18 1.91+11.33 2.00+18.58 1.61+10.98  1.76
Gryllidae 31 854 32 555 6905.14 1846 10.85 0.140+0.36  8.844+25.10 30.15+113.29 10.63+28.88 9.73
Hemiptera 13 3.58 14 2.43 575.33 1.54 2.52 0.061+0.26  4.51+19.47 2.51+12.46 4.23+19.12  4.37
Homoptera 9 248 9 1.56 197.31 0.53  1.52 0.039+0.19 2.66+14.45 0.86+4.57 2.45+14.23 255
Hymenoptera 6 165 6 1.04  466.04 125 131 0.026+0.16  1.16+8.41 2.04+16.19 0.97+8.06 1.07
Isopoda 3 0.83 3 0.52 111.26 0.3 0.55 0.013+0.11 0.39+3.78 0.49+6.64 0.44+6.44 0.42
Isoptera 17 468 97 16.81 672.2 1.8 7.76  0.424+1.88 5.96+22.52 2.94+12.89 5.44+21.41 5.7
Insect larvae 18 496 25 433 2953.7 7.89 573 0.109+0.42 4.94+19.20  12.90+61.45  5.51+20.93  5.22
Mantodea 1 0.28 1 0.17 24.52 0.07 0.17 0.004+0.07 0.11+1.65 0.114+1.62 0.04+0.56 0.07
Plant material 4 11 6 1.04 139.8 037 0.84 0.026+0.23  1.05+9.49 0.61+5.56 0.92+9.34  0.99
Myrmelionidae 3 0.83 3 0.52 83.77 0.22  0.52 0.013+0.11  0.26+2.31 0.37£3.45 0.25+2.86  0.25
larvae

Odonata 1 0.28 1 0.17 27.64 0.07 0.17 0.004+0.07 0.44+6.61 0.124+1.83 0.44+6.61 0.44
Opiliones 2 055 2 0.35 13.43 0.04 031 0.009+0.09  0.27+3.40 0.06+0.78 0.11+41.34  0.19
Orthoptera 44 1212 46 7.97 574038 15.34 11.81 0.201+0.42 14.63+33.10 25.07+67.14  15.99+34.43 15.31
Insect egg 1 0.28 1 0.17 8.93 0.02 0.16  0.004+0.07 0.15+2.20 0.04+0.59 0.03+0.43 0.09
Phasmida 1 028 1 0.17 46.9 0.13  0.19 0.004+0.07  0.11+1.65 0.20+3.10 0.07+£1.08  0.09
Scorpionida 2 055 2 0.35 449.04 1.2 0.7  0.009+0.09  0.58+6.96 1.96+21.17 0.59+7.00  0.59
Total 577

available, 39 were above ground and perches averaged
0.31+0.40 m (range=0.10-1.80 m).

Body temperatures averaged 31.62+2.52°C (n=102,
range=26.50-36.60°C), substrate temperatures
averaged 30.99+3.07°C (n=107, range=25.80-42.00°C),
air temperature at 5 cm above the substrate averaged
30.90+3.10°C (n=45, range=24.20-38.00°C), and air
temperatures at chest height averaged 30.76+2.76°C
(n=106, range=23.80-37.60°C). A stepwise multiple
regression analysis showed that body temperature is
more strongly associated with air temperature at 5 cm
from the substrate (r=0.83; F, . =27.32; p<0.001) than

2,42
with the other environmental temperatures recorded.

Diet

We compiled data on 578 food items identified in 26
different categories. The diet was mainly composed
of invertebrates (insects, spiders and molluscs) and
occasionally plant material (Table 1). The most important
item was Araneae, representing approximately one
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quarter of the diet considering number, volume,
frequency, or the relative importance of prey categories
(Table 1). Orthoptera and Formicidae were always among
the four most important categories. Considering pooled
stomachs, Isoptera and Blattaria were most important
numerically and volumetrically, respectively (Table 1).
Prey importance indices for both individual and pooled
stomachs indicated that more than 60% of the diet
consists of only four prey categories.

Overall, diet niche overlap was high between malesand
females for both frequency (0.76) and volume (0.951),
indicating that males and females eat similar items. The
intersexual comparison of niche breadth using individual
stomachs and controlling for SVL showed a significant
differencein prey number (ANCOVA F, ,5=6-203, p<0.005;
males=1.407£0.531, females=1.595+0.892), and no
difference for volume (ANCOVA F2'209=2.113, p<0.1235;
males=1.29610.447, females=1.36710.610). Both mean
prey volume and maximum prey volume were moderately
related to SVL (mean volume: r=0.171, p=0.0117; max
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Table 2. Summary of morphometric variables of

Anolis brasiliensis according to sex. Values represent 10 i
meantstandard deviation of isometric body size and %Eﬁgﬁgx 5:55
shape (size-free) variables. Raw values (in mm) are in B 80 Pz
parentheses. g 4 Z:
%5 60 i z i
Variables Females (n=372) Males (n=325) % 5% 2 i
Body size 4.06+0.08 4.040.11 £ 40 ¢ ;
[0} 2 Stage V
Snout-vent 0.43+0.02 0.44+0.02 g 7 I Stagel
length (60.83+3.73) (60.78+5.36) O oo & Stage Il
2 Stage ll
Tail length 0.78+0.02 0.82+0.02 m Stage |
(138.15+10.84) (146.38+14.69) 0
Body width -0.25+0.05 -0.33+0.05 J'FMAM J JU'A'S OND
(12.78+1.86) (10.28+1.56) Fig. 3. Spermatogenesis activity in male Anolis brasiliensis
Body height -0.37+0.04 -0.40+0.05 from Cerrado.
(9.84+1.37) (9.00+1.49) . o . .
Head width 0.3740.02 0.3640.02 in the lumen, an.d m|tot?|c activity reached its maximum
(9.78+0.68) (9.81+0.77) level, coupled with maximal values of testes parameters
. (Table 4). Epididymides in stages I, Il and Ill contained no
Head height -0.45£0.03 -0.45£0.03 sperm and had reduced lumina, and lower epithelium
(8.0820.75) (7.98:0.69) with cuboid cells. In stage IV, the lumen of the epididymis
Head length -0.19+0.02 -0.18+0.01 was completely filled with spermatozoa, while in stage
(14.78+0.89) (14.70+1.19) V the lumen had spermatozoa and/or an amorphous
Forelimb 0.09+0.02 0.11+0.02 material (sometimes with a few spermatozoa). Stages |
length (27.69+1.79) (28.66+2.44) to Il occurred only in the period between January and
Hindlimb 0.33+0.02 0.35+0.02 August (Fig. 3). Stages IV and V occurred in some males
length (48.30+3.13) (49.75+3.81) almost year-round, from June to January, with peaks

volume: r=0.209, p=0.002). Minimum prey volume was
not associated with SVL (r=0.099, p=0.144).

Considering pooled stomachs, males had a wider
volumetric niche breadth (t=39.96, df=1960,7,
p<0.001). Females had a slightly wider numeric niche
(t=4.44, df=1993,82, p<0.001, males=6.2710.98,
females=6.4610.93).

Morphometry and sexual dimorphism

Morphometric variables are summarised in Table 2.
Females have a larger body size than males (F1,595=17'87'
p<0.001). A significant intersexual difference exists on
the shape variables taken simultaneously (x2=490.31,
p<0.001). The model selection analysis indicated that
body width, tail length, head length, head height and

SVL are the most powerful discriminators between

sexes (Table 3). The linear discriminant function using 100~
the five selected variables had a misclassification error
of 0.14 based on 100 bootstrap replications. The model & 804
averaging analysis retained 24 models with DAIC <4; E
averaged coefficients were significant only for head g
length and tail length, which were also the variables 5 607
with highest relative importance (Table 3). Females have %
shorter heads and tails relative to males (Table 2). g 40
. § W Eggs
Reproduction g 20+ 5335 and follicles
Males of A. brasiliensis varied from 30 to 75 mm (n=396). & Follicles
The smallest male bearing spermatozoa had a SVL of 0 @ Non reproductive

46 mm. Five stages of spermatogenic activity were
recognised. Mitotic activity of the germinative epithelium
is pronounced in stage Il and even more pronounced in
stagelll(Table4).InstagelV, testes contained spermatozoa
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from November to January (Fig. 3).

Females of Anolis brasiliensis had an SVL between 26
mmand 70mm (n=417). The smallest reproductive female
had a SVL of 49.4 mm. Although mean egg production
based on oviductal eggs was 1.74 (n=228), the number of
eggs deposited at one time (clutch size) is one, because
each egg was at a different stage of shell development.
Potential egg production based on vitellogenic follicles
was 5.14 (n=264), and on corpora lutea was 1.97 (n=221).
Estimates of egg production based on oviductual eggs
and vitellogenic follicles were not statistically different
(ANOVA F150,=0.831, p=0.363). Egg production based on
combined oviductal eggs and vitellogenic follicles varied
from 1 to 8 (=1.44%0.57, n=303) and was correlated with
female SVL (F1'299=23.65, p<0.001). Based on a paired
t-test, we found significant differences of egg volume

JIFIMIﬂIMIJIJIAISIOINIDI

Fig.4.Reproductive condition of female Anolis brasiliensis
from Cerrado.
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Table 3. Model selection and model averaging of shape variables as predictors of sex in Anolis brasiliensis. Best model is
the shortest model based on manual selection of variables and the Akaike Information Criterion (AIC). Values represent
coefficients of variables in different models. Asterisks indicate significant model-averaged coefficients (p<0.05). svl:
snout-vent length, tl: tail length, bw: body width, bh: body height, hw: head width, hh: head-height, hl: head length,

fll: forelimb length, hll: hindlimb length.

2

Intercept svl tl bw bh hw hh hl fll alll AIC % p
Full model -42.06 -21.75 40.30 -31.36 -13.74 2111 1.63 -64.24  10.25 NA  490.77 490.31 <0.001
Best model -46.228 -25.24 33.72 -37.94 -18.77 — — -62.72 — — 489.18 8.74 0.003
Model- -43.25 -18.05 42.87* -28.89 -10.99 2041 532 -60.24* 11.29 3.96
averaged
coefficients
Relative 1.00 0.83 0.97 0.89 0.86 0.74 0.59 0.97 0.55 0.50
variable
importance

within lizards with more than one oviductal egg (t=8.57,
df=106, p<0.001, volume of largest egg=539.71+139.31,
volume smallest egg=432.25%+120.48), indicating that
these lizards deposit a single egg sequentially. The
presence of oviductual eggs and vitellogenic follicles was
more evident in the rainy season, mainly from October
to January (Fig. 4). Mean egg volume was 480.841103.20
mm?3, and was positively correlated with female SVL
(F1,224=3.94, p=0.048). Recruitment occurred mostly from
January to April, but a few newborns were present in
November (Fig. 5).

DISCUSSION

Species distribution modelling

Anolis brasiliensis has a large distribution within the
Cerrado biome in central Brazil, with additional areas
of suitability within the Caatinga biome in northeastern

Table 4. Descriptive testis parameters according
with spermatogenic activity stages. n=sample size,
DST=diameter of seminiferous tubule, GEH=germinative
epithelium height and V=testis volume (mm3).

Stages n Parameters Average Min Max

| 5 DST 1.31 0.43 231
GEH - - -

\ 9.73 0.42 22.99

I 2 DST 1.54 0.67 241

GEH 0.66 0.13 1.20

\Y 7.70 6.76 8.63

I 17 DST 1.54 0.91 2.76

GEH 0.42 0.16 1.16

\" 10.66 1.66 29.70

\Y 95 DST 2.60 1.34 3.72

GEH 0.86 0.43 1.36

\Y 29.01 0.39 55.33

\ 56 DST 2.44 1.08 3.57

GEH 0.20 0.06 1.21

\Y 25.33 1.73 45.48
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Brazil, and northern savannahs in Venezuela and
Colombia. The speciesisassociated with areas with strong
precipitation seasonality. At a finer scale, it is associated
with rather forested areas compared to the grasslands
and savannahs otherwise typical of the Cerrado (e.g.,
Vitt et al., 2008a). Habitat structural changes within the
Cerrado can be determined by soil type, terrain declivity,
nutrient and water availability, and fire dynamics (Oliveira
& Marquis, 2002). The thermal ecology of A. brasiliensis
(previously discussed in Vitt et al., 2008a) could partly
explain its distribution within the Cerrado.

Microhabitat, activity and temperatures

Anolis brasiliensis were collected only at, or next to,
forestedsitesontreesand leaflitter. These anoles typically
rely on crypsis, and are most commonly observed prior to
the hottest hours of the day in shaded areas. Concerning
activity and microhabitat use, A. brasiliensis is therefore
similar to other species in the A. chrysolepis species
group, as well as more distantly related Amazonian
anoles such as A. trachyderma and A. fuscoauratus (Vitt
et al., 2002; 2008b). However, A. brasiliensis is more
active early in the morning, contrasting with the patterns
reported for A. nitens, A. tandai and A. scypheus (Vitt
& Zani, 1996; Vitt et al., 2001a). Anoles in the Amazon
rainforest do not experience extreme daily or seasonal
temperature fluctuations as do anoles in Cerrado, where
they are exposed to a prolonged dry season (Vitt et al.,
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Fig. 5. Snout-vent-length of Anolis brasiliensis from
Cerrado.
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2008b). Nevertheless, it appears to retain physiological
traits of other species within the A. chrysolepis group.

Body temperatures of active Anolis brasiliensis were
similar to Amazon rainforest anoles including A. tandai
(27.7°C, Vitt et al., 2001a), A. nitens, A. scypheus (27.9°C,
Vitt & Zani, 1996), A. punctatus and A. transversalis
(29.2°Cand 27.6°C, Vitt et al., 2003c), and A. fuscoauratus
(28.7°C, Vitt et al., 2003b). However, body temperatures
of active A. brasiliensis were considerably lower than
those of sympatric species such as Ameiva ameiva
(37.0-39.4°C, Vitt & Colli, 1994), Cnemidophorus ocellifer
(37.5°C, Mesquita & Colli, 2003a, b), Kentropyx calcarata
(37.6°C, Vitt, 1991b; Vitt et al., 1997a), Tropidurus
oreadicus (33.48°C, Faria & Araujo, 2004), Micrablepharus
maximiliani (34.6°C, Vieira et al., 2000), but similar to
Copeoglossum nigropunctatum (32.9°C, Vitt & Blackburn,
1991; Vitt et al., 1997a) and Gymnodactylus amarali
inside termite nests during daytime (31.3°C, Colli et
al., 2003; Vitt et al., 2007). Forest thermoconformers
(e.g., Sphaerodactylus) are usually active at relatively
low temperatures, and are considered intolerant to
extreme temperatures (Huey, 1974; Huey & Slatkin, 1976;
Huey et al., 2009). Although low body temperatures in
anoles may reflect phylogenetic conservatism, they are
influenced by environmental temperatures. For example,
A. auratus in Amazonian savannahs operates at higher
body temperatures (e.g., 33.9°C, Vitt & Carvalho, 1995).
Considering that body temperatures of A. brasiliensis and
closely related forest species are similar, a combination
of habitat choice (forested areas) and behaviour (activity
period) likely allows A. brasiliensis to live in the thermally
more extreme Cerrado.

Diet

Dietary differences among closely related species,
populations, and seasons are common, and have been
shown for many lizard species (Dunham, 1983; Pianka,
1986; Vitt, 1991c; Vitt et al., 2003b; Losos, 2009). Spiders,
grasshoppers, ants and termites are common items in
the stomachs of a previously studied population of A.
brasiliensis (Vitt et al., 2008a), as well as other Neotropical
anoles (Vittetal.,2003b, c). Thisis not unexpected, because
anoles are generalists and share a similar morphology
and foraging behaviour. Similarity in diets among anole
species likely represents niche conservatism nested in
the species’ evolutionary history. These prey types are
not only common among anoles (Vitt et al., 2001b; Vitt &
Zan, 2005; Vitt et al., 2008a), but among other Amazonian
insectivorous sit-and wait iguanians (Huey & Pianka,
1981; Cooper et al., 2001). Dietary differences are often
expressed in relative proportions rather than prey types,
with the exception of species that specialise on ants
(Pianka & Pianka, 1970; Pianka & Parker, 1975; Vitt, 1991a;
Vitt et al., 1997b). In Amazonian anoles, species from the
same forest strata can differ in prey type or in prey size
(Vitt et al., 2002; 2003b, c).

Differences in niche breadth between sexes were
detected, even when the effect of body size was taken
into account, but could not be associated with head
dimensions considering that prey types overlapped
between sexes. Intersexual differences in diet appear a
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consequence of the interaction of low specialisation in diet
and social behaviour, which could promote differences in
microhabitat use and foraging (Perry, 1996; Butler et al.,
2000; 2007; Butler, 2007.

Sexual Dimorphism

Female A. brasiliensis are larger but have shorter heads
and tails than males, similar to A. chrysolepis and A.
trachyderma from Amazonia (Vitt & Zani, 1996; Vitt et al.,
2002). Sexual size and shape dimorphism is widespread
in Anolis (Losos, 2009), and can result from differences in
mating systems, diets and habitat use (Losos et al., 2002).
Caribbean anoles exhibit sexual differences in microhabitat
use (perch height and diameter, Butler et al., 2000; Butler
& Losos, 2002), which might also be the case for A.
brasiliensis. Sexual differences in head shape have been
correlated with dietary performance, with males ingesting
harder and more robust prey (Herrel et al., 2003; 2006),
as well as sexual selection (Vitt & Zani, 1996; Butler &
Losos, 2002). Because we observed high diet niche overlap
between sexes in A. brasiliensis, the observed head size
differences may be a sexually selected trait important for
male-male combat or interactions with females. Tail length
in Anolis is related to locomotion (especially in arboreal
habitats, Gillis et al., 2009) and differences in tail length
may result from shifts in microhabitats between sexes
(Losos, 19904, b). This reinforces the demand for detailed
information about microhabitat use in A. brasiliensis to
address whether sexual dimorphism and diet differences
are explained by habitat use or social interactions.

Reproduction

Reproduction in A. brasiliensis is extended and markedly
seasonal. Males begin reproductive activity before
females. Early initiation of reproduction by males has a
low cost because spermatozoa production is energetically
inexpensive (Marshall & Hook, 1960). When females are
not in breeding condition, the frequency of reproductive
males decreases, suggesting a benefit of synchronisation
of extended male reproductive activity with female
reproduction (Vieira et al., 2001; Wiederhecker et al.,
2002). Reproduction of several other tropical lizard
species is markedly seasonal (Barbault, 1976; Rocha, 1992;
Van Sluys, 1993; Colli, 1991; Wiederhecker et al., 2002;
Mesquita & Colli, 2003b), with low food availability and egg
desiccation during the dry season as likely reasons (Janzen
& Schoener, 1968; Andrews et al., 1982; Andrews & Wright,
1994). However, the critical level of arthropod abundance
has never been established, and a study of 13 tropical
lizard species showed that fat accumulation occurs mainly
inthe dry season, suggesting that reproductive seasonality
is not constrained by food (Colli et al., 1997). Egg survival
can also be a critical factor for lizard recruitment (Overall,
1994), and poor hydric conditions can reduce embryo
size, thereby restricting the breeding season (Packard et
al., 1982; Packard & Packard, 1988). The predominance
of incubating eggs during the rainy season observed in
A. brasiliensis suggest that environmental conditions for
egg development can influence the seasonal reproductive
pattern.



During the peak of reproductive activity in females
(October to January), only stages IV (full reproduction) and
V (beginning of degeneration) were observed in males.
This suggests that variation in the germinative epithelium
activity is small and cell division is restored shortly after
arrest (degeneration). Thus, although spermatozoa
are present in males practically year-round, during the
female breeding season there is a marked increase in
germinative epithelium cell division. This pattern has also
been observed in A. opalinus (Jenssen & Nunez, 1994) and
Tropidurus torquatus (Vieira et al., 2001).

Clutch size in A. brasiliensis is one egg, which is small
compared to other Cerrado lizards which lay between 2
and 16 eggs (Colli, 1991; 2003b; Colli & Zamboni, 1999;
Mesquita & Colli, 2003a, Wiederhecker et al., 2002).
However, A. brasiliensis and other anoles can produce
clutches of a single egg in rapid succession, such that
seasonal egg production may not be different from other
Cerrado lizard species that produce multiple egg clutches
(e.g., Vieira et al., 2000). Even though anoles produce
only a single egg at a time, they have been much more
successful in terms of diversification than most other
lizards. Seasonal egg production and oviductal egg volume
in A. brasiliensis was correlated with female SVL. The
formeris common in species that do not have a fixed clutch
size (Tinkle et al., 1970; Dunham & Miiles, 1985; Dunham
et al., 1988), and the latter has previously been suggested
for anoles (Andrews & Rand, 1974). We also show that
the total complement of oviductal eggs and vitellogenic
follicles (an indicator of seasonal reproductive potential)
increases with female size. Breeding by A. brasiliensis took
place in the rainy season and likely reflects the effect of
the hydric environment on egg development. The Cerrado
dry season experiences long periods of high temperatures
and little rainfall. Microhabitats for egg development
of A. brasiliensis are poorly known, and nothing is
known about the physiological response of their eggs
to desiccation. However, studies on other lizard species
have demonstrated that substrate water potential affects
hatchling size and condition (Muth, 1980; Tracy, 1980;
Packard & Packard, 1988; Packard, 1991; Lin & Ji, 1998),
and wet (but not dry) mass of hatchlings (Ji & Brana, 1999).

In this study, we have shown that the widespread
Cerrado anole, A. brasiliensis, is ecologically very similar
to other species in the A. chrysolepis species group as
well as more distantly related anoles, some of which live
in tropical lowland rainforests such as the Amazon. These
observations of conserved life-history traits reiterate the
importance of evolutionary history for squamate reptiles
(Vitt et al., 2003a; Vitt & Pianka, 2005).
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