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Biodiversity is spatially organized by climatic gradients across elevation and
latitude. But do other gradients exist that might drive biogeographic patterns?
Here, we show that rainforest’s vertical strata provide climatic gradients much
steeper than those offered by elevation and latitude, and biodiversity of arbor-
eal species is organized along this gradient. In Philippine and Singaporean
rainforests, we demonstrate that rainforest frogs tend to shift up in the rainfor-
est strata as altitude increases. Moreover, a Philippine-wide dataset of frog
distributions shows that frog assemblages become increasingly arboreal at
higher elevations. Thus, increased arboreality with elevation at broad biogeo-
graphic scales mirrors patterns we observed at local scales. Our proposed
‘arboreality hypothesis’ suggests that the ability to exploit arboreal habitats
confers the potential for larger geographical distributions because species
can shift their location in the rainforest strata to compensate for shifts in temp-
erature associated with elevation and latitude. This novel finding may help
explain patterns of species richness and abundance wherever vegetation
produces a vertical microclimatic gradient. Our results further suggest that
global warming will ‘flatten” the biodiversity in rainforests by pushing arbo-
real species towards the cooler and wetter ground. This ‘flattening’ could
potentially have serious impacts on forest functioning and species survival.

1. Introduction

Changing distributions of species richness and abundance across environ-
mental gradients such as elevation and latitude are fundamental features of
life on the Earth [1]. Mechanisms behind these patterns are largely attributed
to gradients of temperature and moisture [2]. But large-scale elevational and
latitudinal gradients are not the only ones evident. In tropical rainforest,
strong gradients in temperature and moisture occur from the forest floor to
the canopy [3,4]. Patterns of species richness and abundance may organize
along this vertical gradient in the same way that they do along the shallower
gradients driven by elevation and latitude. If so, then vertical climate gradients
may play a powerful role in structuring biodiversity [5].

Tropical rainforests are the most biodiverse communities on the Earth [1], and
one reason for this high diversity is the great number and variety of niches afforded
by the complex vertical structure of rainforest environments [6]. In rainforests, the
three major climatic gradients (across latitude, elevation and height) may interact to
drive species’ distributions. For example, a species that is highly arboreal at cooler
high elevations may be much less so at warmer low elevations. Most rainforest
animals are ectotherms and are thought to behaviourally exploit microclimatic
mosaics within these complex forests to optimize temperature and water balance
[7-9], but data on the vertical structuring of ectotherm communities, especially
over large spatial gradients, are extremely limited [10]. This is owing to the diffi-
culty in accessing and studying canopy habitats as well as the overall cryptic
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nature of ectothermic vertebrates [10]. As a consequence, the
interaction among these three major environmental gradients
in the structuring of rainforest communities has remained a
relatively unexplored dimension in biodiversity science.

If vertical stratification of species assemblages changes
across elevation, it suggests that patterns of diversity are
indeed subject to the interaction of the vertical climatic
gradient (height) with the much shallower one of elevation.
Incorporating the impact of this underappreciated spatial
dimension (height) on community structure could uncover
important relationships that help explain (in concert with
other biogeographic principles such as mid-domain effects
[11]) distributional patterns of richness and abundance [12]
and possibly reveal important patterns, not only in space but
also in time. For example, as climate change progresses
(i.e. time), plant and animal species alter their distributions
as they track suitable climates through space [13]. Because
the Earth is warming and in some areas becoming drier [14],
species” distributions are generally moving uphill or towards
the poles, following thermal and moisture gradients associated
with latitude and/or elevation [15-17]. The vertical partition-
ing of species in rainforest driven by a steep microclimatic
gradient may provide some level of compensation against
changing microclimates, by allowing species to shift vertically
within the forest. If so then climate change will probably trig-
ger small-scale downward shifts in height that precede
distributional shifts poleward or to higher elevations.

Herein, we propose an ‘arboreality hypothesis” which
suggests that species’ distributions may adjust vertically in
the rainforest strata to compensate for broad-scale shifts in cli-
mate associated with elevation. We explored these ideas by
censusing frogs from the ground to canopy levels along an
elevational gradient (and therefore a temperature and moist-
ure gradient) in Philippine (900-1900 m) and Singaporean
(approx. 10 m) rainforests. Along this gradient, we sampled
frogs during both day and night within 67 individual trees,
using ascenders to climb from ground level to nearly the
uppermost canopy (Material and methods). We also placed
60 data loggers within the forest canopy and understory to
measure temperature and moisture across the height and
elevation gradient. To further explore how physical con-
ditions might affect frog usage in the canopy, we used a
biophysical WETAIR model [9] to show the effect of body
mass, moisture and temperature on frog water loss. Lastly,
we compiled a dataset for all frogs of the Philippines to
explore how arboreality in frog assemblages might respond
to changing climate across elevation at larger spatial scales.

2. Material and methods
(a) Study areas

In the Philippines, we surveyed a community of largely endemic
frog species on Mount Banahaw in southern Luzon. The site is
characterized by lowland dipterocarp forest up to 800 m elevation,
dipterocarp and montane forest from 900 to 1700 m elevation, and
mossy and Pinus forest above 1700 m elevation. Our study was
not conducted below 900 m, because at lower elevations (less
than 800 m) agriculture has replaced forest [18]. We allowed
100 m of elevation to buffer any potential effects from these dis-
turbances. The climate is marked by the absence of a distinct
dry season with annual rainfall of around 3100 mmyr ' and
85% relative humidity on average [19]. We observed that rainfall

and cloud cover for our Philippine study site varied with n

elevation, both of which increased at higher elevations.

In Singapore, our study area consisted of primary and older sec-
ondary lowland dipterocarp forest. Most areas on the island receive
more than 2000 mm rainfall yr~ ' with no apparent dry season. The
average high temperature year round is around 30°C [20].

(b) Vertical stratification of frogs across an

elevation gradient

In the Philippines, from May to October 2011, we conducted 118
ground-to-canopy surveys across a gradient of elevation at 900,
1100, 1300, 1500, 1700, 1900 and 2100 m above sea level. Each survey
was centred on a single canopy tree. Tree selection was randomized at
each elevation; however, each tree had to meet safety standards for
arborist single-rope climbing [21]. Selected trees were at least 100 m
apart at each elevation. We surveyed a total of 59 trees for adult
frogs (14 trees at 900 m, five at 1100 m, 13 at 1300 m, five at 1500 m,
11 at 1700 m, five at 1900 m and six at 2100 m elevation).

Tree surveys lasted for 1h and were conducted during the
day and repeated at night to account for species with diurnal
and nocturnal activity. We alternated surveys along the elevation
gradient (low-to-high-to-low elevations) to avoid temporal bias
in sampling. We recorded the maximum height climbed and
tree height for each survey. Following each canopy survey, we
used a laser distance metre (Leica Geosystems, Leica Disto D2;
http://www leica-geosystems.ca) to record tree height from the
top of the tree to the base of the tree. Climbing on the top of
trees is dependent on suitable branches that allow for safe
access. Thus, we could not always ascend to 100% of the total
tree height. We accounted for this in our analyses (see below).

We conducted ‘canopy surveys’ for adult frogs—a single
10 min visual survey for the ground (base of tree), sub-canopy
(approx. half the maximum height climbed) and canopy (maxi-
mum height climbed). Ten minute ground surveys were
confined to a randomly selected 4 x 4 m plot, and consisted of
thoroughly searching leaf litter, logs and other microhabitats
that may harbour animals. Visual-encounter surveys are
expected to be the most comprehensive when attempting to
locate both ground and arboreal animals [22]. Both the middle
and canopy surveys were confined to approximately four vertical
metres of above-ground habitat. Thus, we attempted to standar-
dize the search area across our three survey locations. Because of
limited above-ground surface area, we consider our sub-canopy
and canopy surveys to be conservative, as we probably surveyed
more area on the ground than above ground. For above-ground
surveys, we searched for arboreal frogs in tree holes, moss, epi-
phytes and other microhabitat structures. We conducted
ground surveys first to account for the potential bias of having
frogs jump out of the tree while conducting arboreal surveys,
and thereby inflating ground-survey abundances.

(c) Surveys in Singapore

In February 2011, we surveyed eight trees from ground to upper
canopy for amphibians, using identical canopy-survey methods
described earlier. Surveys were conducted within the primary
lowland dipterocarp forests of Gnee Soon Swamp (one tree)
and Bukit Timah Nature Preserve (two trees), and within the
mature second-growth forest of Kent Ridge (two trees), Bukit
Batok (one tree), and Labrador Park (two trees) preserves.

(d) Environmental temperatures

From May to September 2011, we used temperature and moisture
loggers (Maxim Hygrochron ibutton Model DS1923; http://www.
maxim-ic.com/) to determine the thermal and moisture profiles of
forests in the Philippines. To identify the maximum potential
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Figure 1. Temperature and moisture differ between canopy and ground as well as across elevation. Canopy and ground daily maximum temperature and minimum
moisture profiles from sub-montane-to-montane rainforests in the Philippines. Temperature and moisture were collected from May to September 2011.

ambient-air temperature as well as minimum moisture for our study
area, we placed data loggers in the upper canopy of five trees per
elevation (900-1900 m elevation), each paired with an identical
logger suspended 1 m above ground. We chose to record maximum
temperature and minimum moisture as these two variables are
important to frog survival (e.g. high temperature and low moisture
can negatively affect frog survival). Data were recorded every
15 min. Canopy and near-surface loggers were suspended under a
plastic funnel and were thereby sheltered from direct solar radiation
and precipitation. We used box-and-whisker plots to display maxi-
mum daily temperature and minimum daily moisture (figure 1).

(e) Elevation gradient of species richness and
arboreality in the Philippines

We compiled a database of frog distributions across elevation, taken
from Diesmos & Brown [23]. For each of the 107 species, we
recorded it as being in either one of two possible habitat niches:
arboreal or ground-dwelling. A species was defined as arboreal, if
it is capable of climbing and using above-ground habitats. By con-
trast, non-arboreal species were those that lacked grasping toe-pads
and are thus less likely to exploit above-ground habitats. Alterna-
tively, a species is considered ground-dwelling, if it is confined to
the ground 100% over the course of its life. We examined patterns
of arboreal richness across elevation by (i) plotting total species rich-
ness for each 100 m elevation band and (ii) plotting the proportion
of species that are arboreal and ground-dwelling across 100 m
elevation bands. Lastly, we plot total arboreal and ground-dwelling
species richness by genus to explore taxonomic relationships across
the elevation gradient.

3. Data analysis
(a) Kernel-density estimation

We used univariate kernel density to estimate the distributions
of amphibians across vertical forest strata [24,25]. Kernel-

density estimation is a procedure for generating a smoothed
histogram of data, with the advantage that the area under
the smoothed histogram integrates to one. Thus, the smoothed
line represents the probability density of the data. In our study,
we estimate the probability density of the height at which frogs
were observed. Although not an absolute density of animals,
the absolute density of animals should scale directly with the
probability density (assuming animal detectability is invariant
with height), so the probability density we calculate here can be
thought of as the relative density of animals with height.

We attempted to estimate the true probability density of
animals with height by integrating our results across the distri-
bution of tree heights in the forest (estimated using our data on
climb height for each tree). Thus, we estimated a kernel band-
width (using Silverman'’s rule of thumb; see Silverman [24]) for
our total dataset, but then executed a kernel-density estimate,
using this bandwidth independently for each tree in our data-
set. We then combined these treewise kernels using a weighted
mean, where the weighting for each tree was taken from the
kernel describing the distribution of tree heights. As no animals
can be observed at negative height, we used a modified version
of the density function in the R (v. 2.12.2) statistical package
[26] to generate left-bounded univariate kernel-density esti-
mates by reflecting the density falling below zero back into
the positive domain of our estimated kernel [24].

We generated a composite distribution based on data collec-
ted from ground, sub-canopy and canopy surveys to reflect an
aggregate distribution for amphibians. To explore the presence
of an upward shift in vertical positioning across elevation, we
generated distributions for all arboreal frogs for three elevational
zones (900-1100, 1300-1500 and 1700—1900 m). We examined
only arboreal frogs in this analysis as non-arboreal species,
which lack grasping toe-pads, are incapable of exploiting
above-ground habitats. Finally, we compared these trends to
arboreal frog distributions in Singapore.
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To identify the potential impacts of arboreal frogs shifting
downwards towards ground communities, we quantified the
proportion of the total community (both ground and arboreal
frogs), which was found above ground. Specifically, as the
total area under the curve equals one, we identified the
cumulative distribution of all frogs found above 1 m height
(i.e. the area occurring above 1m on the curve) across all
elevations in the Philippines.

(b) Dehydration and arboreality

Frogs that exploit canopy habitats are often away from water
for extended periods of time, making them vulnerable to
desiccation. Body mass, moisture and temperature are all fac-
tors that affect the rates at which an individual loses water
and thus its ability to use canopy habitats [9]. To further
explore whether there is support for decreased arboreality
by elevation in frogs, we used a biophysical WETAIR
model [9] to show the effect of body mass, moisture and
temperature on frog water loss. In this theoretical exercise,
all parameters but body mass were held constant, whereas
mass (ranging from 0.1 to 10g) and temperature were
allowed to increase. This analysis was repeated with increas-
ing mass and moisture. Mass selection from 1 to 10 g was
based on a range of masses representative of species found
in our study area. The smaller masses (i.e. 0.1 and 0.5 g) are
indicative of young-of-the-year/metamorphs for species in
our study area. The output for models was time (h) to 30%
desiccation. Specifically, the variables held constant were
cutaneous resistance (R.) at 1.64 (averaged from Wygoda
[27]), relative humidity at 72% and elevation at 450 m
elevation (the mid-point of the elevational difference bet-
ween Singapore and the Philippines). We then repeated this
exercise for the same range of body masses as above but
used temperature, moisture and elevation derived from our
study area to determine the time to 30% desiccation speci-
fically for our study areas. Lastly, we used the WETAIR
models to display desiccation under three climate scenarios
across elevation to identify climate scenarios that are favour-
able and unfavourable for arboreality: (i) high temperature
(85°C-28°C) and high moisture (95-100%), (ii) low tempera-
ture (22°C-15°C) and low moisture (42-47%), and (iii) high
temperature (35°C-28°C) and low moisture (42-47%).

(c) Alternative hypotheses

We considered three additional variables that represent struc-
tural components of the forest that may affect arboreality in
frogs across elevation. It is possible that tree height influences
patterns of frog arboreality as taller trees may offer greater
height for frogs to use. Tree density and basal area (cross-
sectional area of all stems per transect) are indicative of
structure and habitat for frogs. Therefore, frog arboreality
may correlate with increasing tree height, stem density and
basal area of the local environment across elevation.

To examine this relationship, we documented tree height,
stem density and basal area in order to characterize the local
environment surrounding our tree surveys. We counted all
trees (i.e. density), greater than 4 cm diameter-at-breast-
height (dbh), along a 2 m wide and 20 m long transect. The
direction of each transect was chosen at random and each
transect was centred on a survey tree. Height and dbh was
recorded for each tree recorded. We determined basal area
by multiplying 0.00007854 by dbh to the power of 2 [28].

For each transect, basal area was summed for all trees and
divided by the transect area (40 m?).

(d) Linear models

We explored temperature and moisture across our elevation
gradient. We modelled temperature across elevation by run-
ning an analysis of covariance (ANCOVA) with temperature
as a response variable and elevation and position (ground
or canopy) as predictors. A second ANCOVA was performed
with the same predictors, but moisture was used instead of
temperature as the response variable.

We examined whether the proportion of frog arboreality
changed with elevation in the Philippines. To do this, we
used linear regression with the proportionate of total frogs
that are arboreal as our response variable and elevation as
our predictor variable.

To explore the relationship between animal height and
elevation, we performed an ANCOVA with our response
variable as height (m) and predictor variables as elevation
and species. To properly assess animal height by elevation,
we only used species for which we had occurrence data at
three or more elevations. Therefore, Platymantis luzonensis
was not included in this analyses as it occurred only at 900
and 1100 m elevation. Lastly, to determine whether height
in canopy predicts body mass, we used a second ANCOVA
with two covariates. Our response variable was mass (g)
and the predictor variables were height in forest stratum,
elevation and species. Both body mass and height were log-
transformed to normalize data. In both cases, we initially
tested for first-order interactions between height and
elevation, but removed the term because it was not statisti-
cally significant.

We explored tree height, tree density and total basal area as
alternative predictors of arboreality across elevation. We per-
formed three linear regressions with tree height, tree density
and total basal area as response variables and elevation as a pre-
dictor variable. Data were log-transformed to achieve normality.

All models were checked for heteroscedasticity via the stu-
dentized Breusch—Pagan test. Both our mass and height and
height and elevation models were non-heteroscedastic. Of
our three alternative hypotheses models, both the basal area
and elevation, and tree density and elevation models were
non-heteroscedastic. We did not log-transform data in our
ANCOVA analyses of temperature and moisture, as these
analyses were primarily conducted to derive a slope for temp-
erature and moisture across elevation. We corrected for
heteroscedasticity using White’s robust standard errors [29].

(e) Diagram of height and elevation shifts

To display the options an animal may have to remain at an opti-
mum temperature and moisture under climate warming, we
created a temperature-by-height-by-elevation contour figure
derived from our temperature data and a moisture-by-height-
by-elevation contour figure derived from our moisture data.

4, Results

Microclimatic gradients in temperature and moisture are signifi-
cantly steeper than elevational gradients. In our rainforests,
temperature decreased by 1.4°C with every approximately
200 m increase in elevation but varied by 2.2°C over just
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Figure 2. (left) Changes in frog species richness across elevation in the Philippines (n = 107) separated by ground-dwelling and arboreal species. (right) Frog
assemblages become increasingly arboreal with elevation. Assemblages above 300 m are more than 50% arboreal. Above 2300 m, species richness is low, so
our percentages in these altitudinal bands are derived from only one to three frog species.
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Figure 3. Vertical stratification of arboreal frogs from higher (left) to lower (right) elevations (n = 20 at 1900 and 1700 m; n = 33 at 1500 and1300 m; n = 17 at
1100 and 900 m and n =5 at 0 m; respectively). These data show a clear decrease in arboreality from cooler/moister (high elevation) to warmer/drier (low
elevation) climate. Curves are derived from kernel-density estimation techniques and can be interpreted as the relative density of animals with height [24]
(see Material and methods). (Photos of Platymantis montanus and Rhacophorus pardalis in the Philippines by Rafe Brown.)

approximately 20 m between the forest canopy and ground level
(F21421 = 559.9, p <0.001; ANCOVA; figure 1 and electronic
supplementary material, table S1). Similarly, moisture increased
by 1% with every approximately 200 m increase in elevation but
differed by 11% over the approximately 20 m gradient between
canopy and ground (Fp1421 =107.8, p <0.001;, ANCOVA;
figure 1 and electronic supplementary material, table S1).

Our data show that, with increasing elevation, total species
richness generally decreased and the degree of assemblage
arboreality increased (figure 2). Specifically, ground-dwelling
species richness decreased from low-to-high elevations and
arboreal species richness peaked between 600 and 800 m.
Our linear regression model suggests that the proportion of
all frogs that are arboreal increases with elevation (F,g=
112, R*=0.793, p <0.001)—a 10% increase in assemblage
arboreality for every 500m rise in elevation. Assemblages
above 300 m are comprised more than 50% arboreal species,

whereas they are 100% arboreal above 2300 m (figure 2). The
number of arboreal species is lower in the lowlands, with
approximately 42% of the total assemblage being arboreal at
sea level. Multiple genera are present across the elevation gra-
dient for both ground and arboreal species, suggesting that a
single genus is not driving the observed biogeographic trends
(see the electronic supplementary material, figures S1 and S2).

We documented three ground and five arboreal species in
the Philippines and seven ground and four arboreal species in
Singapore (see the electronic supplementary material, table S2).
There was a significant relationship between elevation and
height of frogs in forest canopies across our Philippine
landscape (F451=4.50, p = 0.003; ANCOVA; figures 3 and 4;
electronic supplementary material, table S3); a trend that was
consistent across all species for which we had sufficient data
(interaction terms were not found to be significant (p > 0.29
for all factor levels), and so were dropped from the final
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Figure 4. Height in forest stratum increases with elevation for arboreal frog
species. According to ANCOVA models, elevation significantly predicts height
in forest canopy at which frogs were observed (n = 56; electronic supplemen-
tary material, table S3). Plus symbols, Platymantis banahao; crosses, Platymantis
montanus; circles, Kaloula kalengensis; triangles, Philautus surdus.

reported model). In the lowland forests of Singapore, all frogs
were located either on the ground or below 3.5 m in height
(figure 3). Increased arboreality in frogs is evidenced by the
second hump in the kernel-density estimate distribution
(figure 3), which is missing at 900-1100 m elevation but
becomes more apparent at higher elevations. Across the entire
elevational range (900—-1900 m) in the Philippines, 88% of all
frogs are found above 1 m in height (see the electronic sup-
plementary material, figure S3).

Larger frogs were found higher in the canopy. That frog
body size varies significantly with height in the forest
(Fe,51=8.27, p < 0.001; ANCOVA; figure 5 and electronic sup-
plementary material, table S4) supports the notion that
temperature and moisture are key drivers of frog arboreality.
Biophysical WETAIR models reveal that frogs desiccate faster
with higher temperatures, lower moisture, and when they
are smaller bodied (see the electronic supplementary material,
figure S4a—c). The WETAIR models, which include environ-
mental parameters of our study sites, suggest a frog of 3 g can
remain in the canopy at the highest elevations during the hottest
hours of the day for approximately 8 h before reaching lethal
dehydration, whereas an equivalent frog in the lowland forest
canopy of Singapore has about half as much time. To that
end, we also modelled three climate scenarios using WETAIR
models: (i) high temperature and high moisture, (ii) low temp-
erature and low moisture, and (iii) high temperature and low
moisture. Desiccation rates for high temperature and low moist-
ure were three to four times greater than for low temperature
and low moisture and six to seven times greater than for high
temperature and high moisture (see the electronic supplemen-
tary material, figure S4d).

We considered three alternative hypotheses in which
elevation-related changes in forest structure might cause the
observed changes in arboreality, but none was supported.
Specifically, linear regression models suggest that neither
tree height (Fy460 = 1.06, R%=0.00, p=0.31), basal area
(F148 =025, R* = —0.02, p = 0.62), nor tree density (F; 43 =
0.35, R* = —0.01, p = 0.56) significantly change from 900 to
1900 m elevation (see the electronic supplementary material,
tables S5 and S6).

residual mass (g)

-1+ \ T T T
-1 0 1 2 3

animal height (m)

Figure 5. Larger arboreal frogs occur higher in forest stratum than smaller
frogs. According to linear regression analysis, animal height in forest
significantly predicts body mass (n = 58; electronic supplementary material,
table S4). Residual mass is mass corrected for the influence of elevation. Mass
and height were log-transformed. Plus symbols, Platymantis banahao; circles,
Kaloula kalengensis; crosses, Platymantis luzonensis; triangles, Philautus
surdus; diamonds, Platymantis montanus.

5. Discussion

Our study shows conclusively that arboreality (or ‘“vertical stra-
tification”) plays a role in determining patterns of rainforest
species richness and abundance, especially for ectothermic
and hydrophilic species. Specifically, the vertical distributions
of frogs shift upwards into the forest strata with increasing
elevation. The distribution of animals with height (their ‘“verti-
cal distribution’) is rarely examined relative to the large body
of research on animal distributions across elevation and lati-
tude [15-17,30]. Moreover, given the logistical difficulties of
ascending to upper forest strata, species’ vertical distributions,
when examined, are rarely studied at multiple sites, as we
have done here. To our knowledge, ours is the first study to
examine comprehensively how the vertical dimension of
faunal distributions changes with elevation. From these obser-
vations, our proposed ‘arboreality hypothesis” suggests that
arboreality offers flexibility in finding optimal microclimatic
conditions across a wider range of macro-climates. Thus, we
propose that species would have a narrower geographical
range in the absence of their ability to exploit microclimates
offered by vertical habitat structure.

We propose that adult frogs, which use two key habitat
niches—arboreal and terrestrial—are physiologically con-
strained on opposite ends of the elevation gradient.
Specifically, arboreality is constrained in the lowlands from
conditions that are excessively hot and dry in the canopy,
whereas terrestriality is constrained in the uplands because
ground temperatures are too cold. Our data support this
proposition. First, our canopy surveys show that frogs
become more arboreal as canopy conditions improve with
increasing elevation. Second, our Philippines-wide dataset
shows that species richness of ground-dwelling frogs
decreases linearly with increased elevation (as ground con-
ditions become too cold), whereas the proportion of the
total frog assemblage that is arboreal increases with elevation
(as canopy conditions become more favourable, transitioning
from being hot in the lowlands to being warm or cool in
the uplands).
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These patterns suggest that species richness of frogs and
other temperature- and desiccation-sensitive fauna should be
highest at some intermediate elevation where both canopy
and ground-level temperatures are most optimal. Our data
show a peak in frog species richness at around 600—800 m
elevation (well below the 1400 m mid-domain in this system)
and a linear decrease in the proportion of ground-dwelling
species as elevation increases. Mid-elevation peaks of richness
and abundance are found across various taxonomic groups
[2,12,30] and are generally thought to be driven by temperature
and moisture [12] as well as the mid-domain effect [11,12].
Although it is difficult to disentangle mid-domain effects
from other potential drivers, the strong shift from ground-
dwelling to arboreal life-histories with elevation argues
strongly that the interaction between the climatic gradients of
height and elevation is a powerful mechanism driving patterns
of richness in this system.

The inference that high temperatures and lower moisture
greatly constrain frog arboreality [31] is supported by our
observation that frog mass increased with height above-
ground (figure 4), a pattern predicted by our WETAIR
models. These models indicate that larger frogs are substan-
tially more resistant to evaporative water loss [9], which is
an increasing problem in the warmer and drier upper forest
strata [32] as well as at lower elevations (see the electronic
supplementary material, figure S4a—c).

Our novel height dimension to biogeography may
broadly apply to other taxonomic groups. For example,
some species of ground carabid beetles from southeast Asia
appear to increase in arboreality with elevation [33,34]. Our
findings, however, may not apply to non-ectothermic com-
munities. The general applicability of our hypothesis to
other non-anuran animal groups with variable physiological
requirements should be further tested.

Interestingly, the vertical stratification of body size in our
study is opposite to that expected under Bergmann’s rule
[35,36], in which large-bodied animals are generally found
in cooler habitats. Opposing patterns to Bergmann’s rule
are, however, routinely observed in ectotherms, possibly
because of the effects of body size on thermal inertia and
water loss as captured by our WETAIR model [36]. Indeed,
ants and other arthropods are closely tied to temperature
and energy within ecosystems [37] and therefore may
mirror the same stratification patterns as we found with
frogs [38]. Similar non-Bergmann ‘body size’ clines have
also been observed in Asplenium bird’s nest ferns in Malaysia,
where individual plant biomass of ferns increases with height
in the forest canopy [39] and in arthropods in Indonesia and
Australia where mean arthropod body size decreased from
treetop down to soil [38,40]. In short, the mechanisms driving
the vertical distribution of frogs in our study might well
apply to a broad suite of taxa.

In the frogs we studied, eight of every 10 individuals were
found above ground (see the electronic supplementary
material, figure S3), echoing patterns of species abundance
in other taxa, such as insects [41]. Yet, these patterns seem
to be highly dependent on locality and taxa under consider-
ation: beetle assemblages from the Australian wet tropics are
equally abundant and diverse in both canopy and ground
habitats [40], whereas arthropod densities in a Cameroon
rainforest were approximately three times higher in the
canopy than understory shrub layers [42]. Future research
should also consider the role that keystone micro-habitats

play in vertical stratification. For example, a single Asplenium

bird’s nest fern in Bornean rainforests contains twice the
invertebrate biomass as its entire host tree [43]. Thus, the dis-
tribution of select keystone micro-habitats across elevation
may be an important feature governing vertical stratification
of select animal communities.

(a) Research caveats and future prospects

We highlight the following possible caveats to our study and
research prospects for further exploration of the arboreality
hypothesis:

— a limitation to our study as well as many previous studies
on canopy communities is sample size [10]. Although we
conducted over 120 ground-to-canopy surveys over sev-
eral months, we documented only 87 individual frogs.
We suggest testing the ‘arboreality hypothesis’ with a
more abundant study organism such as beetles, spiders
and/or ants as a priority;

— our study is confined to southeast Asia. Are patterns of
frog arboreality also prevalent in other tropical regions
such as the Neotropics? Currently, no other research
has explored our hypothesis (although see [33,34]) so
until such work is undertaken, caution should be used
when generalizing our trends to other habitats and
geographical regions;

— cloud cover was not examined in our study area but may
vary by topography and location and its presence could
intensify moisture over small spatial scales [44], therefore,
cloud cover may interact with the degree of change in
arboreality with elevation;

— arboreality may vary by season. For example, vertical stra-
tification of some arthropod species varies in areas with
strong seasonal variation in climate [45]. Interestingly,
the impacts of future climate change on arboreal
communities might be deduced from examining seasonal
variation in arboreality (see below for further discussion);

— at our local Philippine site, we observed that frogs at
1900 m were primarily arboreal, whereas no frogs were
observed at our highest elevation of 2100 m. One plaus-
ible explanation for these trends is that the climate in
the canopy at 1900 m was marginally suitable for frogs
and thus even canopy habitats may be rendered unsuita-
ble at colder and wetter elevations;

— frogs are one of the most threatened animal groups on the
Earth largely as a result of the fungal disease, Chytridio-
mycosis [46]. Some species believed to have gone extinct
have recently been rediscovered [47], but in hotter and
drier habitats than normal [46]. Hot habitats dry frog’s
skin making them more resilient to fungal infection.
Therefore, chytrid fungus may be less prevalent in arbor-
eal than ground-dwelling frog species, especially those at
higher elevations, as canopy frogs are exposed to warmer
and drier conditions than the ground; and

— variation in thermal tolerances (i.e. the minimum and
maximum temperatures lethal to an individual) by
forest height is unknown and only a few studies have
examined ecotypic variation in thermal tolerances along
elevation gradients (e.g. [48]). Lowland frogs are assumed
to operate only within a narrow thermal range, whereas
high elevation frogs are assumed to operate over a
much larger range of temperature [49]. Despite different
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thermal ranges, all species will have a thermal optimum,
and we would expect abundances to track this optimum.
Thus, although the ground at high elevations may not be
“as cold” for montane frogs (with broad tolerances) as they
might be for lowland frogs (with narrower tolerance),
we would still expect abundances to track gradients in
temperature across height and altitude.

(b) Arboreality under climate change
That the vertical distributions of arboreal species shift with
elevation are important not only for understanding biogeo-
graphic patterns, but for projecting how rainforest biodiversity
might respond to future climatic change. Under a changing cli-
mate, shifts in both temperature and moisture could strongly
influence species distributions (see the electronic supplementary
material, figure S4) [50]. Mean temperatures and moisture in
rainforests followed a steep gradient from the upper canopy to
the forest floor, spanning more than 2°C and 11% relative humid-
ity over a distance of just approximately 20 m (figure 1). Similar
changes in temperature and moisture across elevation require
movements of over 300 m and 2000 m, respectively. Thus,
these vertical temperature and moisture gradients are orders of
magnitude steeper than those associated with elevation or lati-
tude. This steep climate-height gradient is the principle driver
of stratification patterns in our study and suggests that, in a
warming and sporadically drier world, amphibians and perhaps
other temperature-sensitive ectotherms will probably adjust their
vertical distributions downward within the forest (figure 3 and
electronic supplementary material, figure S5). The steepness of
the vertical gradient suggests that this will happen long before
they shift to cooler and wetter conditions at higher elevations
or latitudes [51]. Indeed, this downward shift might be the only
one available to arboreal species in the world’s vast lowland
rainforests, such as the Amazon and Congo Basins, where eleva-
tional gradients are virtually absent. If patterns of arboreality in
frogs are globally coherent, climate change may exacerbate the
vulnerability of this critically threatened animal group [52].
Most alarmingly, our findings suggest that rising temp-
eratures and severe drying events, such as the major
Amazonian droughts in 2005 and 2010 [14], could create
an ‘extinction zone’ for ectotherms in rainforests that pro-
electronic

gressively widens (see the supplementary

material, figure S5) as one moves towards the ground and
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