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Abstract Bergmann’s rule predicts an increase in body
size with decreasing environmental temperature; how-
ever, the converse pattern has been found in the major-
ity of lizards studied to date. For these ectotherms, small
body size may provide thermal benefits (rapid heat uptake
when basking), which would be highly advantageous in
cold environments. Yet such an advantage may not exist
in nocturnal lizards (which do not avidly bask), in which
Bergmann’s rule has not been closely studied. We have
examined whether the body size of a primarily nocturnal
gecko, Woodworthia “Otago/Southland” changed with ele-
vation and operative temperature (determined using physi-
cal copper models). In a laboratory study, we investigated
whether thermoregulatory mode (heliothermy or thigmo-
thermy) alters the effect of body size on heating and cool-
ing rates. This gecko followed Bergmann’s rule, thereby
showing the opposite of the dominant pattern in diurnal liz-
ards. Size at maturity, maximum size of adults and size at
birth were larger at higher elevations and at lower operative
temperatures. Using physical models, we found that large
body size can confer thermal benefits for nocturnal lizards
that remain within diurnal retreats. Bergmann’s rule should
not be dismissed for all lizards. Our results clearly support
Bergmann’s rule for at least one thigmothermic species, for
which large body size may provide thermal benefits. Future
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studies on Bergmann’s rule in lizards should consider ther-
moregulatory mode. We advocate that this ecogeographic
rule be examined in relation to operative temperature meas-
ured at field sites. Finally, we predict that climate warming
may weaken the relationship between body size and eleva-
tion in this gecko.
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Introduction

The thermal environment has a fundamental effect on
animal fitness and body size, such that spatial patterns in
body size often correlate with climatic variation over a
geographical gradient. Bergmann’s rule summarises such
a biogeographic pattern, describing increasing animal body
size with higher latitude or elevation and, accordingly, with
decreasing temperature (Meiri 2011). Originally formu-
lated in 1847, the rule is still hotly debated (Ashton 2001;
Meiri 2011; Olalla-Tarraga 2011). Some contend that
Bergmann’s rule should remain as it was originally framed,
namely, a causal rule requiring the original proposed mech-
anism—heat conservation—to be proven in every case
and applied to endotherms only (Pincheira-Donoso 2010;
Watt et al. 2010). However, many argue that Bergmann’s
rule is most useful when framed as a correlative rule, used
to describe patterns, not processes (Blackburn et al. 1999;
Meiri 2011; Olalla-Tarraga 2011). This broader interpreta-
tion allows the rule to be examined in a wide range of taxa,
for which a suite of different selective pressures may cause
body size clines (Blackburn et al. 1999). In addition to
these debates, there is as yet no consensus as to how Berg-
mann’s rule should be investigated (Blackburn et al. 1999;
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Gaston et al. 2008; Meiri 2011; Olalla-Tarraga et al. 2010),
with three possible methodological approaches: intraspe-
cific (between populations), interspecific (each species as
an individual data point) or assemblage-based (using grids
to examine variation at the community level) (Gaston et al.
2008).

In light of these debates, it is hardly surprising that there
is disagreement as to which taxa adhere to Bergmann’s
rule. It is strongly contested for terrestrial ectotherms
(Pincheira-Donoso 2010), with evidence for a converse
trend—that ectotherm body size is smaller at higher lati-
tudes and elevations, where temperatures are lower—or no
trend at all [converse-Bergmann’s rule (Ashton and Feld-
man 2003; Blanckenhorn and Demont 2004); no trend (Dil-
lon et al. 2006; Pincheira-Donoso and Meiri 2013); note:
only intraspecific studies are listed here]. There are even
contrasts within taxonomic groups—for example, intraspe-
cific studies on anurans report all three associations with
temperature [no trend (Adams and Church 2008; Ashton
2002); converse-Bergmann’s (Cvetkovi¢ et al. 2009); Berg-
mann’s rule (Schiauble 2004)]. A wide variety of complex
processes could be causing these clines in ectotherm body
size, including the thermal plasticity of growth rates (Wal-
ters and Hassall 2006), local adaptations to achieve more
efficient thermoregulation (Ashton and Feldman 2003)
or the need to survive periods of extreme cold or drought
(Blackburn et al. 1999; Cushman et al. 1993).

Which variation of the rule dominates in lizards is still
under intense debate, with most evidence suggesting the
converse trend or no trend at all [Ashton and Feldman
(2003) and Pincheira-Donoso and Meiri (2013), respec-
tively; both meta-analyses of intraspecific studies). How-
ever, studies on lizards have included very few nocturnal
species, for which selective forces may differ. Diurnal
lizards may have evolved a small body size in cold cli-
mates (converse-Bergmann’s) because the high surface
area relative to volume would permit rapid heat gain when
sun-basking (Ashton and Feldman 2003), an inference
supported by experimental studies (Carrascal et al. 1992;
Martin and Lopez 2003; Martin et al. 1995). However,
this small-body advantage may not exist for a nocturnal
species that does not gain heat primarily by basking. In
fact, large size could be beneficial in cold climates as it
could facilitate heat maintenance (Martin and Lopez 2003)
when foraging at night. Studies to date on eight nocturnal
lizard species show significant relationships (both posi-
tive) between body size and environmental temperature
in only two species; however, these studies relied on air
temperatures and body size data collected several decades
apart from museum specimens or from published studies
(Ashton and Feldman 2003; Pincheira-Donoso and Meiri
2013). Thus, the existence of trends in nocturnal lizards
remains uncertain.

@ Springer

In the past, studies commonly compared body size
against geographical gradients only (examples include
Blanckenhorn and Demont 2004; Cruz et al. 2005;
Pincheira-Donoso et al. 2008), assuming colder conditions
at high elevation or latitude (Oufiero et al. 2011) rather
than measuring temperature directly. However, the use
of geographical gradients to represent temperature is not
ideal as the relationship is not always simple and can be
influenced by localised weather patterns and physical hab-
itat (Brandt and Navas 2013; Oufiero et al. 2011; Shelomi
2012). Furthermore, as broad geographical ranges regu-
larly contain large variation in other factors that poten-
tially affect body size [for example, biotic interactions
(Angilletta et al. 2004) and biome type (Pincheira-Donoso
and Meiri 2013)], there could be confounding influences
that mask possible trends with temperature. More accurate
approaches include comparing body size against a meas-
ure of temperature, either air temperature (Meiri et al.
2013) or operative temperature (a measure of temperature
that replicates the body temperature of an organism in a
given environment; Angilletta 2009). Operative tempera-
ture is increasingly being considered a realistic and use-
ful estimate of ectotherm body temperature, using math-
ematical (Buckley et al. 2013; Huang et al. 2013; Kearney
et al. 2014; Sunday et al. 2014) or physical models (Bak-
ken 1992) to incorporate influences such as solar radiation,
conduction and wind (Buckley et al. 2013; Sunday et al.
2014). To our knowledge, the large majority of studies on
Bergmann’s rule in terrestrial ectotherms do not use opera-
tive temperatures nor do they physically measure tempera-
ture at actual sample sites; rather, they report air tempera-
ture commonly taken from interpolated climate databases
(examples include: Adams and Church 2008; Feldman
and Meiri 2014; Harris et al. 2012; Pincheira-Donoso and
Meiri 2013).

Here, we report the results of a field study in which
we examined whether a primarily nocturnal lizard fol-
lows Bergmann’s rule at the intraspecific level, in relation
to elevation and to operative temperature. Woodworthia
“Otago/Southland” (Garman 1901) (a proposed species
within the “common gecko” species complex previously
known as Hoplodactylus maculatus; Nielsen et al. 2011)
is a viviparous, long-lived gecko that occurs in the south-
ern regions of temperate New Zealand (Cree 1994; Rock
and Cree 2008). This nocturnally foraging gecko is often
found by day under rocks, where it gains heat by contact
with the uppermost rock surface, although it has been
reported to occasionally bask (Rock and Cree 2008; Rock
et al. 2002). We studied the variation in body size of adult
females and males and of the smallest juveniles. Given that
females and males may experience different reproductive
constraints and that these constraints can vary with temper-
ature [for example, gestation length (Cree and Hare 2010],
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we also investigated whether sexual size dimorphism var-
ied between sites. We placed physical models of lizards at
individual sampling sites spanning an elevation range that
varied little in latitude, enabling us to investigate how body
size correlated with operative temperature with minimal
confounding factors [for example, no significant genetic
differences (Nielsen et al. 2011)]. Secondly, we conducted
a laboratory study to test whether size-related thermal
benefits vary between behavioural thermoregulatory posi-
tions, by placing lizard models in three different situations
(two within a retreat and one openly basking). Overall, we
address two predictions: (1) that W. “Otago/Southland”
will not follow the converse-Bergmann’s rule, as the ther-
moregulatory benefits proposed for small-sized diurnal liz-
ards in cold environments may not exist for this nocturnal
forager; (2) that the most thermally advantageous body size
(small vs. large) varies between the thermoregulatory situa-
tions available to this primarily nocturnal species.

Materials and methods

Field study: geographic variation in environmental
temperatures and body size

Study sites

Seven sites at least 5 km apart and ranging from the coast
to approximately 40 km inland were sampled. The sites,
which spanned mean elevations from 54 to 1,039 m a.s.L.,
are labelled here simply as (sites) 1-7 to prevent poten-
tial identification by wildlife poachers. Latitudes and lon-
gitudes were broadly as follows: Otago Peninsula (two
sites)—45°87'S, 170°60'E; vicinity of Macraes Flat (three
sites)—45°38'S, 170°43’E; Rock and Pillar range (two
sites)—45°51’S, 170°12'E. The regional climate pattern
is for milder winters and longer summers at lower eleva-
tions, and harsher conditions with shorter activity seasons
at higher elevations (Fitzharris 2003).

Operative temperatures

To confirm the extent to which mid-summer temperatures
vary with elevation, temperature data loggers were placed
for a 4-week period during the austral summer (17 Dec
2010-15 Jan 2011) at six sites (excluding site 3, which was
not included due to time constraints). The i-button data log-
gers (DS1922L-F5 and DS1921G; Maxim Integrated Prod-
ucts, San Jose, CA) were placed inside copper models in
the full sun to record temperatures achieved by simulated
basking. We acknowledge that such placement does not
take into account possible variation in refuge temperatures
for geckos that do not bask, but refuge conditions vary so

widely within and among field sites that a meaningful com-
parison among sites would be extremely challenging. Mod-
els were made of copper pipe [ 110 (long) x 24 (wide) x
11 mm (height)] that had been painted brown (Café Roy-
ale; Resene, Wellington, New Zealand) to approximate
the size and colour of geckos. One end of the model was
crimped closed; the other end was sealed after the i-button
logger was placed inside. Loggers took recordings every
hour to a precision of 0.5 °C. The models were glued to
the upper-side of terracotta tiles [15 x 15 x 1.5 (thickness)
cm] and were then placed in the field near where pregnant
female geckos were found, with the ‘head’ (crimped) end
of the model facing north. These models were validated in
the laboratory by placing a copper model with a tempera-
ture data logger inside (Stowaway STEBO2; Onset Com-
puter Corp., Bourne, MA) on a rock alongside a gecko
(from a laboratory colony founded from the site 6 popula-
tion) anaesthetised with halothane and with a thermocou-
ple in its cloaca. The rock was placed below a heat lamp,
allowing the model and gecko to rise in temperature from
16 to 30 °C, whereupon the heat lamp was turned off and
the model and gecko were allowed to cool to room tem-
perature. The mean difference between the resulting tem-
peratures measured at 1-min intervals was 0.19 £ 0.12 °C,
and the gecko’s body temperature (y) was strongly related
to that of the model (x): ¥* = 0.961 (P < 0.001).

Body sizes

To obtain measurements of snout—vent length (SVL), we
sampled geckos over the austral summer. Sites were sam-
pled twice (once between October and December 2010,
once between February and May 2011), except for site 3,
which was sampled only in the latter period. Previous stud-
ies of this species confirm that these extremely long-lived
lizards grow very slowly; for example, at site 6 females are
estimated to take 8 years to reach maturity (Sheehan 2002).
Thus, we considered that growth over the sampling period
at a site was insignificant in comparison with the differ-
ences in SVL observed among sites (see ‘“Results”). The
broad sampling period also allowed us to measure small
juveniles soon after birth, which occurs in spring at site
6 (approx. 650 m a.s.l.) but in late summer or autumn at
lower elevation sites in the wider species complex (Cree
and Guillette 1995).

Geckos were hand caught during the daytime by turning
over rocks or using artificial retreat sites. Artificial retreats
consisted of two or three layers of Onduline roofing mate-
rial (Onduline, Auckland, New Zealand) separated by small
wooden blocks (as used successfully elsewhere for this spe-
cies complex; Lettink and Cree 2007) and were left in posi-
tion for no more than 3 weeks. Additionally, at site 2 some
geckos were found nearby or under two artificial retreats
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that had been placed by the landowner 1 year previously.
SVL was measured to the nearest millimetre using a ruler,
and elevation (4 m) was recorded using a GPS unit. An
ID number was drawn on the underside of the abdomen
for temporary identification, enabling recaptures prior to
moulting to be eliminated. Additionally, each animal’s
vent—tail length and tail regeneration length, as well the
location coordinates, were measured to assist with elimi-
nating inferred recaptures (see below).

For mature females, we obtained minimum, maximum
and mean body sizes from samples of 33-59 females
per site [Electronic Supplementary Material (ESM) 1].
The presence of reproductive structures detectable by
palpation (enlarged vitellogenic follicles in the ovaries,
or conceptuses in the uteri) was used to infer the size
at maturity of adults at a site. Above this size, females
were identified either by palpation or by the absence of
the hemipenial sac and enlarged pre-anal pores that are
characteristic of adult males (MacAvoy 1976; Towns
1985). Our experience is that palpation in this species
has a near 100 % accuracy at detecting reproductive con-
dition and stage of pregnancy (Cree and Guillette 1995;
Wilson and Cree 2003). We also report the mean size
of mature females that were reproductively active, i.e.
vitellogenic or pregnant (n = 17-40 per site as a subset;
ESM 1).

For adult males, we obtained minimum, maximum and
mean body sizes from samples of at least 10-25 males
per site (ESM 1). To estimate size at birth, we measured
8-21 of the smallest juveniles (<40 mm SVL) at each
site, including any with obvious placental scars (ESM 1).
On release, each animal was returned under the rock from
which it was caught, except for a few animals at site 6
which were temporarily retained in captivity for a separate
study.

Laboratory study: thermal significance of body size
in three thermoregulatory positions

We used painted copper models similar to those used in the
field study to simulate geckos of different sizes thermoreg-
ulating in three positions relative to their retreat site. Physi-
cal models are commonly used to mimic lizards (Shine and
Kearney 2001) due to the difficulty of getting a live lizard
to assume and hold specific positions. Two sizes of models
were used: large [90 (length) x 21 (width) x 11 (height)
and small [60 (Iength) x 15 (width) x 8 mm (height)]. The
model lengths approximated the SVLs of the smallest and
largest adult geckos, respectively, found in the field study.
The external probe of a temperature data logger (Stowaway
STEBO?2; Onset Computer Corp.) was positioned centrally
within the airspace inside each model, and the model’s
open end was then sealed.
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Each size of model was then tested in one of three posi-
tions (n = 4-5 models of each size per position). A ter-
racotta tile [20 x 20 x 0.5 (thickness) cm] was placed
over supports to simulate the rock surface of a retreat site
(Fig. 1). A heat lamp shone from above each tile to give
a tile surface temperature of 31 °C (£0.5 °C) at or above
where the models were placed. This temperature is realis-
tic, as individual W. “Otago/Southland” geckos select body
temperatures of up to 30 °C on a thermal gradient, and
body temperatures of up to 32.1 °C have been observed in
the field (Gaby et al. 2011; Rock and Cree 2008; A. Cree
unpublished observation). Tile temperatures were measured
using an infra-red thermometer (Fluke 568; Fluke Australia
Pty Ltd, Sydney, Australia). Room air temperature was
controlled at 12 °C, which is representative of mean air
temperature in the spring in the coastal Otago region (Wil-
son and Cree 2003).

Copper models were tested in the following three com-
binations of position and posture (hereafter simply referred
to as positions): ‘flat in sun’, ‘on-toes in wide retreat’
and ‘flat in tight retreat’ (Fig. 1). The ‘flat in sun’ posi-
tion simulated direct basking as occasionally observed in
field and laboratory studies (Cree et al. 2003; Rock and
Cree 2008); here, the model was placed on the tile roof of
the retreat directly below the heat lamp. In the ‘on toes in
wide retreat’ position, models simulated a type of thigmo-
thermic behaviour observed in field and laboratory studies
in which a gecko raises its body and presses it against the
warmed under-surface of a rock, while having an air space
underneath the body (Rock et al. 2002). Small wooden
blocks [10 x 10 x 15 (thickness) mm] were used to prop
the models at each end to achieve this position. The depth
of the air space under the models depended on the model
size (approx. 20 mm for ‘small’ models and approx. 15 mm
for ‘large’ models). The ‘flat in tight retreat’ position simu-
lated a second type of thigmothermy, also observed in the
field (Rock et al. 2002), in which a gecko in a tight retreat
touches a warm rock above and a cooler rock below simul-
taneously. For this position, models were placed directly
between a lower tile that was not heated and an upper tile
that received heat from the lamp.

Temperatures inside the models were recorded for a
2-h ‘heating’ period after the heat lamps were turned on.
The heat lamps were then turned off, and temperature
was measured for a further 50-min ‘cooling’ period (tests
showed that temperature had plateaued at room tempera-
ture by this point).

Statistical analyses
For the 4-week mid-summer field season, we calculated

mean daily minimum, mean (24 h) and maximum tempera-
tures for each copper model at each of six sites and then
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Fig. 1 Physical set-up and thermal profiles for laboratory study test-
ing the effect of body size on heating and cooling rates of simulated
geckos in three positions. For each position (a, b, ¢) the diagram at
the top shows the model positions relative to the tiles and heat lamps,
and the graph below shows the heating and cooling profiles. The
models were placed at the 31 °C temperature spot, and each model
was tested in an individual container. Small tiles used to support

averaged the values for loggers to obtain a site mean. Mean
daily temperatures (dependent variable) were examined in
relation to elevation (independent variable) using regres-
sion analysis. Analysis of covariance analyses were used
to compare the slopes (i.e. rates of change in temperature,
with elevation as a co-variate) for the minimum, mean and
maximum temperatures.

For the analysis of gecko body sizes across the field
sites, we first eliminated known or inferred recaptures.
Recaptures were either known from pen marks or inferred
using body measurements and GPS locations in conjunc-
tion with the known highly sedentary behaviour of adults
in this species complex (adults rarely move >5 m; Lettink
2007; Whitaker 1982). To investigate relationships between
SVL measurements and either elevation or copper model
temperatures, we performed regression analyses. Sexual
dimorphism in terms of minimum, mean and maximum
SVL (the difference in SVL between females and males at
each site) in relation to elevation and to copper model tem-
peratures was also examined using regression analysis. For
these analyses, body size (SVL or sexual dimorphism) was
included as the dependent variable, and either elevation
or temperature was used as the independent variable. The
relationship between size at birth (dependent variable) and

the upper terracotta tiles at their edges are not shown. The dimen-
sions given are for large models; the set-up was unchanged for small
models (not shown). CM Copper model, WB wooden block used to
hold the ‘on-toes’ model against the tile undersurface. For the graphs
shown at the bottom, n = 5 for all positions except for the large
models in b (n = 4). For clarity, the standard error (SE) is shown at
10-min intervals only

mean size of reproductive females (independent variable)
was also examined using regression analysis.

During sampling it became apparent that field site 2
was unusual in terms of both features of habitat and gecko
life-history. Rocks at this site were typically found directly
on the ground amongst rank grass, whereas at other sites
rocks were in stacks or slabs that would allow diurnal bask-
ing in crevices (ESM 2). Furthermore, the rock type at site
2 (breccia) has a lower thermal conductivity score than
those at the other sites (ESM 3), which would indicate that
geckos under rocks at site 2 might have difficulty achieving
consistently high body temperatures. Additionally, a con-
current study on variation of reproductive frequency with
elevation indicated that while female W. “Otago/Southland”
at adjacent sites (1, 3 and 4) reproduce annually, females
at site 2 reproduce only biennially [as do females at sites
5-7 (S. Penniket, unpublished data), consistent with colder
environmental temperatures (Cree 1994)]. Thus, all analy-
ses of body size and elevation or operative temperature are
presented both with and without data from site 2.

For the laboratory experiment, we calculated maximum
temperature reached, heating rate and cooling rate for each
model. Maximum temperature was the temperature at the
end of the 2-h heating period, just before the heat lamps
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were switched off. Heating rate was calculated for a rapid-
heating period (the change in temperature over the first
30 min after the heat lamps were turned on). Two cooling
rates were calculated: first, during a ‘fast-cooling’ period
(the first 15 min after the heat lamps were turned off); sec-
ond, over a ‘slow-cooling’ period (the following 35 min).
We first confirmed that individual model identity (each
model was tested three times, once in each thermoregula-
tory position) had no significant influence on tempera-
tures and heating rates using general linear models with
maximum temperature, heating or cooling rates as depend-
ent variables, positions as a fixed factor and model ID as
a covariate factor (all F5g ¢ < 2.66, P > 0.12). Thus, the
analysis was repeated excluding model ID to investigate
whether there were significant differences between ther-
moregulatory positions in maximum temperature and in
heating and cooling rates, tested separately for small- and
large-sized models. A one-way analysis of variance was
used to investigate whether size of model (specified as a
fixed factor) affected maximum temperature reached, heat-
ing rate or cooling rate (the dependent variable) in each of
the different positions.

All statistical analyses were performed in the statistical
package SPSS version 19.0 (IBM Corp., New York, NY),
with significance accepted at P < 0.05.

Results

Due to the large number of relationships reported in this
section, we present figures primarily for significant trends
only. Of the three measures of operative temperature, we
focus on mean daily mean temperature (hereafter mean
daily temperature), as this had the closest relationships with
body size for the majority of analyses. Results for the rela-
tionships with mean daily minimum and maximum temper-
ature are given in ESM 4. For the outcomes of all statistical
comparisons between gecko body size and environmental
variables, see Table 1.

Field study: geographic variation in environmental
temperatures and body size

Operative temperatures

For the copper models placed in full-sun positions over a
4-week mid-summer period, mean daily minimum tem-
perature, mean daily temperature and mean daily maximum
temperature all showed significant, inverse relationships
with elevation (Fig. 2). Although mean daily minimum
temperature and mean daily temperature tended to fall by
lesser amounts than mean daily maximum temperature
with every 100-m rise in elevation (0.4, 0.5 and 1.1 °C
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respectively), these differences were not statistically sig-
nificant (F, |, = 3.40, P = 0.068).

Relationship between body size and mean elevation

In mature male geckos the minimum size at maturity varied
from 60 to 69 mm SVL across the seven sites and did not
vary significantly with elevation. However, the minimum
SVL of males at site 2 was unexpectedly large (68 mm),
and a significant increase with elevation was apparent when
the analysis was repeated excluding this site (Table 1; ESM
5). The variation in mean male SVL with elevation ranged
from 68 to 81 mm, and maximum SVL varied from 78 to
93 mm. Both mean and maximum male SVL increased sig-
nificantly with elevation (Table 1; ESM 5).

The minimum size of mature females varied from 60
to 73 mm SVL and increased significantly with eleva-
tion (Table 1; ESM 5). The variation in mean SVL across
the seven sites was similar for all mature females (range
68-82 mm) and for reproductive (vitellogenic or pregnant)
females only (range 68—83 mm). Both measures increased
significantly with elevation (Table 1; all females: ESM
5). Maximum female SVL varied from 76 to 91 mm and
increased significantly with elevation (Table 1; ESM 5).

Size at maturity was the only measure of sexual size
dimorphism that showed a significant relationship with
elevation (positive; Table 1; ESM 6). Although for the five
lowest elevation sites the reported dimorphism in minimum
SVL (defined here as the difference in size at maturity
between females and males) was within the measurement
error, for the two highest elevation sites the degree of sex-
ual size dimorphism (range 4—6 mm) was greater. The min-
imum size of juvenile geckos (inferred size at birth) varied
across the seven sites from 28 to 34 mm SVL and increased
significantly with elevation (Table 1; ESM 5).

Relationship between body size and mean daily
temperature

Gecko body size in relation to copper model temperatures
in mid-summer was examined at six sites (Fig. 3). The
minimum size at maturity of male geckos did not vary sig-
nificantly with mean daily temperature; however, when site
2 was excluded from the analysis, there was a significant
decrease in minimum size at maturity of male geckos with
increasing mean daily temperature (Table 1; Fig. 3a). Both
mean and maximum male SVL decreased significantly as
mean daily temperature rose (Table 1; Fig. 3a).

The minimum size of mature females showed a signifi-
cant, negative relationship with mean daily temperature
(Table 1; Fig. 3b). Mean SVL for all mature females and
for reproductive (vitellogenic or pregnant) females only
decreased significantly as mean daily temperature rose
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Table 1 Statistical results from regression analyses examining relationships between Woodworthia “Otago/Southland” gecko body size (snout—
vent length) and either elevation or copper model temperatures in the field

Gecko size variables ~ Gecko population variables Elevation (m a.s.l.) Measures of operative temperature
Mean daily mini-  Mean daily mean Mean daily
mum temperature  temperature (°C) maximum tem-
(°C) perature (°C)
r P r P r P 7 P
Minimum size Male 0.27 0.24 0.46 0.14 0.23 0.34 0.001 0.94
Male excl. site 2 0.86 0.008*  0.90 0.015%  0.83 0.031* 0.63 0.12
All females 0.67 0.025*  0.79 0.017*  0.76 0.024* 0.41 0.17
All females excl. site 2 0.82 0.013*  0.81 0.038*  0.88 0.019% 0.85 0.027*
Juvenile 0.81 0.006*  0.88 0.005*  0.94 0.001* 0.71 0.036*
Juvenile excl. site 2 0.77 0.021%  0.96 0.004%  0.93 0.009% 0.69 0.081
SSD 0.64 0.03* 041 0.17 0.69 0.042* 0.91 0.003*
SSD excl. site 2 0.58 0.080 0.45 0.22 0.64 0.106 0.85 0.027*
Maximum size Male 0.78 0.008*  0.95 0.001*  0.97 0.0001*  0.60 0.069
Male excl. site 2 0.79 0.019%  0.95 0.004%  0.97 0.001* 0.80 0.040*
All females 0.81 0.006*%  0.79 0.017%  0.87 0.007* 0.64 0.056
All females excl. site 2 0.87 0.007%  0.78 0.047%  0.87 0.020* 0.92 0.011%
SSD 0.002 093 0.25 0.31 0.20 0.38 0.050  0.61
SSD excl. site 2 0.003  0.92 0.24 0.41 0.18 0.48 0.028  0.79
Mean size Male 0.69 0.020*  0.93 0.002*  0.89 0.005* 0.46 0.14
Male excl. site 2 0.80 0.016%  0.93 0.008*  0.99 0.0001%  0.86 0.024%
All females 0.80 0.007*  0.82 0.013*  0.87 0.007* 0.58 0.079
All females excl. site 2 0.88 0.006%  0.81 0.037%  0.92 0.010% 0.96 0.004*
Reproductive females 0.74 0.013*  0.82 0.013*  0.83 0.011* 0.49 0.12
Reproductive females excl. site 2 0.88 0.006%  0.83 0.032%  0.94 0.006* 0.97 0.002*
SSD 0.13 0.43 0.005  0.89 0.007  0.88 0.12 0.50
SSD excl. site 2 0.090  0.56 0.020 0.82 0.002 095 0.065  0.68

All analyses were conducted both with and without (values given in italics) outlier site 2

SSD, Sexual size dimorphism [female snout—vent length (SVL) — male SVL)]

* P <0.05

Fig. 2 Daily temperatures 457
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Mean temperature (°C)

Fig. 4 Sexual size dimorphism in size at maturity (female minimum
size — male minimum size) of mature W. “Otago/Southland” geckos
in relation to mean daily mean temperature (£SE) of copper models
in summer at six sites (no temperature data available for site 3). For
sample sizes, see ESM 1

(Table 1; all females: Fig. 3b). Maximum female SVL
declined significantly as mean daily temperature increased
(Table 1; Fig. 3b).

Sexual size dimorphism in size at maturity showed a
significant relationship with mean daily temperature (nega-
tive; Table 1; Fig. 4). The minimum size of juvenile geckos
decreased significantly as mean daily temperature rose
(Table 1; Fig. 3b).
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sun’ position reached significantly higher temperatures and
showed significantly faster heating and ‘fast-cooling’ rates
than the models in ‘on-toes in wide retreat’ and ‘flat in tight
retreat’ positions (all F,j,_, > 4.74, P < 0.030; Fig. 1).
However, for both size categories, ‘slow-cooling’ rates were
significantly faster in the ‘on-toes in wide retreat’ posi-
tion than in the other two positions (all F,;; 1, > 29.36,
P < 0.001). The effect of model size within each of these
positions is discussed in the following subsections.

‘Flat in sun’ heating position

In this position, the small models reached a significantly
higher mean maximum temperature than the large models
(32.4 + 0.2 vs. 31.4 + 0.3 °C, respectively; F;g = 7.44,
P = 0.026; Fig. 1). The small models also increased in
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temperature at a slightly but significantly faster rate for the
first 30 min of heating (F1,8 =9.53, P =0.015; Fig. 5).

Over the 15-min ‘fast-cooling’ period, there was a small
and not quite significant difference between model sizes
in the mean rate of heat loss (Fig = 476, P = 0.061;
Fig. 5). Over the 35-min ‘slow-cooling’ period, the small
and large models decreased in temperature at similar rates
(F1 g =2.06, P = 0.19; Fig. 5).

‘On-toes in wide retreat’ heating position

Large models reached a significantly higher mean maxi-
mum temperature [26.6 £ 0.5 °C (large models) vs.
25.4 £ 0.3 °C (small models); F;; = 5.67, P = 0.049;
Fig. 1] and heated at a significantly faster mean rate over a
30-min period (Fi7= 9.06, P = 0.02; Fig. 5).

There was no significant difference in mean cooling
rates between the model sizes over the 15-min ‘fast-cool-
ing’ period (F ; = 1.17, P = 0.32; Fig. 5). In contrast, over
the 35-min ‘slow-cooling’ period, the large models cooled
at a significantly faster mean rate than the small models
(Fi;=11.83, P=0.011; Fig. 5).

‘Flat in tight retreat’ heating position

In this position, a difference of 1 °C in mean maximum
temperatures reached by the two model sizes was not
statistically significant [25.0 £ 0.5 °C (small models)
vs. 24.0 £ 0.4 °C (large models); Fig = 2.54, P = 0.15;
Fig. 1). The small and large models did not differ sig-
nificantly in heating rates over the 30-min heating period
(F1g =3.67, P =0.092; Fig. 5).

Over the ‘fast-cooling’ period there was no significant
difference in the mean rates of heat loss between the model
sizes (Fyg = 4.25, P = 0.073, Fig. 5). Over the 35-min

‘slow-cooling’ period, the two model sizes cooled at the
same mean rate (F g = 0.32, P = 0.59; Fig. 5).

Discussion

We present a comprehensive investigation, controlling for
latitude, to show that Bergmann’s rule is valid for a noctur-
nally foraging lizard, the viviparous Woodworthia “Otago/
Southland” gecko of southern New Zealand. A pattern of
greater body size at higher elevation is consistent across
life-history stages, existing in adult males, adult females
and juvenile geckos. Furthermore, this pattern is consistent
with declining operative temperature (in a basking situa-
tion) at higher elevation. We demonstrate a novel approach
of examining an ecogeographic rule against operative tem-
perature measured at sampling sites. In a laboratory study
we provide an explanation using physical models as to why
both Bergmann’s and converse-Bergmann’s rules can be
observed in lizard species.

Size at maturity (minimum adult size) of W. “Otago/
Southland” geckos was larger at higher elevations and
colder temperatures. Given the great longevity (>40 years;
Lettink and Whitaker 2006; Sheehan 2002) of geckos in
the wider species complex, including W. “Otago/South-
land”, it is unlikely that this pattern results solely from a
difference in activity—season length, as is observed in some
short-lived lizard species (Adolph and Porter 1996; Horva-
thova et al. 2013). Instead, it is probable that environmental
temperatures are influencing this cline by affecting lizard
growth rates. It is well established that ectotherms exposed
to low temperatures during development will often mature
later but at larger sizes than those exposed to warm tem-
peratures during development (the temperature—size rule,
reviewed in Angilletta 2009). Thus, it is likely that growth
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rate varies among W. “Otago/Southland” populations, with
those exposed to cold environmental temperatures matur-
ing at larger sizes. Mean and maximum adult body sizes
may be partly a function of size at maturity—while there
is some growth after maturity, growth does slow such that
body size reaches an asymptote (Sheehan 2002). Thus,
populations that have large sizes at maturity have cor-
respondingly large mean and maximum adult body sizes.
However, selective pressures related to reproduction and
survival may also drive this large body size, and large body
size may confer thermal benefits.

The greater sexual dimorphism in size at maturity
observed in gecko populations at high elevations and cold
temperatures indicates that female maturation is delayed
and occurs at larger sizes than in males at these same sites.
It is unlikely that male-male interactions are driving this
dimorphism, as within the species complex Todd (2005)
found that the two sexes did not differ in incidence of fight-
ing in captivity. Instead, sexual dimorphism may be greater
in cold environments because reproductive costs are likely
to be greater for females, given that females must expend
energy trying to achieve sufficiently warm and consist-
ent body temperatures (Angilletta 2009; Schwarzkopf and
Shine 1991) to ensure offspring viability (Cree and Hare
2010; Rock and Cree 2003). Female lizards that have larger
energy stores before pregnancy are better able to cope
with these energy demands and will have a much higher
reproductive output than those with low energy reserves
(Doughty and Shine 1998). In harsh alpine and sub-alpine
environments, it could be that females with small body
sizes have insufficient reserves to cope with the costs of
pregnancy. Thus, the selection pressure to become mature
at larger sizes may be stronger for females than males,
resulting in a significant increase in sexual size dimorphism
with elevation. At low elevations, the discrepancy between
these reproductive costs may be less, resulting in a smaller
sexual dimorphism. A similar pattern has been reported
by Volynchik (2014), who noted that females displayed a
stronger response to temperature than males in an intraspe-
cific study on Bergmann'’s rule in four lacertid species.

An additional explanation for larger female size at matu-
rity at high elevation is that offspring size could be influ-
encing female size. Larger neonates may have survival
advantages in the cold temperatures and short activity sea-
sons that occur at high elevations (Uller et al. 2011), such
as having sufficient energy reserves to withstand periods of
starvation (Civantos et al. 1999). At the lower and warmer
sites, this advantage may not be as crucial, as conditions
are less severe (Uller et al. 2011). Within a population (field
site), larger individual female W. “Otago/Southland” pro-
duce larger offspring (Rock and Cree 2003), and this rela-
tionship is also seen in our study when mean sizes among
populations (field sites) are compared. Thus, it could be
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that selection for large juvenile body size may be a factor
driving large female size at maturity at high-elevation sites.
Of all the life-history traits examined in this study, mini-
mum size of juveniles showed the most consistent trends
with elevation and operative temperatures, suggesting that
it is strongly linked with temperature and has important
evolutionary consequences.

At site 2, all measures of adult body size were unusual
in relation to elevation and operative temperatures. It is
possible that the high mean daily maximum copper model
temperature recorded at this site may not represent temper-
atures actually available to the geckos. Vegetation shading
at this site might strongly limit sun-basking in rock crev-
ices (Rock and Cree 2008); in addition, the rock type, brec-
cia (Martin 2000), has a low thermal conductivity score
compared to the rock types found at other sites (Clauser
and Huenges 1995). Therefore, geckos at site 2 may not
consistently achieve high body temperatures, causing slow
growth rates that result in larger adult body sizes. Temper-
ature loggers placed in a variety of positions under rocks
could help determine the potential thermal opportunities
for geckos at this site. It would be even more informative
to implant temperature-sensitive devices into the lizards
themselves; however, this remains technically challenging
given the small body sizes involved (Rock and Cree 2008).
In contrast to adult body size, the size of juveniles at site 2
was not unusually large. It is likely that conditions at this
site would still be mild in comparison to those at high ele-
vation, such that small neonate size may not be disadvan-
tageous, thereby relaxing selective pressures on offspring
size. Uller et al. (2011) found that selection on offspring
size at birth in a viviparous skink (Niveoscincus ocellatus)
was weak or absent at low-elevation sites in comparison to
a strong selective pressure driving large neonate size at high
elevation. Therefore, although a possible low body temper-
ature of geckos at site 2 may cause a slow growth rate, it
may not be affecting offspring size at birth. This aberrant
site demonstrates the importance of including multiple sites
when investigating Bergmann’s rule.

We confirm that the intraspecific converse-Bergmann’s
pattern seen in a great number of diurnal lizard species
(Ashton and Feldman 2003) is plausibly explained by the
thermal benefits of small body size at high elevations and/
or cold temperatures. Under direct radiant heat, a higher
surface area relative to volume meant that the small mod-
els gained heat more quickly than the large models, mean-
ing that a small, diurnal lizard would be able to spend less
time thermoregulating and reach the preferred tempera-
ture sooner. However, we found no such thermal benefit
to small size in under-cover positions (thigmothermy). In
fact, in the position simulating a lizard thermoregulating by
pressing itself against a warm upper-surface, large models
gained heat more quickly and reached a higher temperature
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than the small models. One possible explanation is that
the large models received more heat from conduction, yet
experienced reduced convective cooling under the tile due
to a low surface area to volume ratio, relative to the small
models. In contrast, in the second thigmothermic position—
a model touching a cold and warm tile simultaneously—a
large model might experience equal amounts of heat loss
and gain, resulting in a net heat balance that would not be
significantly different from that of the small models. In the
natural environment these processes may be more complex,
as a gecko could change positions within its three-dimen-
sional habitat to maximise heating and minimise cooling.
However, this might result in a further disadvantage to small
size, as a smaller gecko would have to move a greater dis-
tance within a retreat to do this. Thus, for the nocturnally
foraging W. “Otago/Southland”, small body size may not
confer thermal benefits. Instead, large body size may be
beneficial at cold temperatures as it may permit faster heat
gain when thermoregulating by thigmothermy and, fur-
thermore, reduce heat loss when foraging at night. While
the biological relevance of these observed thermal benefits
may not seem great, it is likely that the cumulative effect is
important, especially when considering the extreme length
of pregnancy at cold sites (up to 14 months; Cree and Guil-
lette 1995) and the delayed maturity. At low-elevation sites,
the advantage of large body size may be reduced, as warmer
air temperatures would allow preferred body temperatures
to readily be achieved during the day and may also facilitate
heat conservation, regardless of body size.

Therefore, variation in the thermal advantage of large
body size may be influencing the Bergmann’s rule pattern
observed in this primarily nocturnal lizard. It would be
informative to explore body size trends in other nocturnal
lizards to see if Bergmann’s rule holds among these spe-
cies also. Aguilar and Cruz (2010) demonstrated that diur-
nal retreat site temperatures affect nocturnal performance
in a cold-climate population of the South American noctur-
nal gecko Homonota darwini. It is conceivable that large
body size would be advantageous in a cold environment for
this species also. Additionally, Feldman and Meiri (2014)
have recently shown that interspecific adherence to Berg-
mann’s rule in Australian snake species is partly depend-
ent on activity time—nocturnal snakes showed Bergmann’s
rule or the converse (depending on habitat use), whereas
diurnal snakes showed no trend. We do not, however, mean
to imply that every lizard species that exhibits Bergmann’s
rule does so because it is nocturnal. Indeed, there are a
number of studies that report positive Bergmann’s trends
in diurnal lizards (Angilletta et al. 2004; Olalla-Tarraga
et al. 2006; intra- and interspecific levels, respectively) for
which there are a range of potential explanations, including
local benefits to large body size at cold sites or differences
in juvenile survivorship (Sears and Angilletta 2004) and

female fecundity (Wapstra et al. 2001). Due to the large
variation in the habitats and habits of lizards worldwide, it
is unlikely that there would be one overriding explanation
for when the rule does or does not apply (Olalla-Tarraga
2011). We propose only that Bergmann’s rule may be more
likely than the reverse trend in nocturnal lizard species. In
any case, it is clear that an examination of Bergmann’s rule
in any species must involve consideration of its specific
characteristics and habitat.

Changes in body size in response to climate warming
have been reported for a variety of endothermic and ecto-
thermic taxa, including lizards (Chamaille-Jammes et al.
2006; Ohlberger 2013; Teplitsky and Millien 2014). Such
change has been documented world-wide; for example, in
New Zealand mean body mass of a population of red-billed
gulls (Larus novaehollandiae scopulinus) has decreased
over time, as ambient air temperature has increased (Teplit-
sky et al. 2008). In our study region, annual air tempera-
tures are predicted to increase by 0.8-2.5 °C over the next
100 years (depending on the level of future carbon emis-
sions; Reisinger et al. 2010). With such an increase in envi-
ronmental temperature, it is possible that the body size of
W. “Otago/Southland” geckos might decrease over time,
as a warming climate might relax constraints on offspring
survival and adult reproduction in populations that are cur-
rently experiencing cold environmental temperatures. Thus,
as environmental temperatures rise, we might first observe
a decrease in size at birth at high elevation sites, which in
turn could relax selective pressures on female size at matu-
rity and so decrease the amount of sexual size dimorphism.
Warmer temperatures would cause increased growth rates,
which may result in a decrease in male and female size at
maturity and, consequently, in mean and maximum adult
size. Currently, most of the low-elevation populations are
not strongly constrained by environmental temperature;
therefore, body size at these sites may not respond to cli-
mate change to the same degree as those at high elevations.
Eventually, we may observe a decrease in the strength of
the relationship between body size and elevation in W.
“Otago/Southland” and in its adherence to Bergmann’s
rule. Thus, climate change may act as a natural experiment
to further discern the influences of the thermal environment
on the life-history traits of lizards.
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