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Abstract

Aim: We propose that forest trees create a vertical dimension for ecological niche
variation that generates different regimes of climatic exposure, which in turn drives
species elevation distributions. We test this hypothesis by statistically modelling the
vertical and elevation distributions and microclimate exposure of rainforest ants.
Location: Wet Tropics Bioregion, Australia.

Methods: We conducted 60 ground-to-canopy surveys to determine the vertical
(tree) and elevation distributions, and microclimate exposure of ants (101 species) at
15 sites along four mountain ranges. We statistically modelled elevation range size
as a function of ant species’ vertical niche breadth and exposure to temperature vari-
ance for 55 species found at two or more trees.

Results: We found a positive association between vertical niche and elevation range
of ant species: for every 3 m increase in vertical niche breadth, our models predict a
~150% increase in mean elevation range size. Temperature variance increased with
vertical height along the arboreal gradient and ant species exposure to temperature
variance explained some of the variation in elevation range size.

Main conclusions: We demonstrate that arboreal ants have broader elevation ranges
than ground-dwelling ants and are likely to have increased resilience to climatic vari-
ance. The capacity of species to expand their niche by climbing trees could influence
their ability to persist over broader elevation ranges. We propose that wherever ver-
tical layering exists—from oceans to forest ecosystems—vertical niche breadth is a
potential mechanism driving macrogeographic distributional patterns and resilience

to climate change.
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1 | INTRODUCTION

A key focus of biogeography has been to explain how and why en-
vironmental gradients, such as elevation and latitude, shape global
biodiversity patterns (Addo-Bediako et al., 2000; Gaston, 2000).
Within forests, the architecture of trees adds a third environmen-
tal gradient with a strong climatic component that could also drive
biogeographic patterns (Ashton et al., 2016; Scheffers et al., 2013).
Forest species occupy different vertical layers, creating microgeo-
graphic patterns in biodiversity at the local or microscale (Oliveira
& Scheffers, 2019; Sheldon et al., 2018). We pose the question:
could the way animals utilize vertical forest structure influence
species’ distributional patterns at the landscape scale? We inves-
tigate this question by exploring the relationship between vertical
niche and elevation range size distributions amongst ant species
in a tropical forest bioregion. Understanding this relationship be-
tween microgeographic patterns in vertical niche use and macro-
geographic species’ distributions is important in the context of a
changing climate (Williams et al., 2008). The association between
vertical niche use and elevation range size could indicate potential
adaptive responses of species to climate change, including capacity
for shifting elevation distributions or vertical movement within the
forest strata (Moritz & Agudo, 2013; Nadeau et al., 2017; Thuiller
etal.,, 2005).

The ecological niche is a central concept for understanding the
spatial structuring of biodiversity (Pulliam, 2000). The niche can be
conceptualized as a multidimensional space whose axes collectively
capture the potential resources a species can use and the environ-
mental conditions under which they can persist (Hutchinson, 1957

Kearney & Porter, 2004). The niche breadth-range size hypothesis
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proposes that greater breadth along one or more niche axes should
allow a species to occur under a greater range of local conditions
and therefore be distributed over a larger geographic area (Kennedy
et al., 2017; Slatyer et al., 2013). The complex structure of forests
creates a vertical dimension of niche space, including a vertical cli-
mate gradient, and increases the diversity of food and nest resources
(Bluthgen et al., 2003; Scheffers et al., 2013). As species gain access
to the arboreal space, niche breadth should expand along several
possible niche axes relating to climatic tolerance and food and nest
resources (Kaspari et al., 2016). Species with greater vertical niche
breadth should have broader distributions across geographic space
than do vertically restricted species (Scheffers et al., 2017; Scheffers
& Williams, 2018).

In tropical forests, the vertical climate gradient is ubiquitous
and orders of magnitude steeper than climatic gradients associated
with elevation or latitude (Scheffers et al., 2013). As such, vertical
niche breadth should have a strong association with climatic tol-
erance (Kaspari et al., 2015). Importantly, not only does the mean
temperature change from ground to canopy but temperature vari-
ability increases as well—canopy species are exposed to higher
temperature variability than those living on the ground (Scheffers &
Williams, 2018). Thermal adaptation to these microhabitats should
result in broad thermal tolerance for arboreal species, and subse-
quently a broader elevation/geographic distribution, and narrow
thermal tolerance for ground species resulting in a more restricted
distribution (Calosi et al., 2010; Kaspari et al., 2015; Pintanel et al.,
2019). This proposed mechanism is captured by the climate vari-
ability hypothesis, which proposes that species exposed to vari-
able climates evolve generalized thermal physiology, allowing those

species to traverse climatic gradients along latitude and elevation,
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FIGURE 1 Schematic representation of key hypothesis that the microgeographic vertical climate gradient could influence
macrogeographic patterns of ant species distribution across elevation. Trees represent a vertical dimension of temperature variance that ant
species will be differentially exposed to depending on their vertical foraging niche breadth. We hypothesize that vertical niche breadth will
predict elevation range size. [Colour figure can be viewed at wileyonlinelibrary.com]
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resulting in a wider geographic distribution than thermal specialists
from stable climates (Addo-Bediako et al., 2000; Calosi et al., 2010;
Janzen, 1967; Pintor et al., 2015).

Here, we test the hypothesis that vertical niche use is posi-
tively associated with elevation range and propose exposure to
temperature variance as the key underlying mechanism. We test
this relationship using the rainforest ant fauna of the Australian
Wet Tropics Bioregion. Ants are an excellent study system for test-
ing scaling rules in biogeography as they fill multiple niches in the
rainforest environment and occupy space along both vertical and
elevation gradients (Blithgen et al., 2003; Longino et al., 2019).
Ant distribution is strongly related to temperature—temperature
requirements for brood development and adult foraging suc-
cess are both important drivers of ant distributions (Kipyatkov &
Lopatina, 2015; Penick et al., 2017). Here, we focus on foraging
niche breadth of adult workers rather than the nest sites of col-
onies. The persistence of a colony at a site will be contingent on
both nest success and foraging success but nests can be buffered
from external temperature variation, through either nest construc-
tion (Jones & Oldroyd, 2006) or social thermal regulation (Villalta
et al., 2020), whereas foragers must cope with thermal extremes
(Jayatilaka et al., 2011).

The framework for our study is represented in Figure 1. First,
we test the premise that arboreality increases exposure to climate
variability by examining how mean temperature and temperature
variance change along the vertical gradient from ground to can-
opy. Second, we incorporate vertical niche breadth (how much
ground-arboreal space is utilized) into a statistical model of species’
elevation distributions. Along this continuous vertical gradient, we
propose three main vertical niche positions: primarily ground-dwell-
ing, semi-arboreal (active in both ground and arboreal habitats) and
primarily arboreal. Thirdly, we investigate species’ exposure to tem-
perature variance (derived from microclimate temperature loggers)
along the vertical gradient as an explanatory mechanism for eleva-
tion range patterns.

In our models, we focus on a subset of factors that we have mea-
sured and expect to influence elevation range size. We expect that
our measured variables (vertical niche breadth and temperature vari-
ance exposure) will impose a limit on species’ elevation ranges, cre-
ating an upper bound which species cannot exceed. Species will also
fall below this upper bound, not reaching their potential elevation
range due to unmeasured factors not included in the model, such
as interspecific competition (Cade et al., 1999; Machac et al., 2011;
Thomson et al., 1996). Such a relationship is expressed as a wedge-
shape distribution of points that is bounded by an upper limit (Cade
et al., 1999; VanDerWal et al., 2009), and we are interested in mod-
elling the slope of this upper limit as well as the mean value. We use
quantile regression to model these portions of the response distribu-
tion, and we expect a stronger rate of change in elevation range size
with our explanatory variables at the upper bound of the response
distribution than at the mean of the response distribution (Cade &
Noon, 2003). Finally, we discuss the importance of vertical niche
characteristics and elevation distributional patterns in the context

of tropical forest species and climate change.
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2 | METHODS
2.1 | Study sites

This study was conducted across the Australian Wet Tropics (AWT)
Bioregion, Queensland, at long-term monitoring sites (Williams
et al., 1995, 2010). Elevational gradients were sampled in four moun-
tain ranges that represent four of six main sub-regions within the AWT,
running from north to south; Mt. Finnegan, Mt. Windsor, Mt. Carbine
and Atherton Range. For more details on sub-regions and a map of
elevation sites, see Nowrouzi et al. (2016). Rainforest habitat ranged
from complex mesophyll vine forests in the lowlands to simple noto-
phyll vine forests in the uplands. Rainfall in the AWT is highly seasonal
with 75%-90% of the 2,000-8,000 mm per year falling during the wet
season from November to April. In addition, elevations above 1,000 m
a. s. |. can receive up to 66% of monthly water input from cloud strip-
ping (McJannet et al., 2007). The number of elevation sites sampled for
each sub-region varied depending on the availability of rainforest habi-
tat: Finnegan (200, 500, 700 m a.s.l.), Windsor (900, 1,100, 1,300 m
a.s.l.), Carbine (100, 600, 1,000, 1,200 m a.s.l.) and Atherton (200, 400,
600, 800, 1,000 m a.s.l.), which summed to 15 elevation sampling sites.

2.2 | Sampling

At each elevation site per sub-region, we sampled an average of 4
trees per site, and at six sites, 5 trees were sampled (see Table 51.1,
Appendix S1). Trees were sampled using bait traps comprised of plas-
tic vials (1 cm in diameter, 5 cm in length) containing canned tuna in
oil, attached to the tree. At each tree, 5 bait traps were set on the
ground and every three metres above ground level up to the maxi-
mum accessible height of the tree. Survey height ranged from 15 to
27 m, depending on the height of the tree and accessibility (Table S1.1,
Appendix S1). Traps were set in the morning and collected 2-3 hr later.
This design does not sample cryptic ant fauna in the leaf litter and re-
sults in a bias for dominant ant species that recruit large numbers to
baits (Agosti et al., 2000). We deemed this an acceptable limitation to
the study design, as the primary aim was to document relative pat-
terns for ant species along environmental gradients rather than to
document total community diversity. The canopy was accessed using
the single-rope climbing technique. At each site, sampled trees were
at least 50 m apart and were chosen based on size and climbing acces-
sibility. Finnegan, Windsor and Carbine Uplands were surveyed from
October to December 2012, and Atherton Uplands were surveyed
from December to February of 2017-2018. Ants were sorted to spe-
cies and where possible named. Unnamed species were given codes
following Nowrouzi et al. (2016). Voucher specimens were deposited
in the CSIRO TERC collection in Darwin, Australia.

2.3 | Microclimate monitoring

We recorded microclimate temperature across the vertical and ele-

vation gradients at the Atherton Uplands. Thermochron data loggers
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were deployed to record temperature for 43 days in the wet season
from December 2017 to January 2018 at Atherton Uplands. A ther-
mochron data logger was placed every 3 m in height from ground
to the highest point of the tree at one tree per elevation site along
the Atherton Uplands gradient. Thermochrons were shielded from
sun exposure and rain, and recorded temperature every 30 min.
Temperatures recorded between daytime hours of 08:00 and
17:00 hr, matching the time of our ant sampling, were used in analy-
ses to quantify mean temperature and temperature variance along
vertical and elevation gradients, and to derive an exposure to tem-
perature variance value for each species based on that species’ oc-

currence along vertical and elevation gradients.

2.4 | Analysis

2.4.1 | Quantifying temperature change along
vertical and elevation gradients

We quantified the change in mean temperature and tempera-
ture variance along vertical and elevation gradients using linear
regression models. We derived two climate models using linear
regression: mean temperature as a function of vertical height
and elevation, and temperature variance as a function of vertical

height and elevation.

2.4.2 | Exploring patterns of vertical niche foraging

We wished to explore how ant species use the vertical gradient
for foraging. We classed species into three vertical niche posi-
tions using an arboreal score based on their occurrence in tree
or ground vials. This was calculated as the proportion of arboreal
vials occupied divided by the proportion of vials occupied in total
(i.e., arboreal plus ground). Ant species with arboreal scores of
<10% were classified as ground-dwelling, between 10% and 90%
semi-arboreal, and >90% arboreal. We visualized niche position in
relation to vertical niche breadth and the modal value of vertical
height (subsequently referred to vertical height mode) using violin

plots.

2.4.3 | Relationship between vertical niche
breadth and elevation range size

Ouir first aim was to examine the association between vertical niche
breadth and elevation range size. We defined vertical niche breadth
as the minimum to maximum vertical height of a species recorded
across the study area and elevation range as the difference between
the minimum and maximum elevation point of the species across the
study area. Single records of species are problematic in distributional
studies because it is difficult to determine whether these species

are genuinely geographically rare or simply have a low probability

of detection (Coddington et al., 2009; Longino & Colwell, 1997). We
therefore considered only 55 species found at two or more trees.
We were interested to know whether the relationship between ver-
tical niche breadth and elevation range size varies amongst genera
with very different ecological traits (including body size), and so we
also ran separate models for the most species-rich genera Pheidole
(Myrmicinae; 19 species) and Anonychomyrma (Dolichoderinae; 9
species).

2.4.4 | Relationship between exposure to
temperature variability and elevation range size

Our second aim was to test whether exposure to temperature
variability along the vertical gradient could be an underly-
ing mechanism influencing elevation range. Species with wide
elevation ranges will inevitably be exposed to greater tem-
perature ranges, leading to a positive relationship between
a species overall temperature range and its’ elevation range
(Pintor et al., 2015). However, our hypothesis was that a species
ability to cope with temperature variability at a given point in
its range—due to its vertical niche—should influence that spe-
cies capacity to distribute over elevation. As such, we derived a
location-specific estimate of exposure to temperature variability
for each species as the most variable occurrence point where
each species was recorded along the vertical and elevation gra-
dients. We used our fitted temperature variance model derived
from the Atherton Uplands data loggers to estimate a variance
value for each vertical height increment and elevation band at
the remaining three sub-regions (Finnegan Uplands, Windsor
Uplands and Carbine Uplands). We then obtained a temperature
variance value for each ant capture record based on its vertical
height in the tree and the elevation of its occurrence. From this
set of values, we defined temperature variance exposure as the
temperature variation at the single most variable point for each

species (Pintor et al., 2015).

2.4.5 | Testing for sampling artefacts and
confounding factors

We took into account a potentially confounding effect of a positive
abundance-range size relationship as an artefact of common species
being sampled at more sites (Gaston et al., 1997), which could still
be the case after removing singletons from the study. We included
a measure of local abundance for each ant species as a covariate in
our vertical niche breadth-range size model and exposure to tem-
perature variance-range size model. Abundance was calculated as
the mean proportion of trees occupied at sites where that species
was present.

We considered that ant body size could influence an ant's abil-
ity to forage over greater distances and therefore play a role in de-

termining vertical niche breadth and range size. As well, body size
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can alter an ant's thermal exposure—larger ants walk slightly higher
above the surface boundary layer and therefore experience cooler
operative temperatures than small ants (Kaspari et al., 2015). We
had body mass measurements for 22 of our study species from a
separate thermal tolerance project in the Carbine Uplands (L. Leahy,
unpublished data), and in preliminary analyses, we modelled eleva-
tion range size as a function of body mass and then modelled vertical
niche breadth as a function of body mass as separate models using
only these 22 species (see Table 51.2, Appendix S1 in supporting
information). Body mass did not have a significant effect on either
elevation range size or vertical niche breadth for these 22 species
(Table S1.2, Appendix S1) and was therefore not included in further
analyses.

We ran several tests to explore how our sampling design may
have affected our calculation of vertical niche breadth, exposure to
temperature variance and elevation range size. We tested whether
differences in survey height of trees affected our calculation of ver-
tical niche breadth and found a very weak relationship (Table 51.3,
Appendix S1). Likewise, differences in survey height of trees had a
very weak relationship with exposure to temperature variance (Table
$1.3, Appendix S1). We investigated whether there was a consistent
trend in tree height across elevation, as this could influence the re-
lationship between vertical niche breadth and elevation range size
(for survey tree heights see Table S1.1, Appendix S1) but found no
trend in vertical tree height with elevation (Table $1.4, Appendix S1).
Finally, we tested whether differences in maximum elevation and
total elevation range of each of the four mountains affected our cal-
culation of elevation range size and found no substantial relationship
(Table S1.5, Appendix S1).

2.5 | Statistical models

We used generalized linear models (GLM) with a gamma distribu-
tion and a log-link function to model the change in the mean of the
response variable—elevation range—as a function of the predic-
tors—vertical niche breadth and mean local abundance. In a sepa-
rate model, we modelled elevation range as a function of exposure
to temperature variation and mean local abundance. A gamma dis-
tribution with a log-link function was chosen because the response
variable—elevation range—was positive and highly right skewed
rather than following a Gaussian distribution. Predictor variables
were scaled to obtain standardized beta coefficients, and we took
the log of local abundance. Variance inflation was checked, and
there was no evidence of collinearity between the covariates in
either model. Each model was run with interactions between the
covariates and as an additive model. Model performance was
evaluated using Akaike information criterion (AIC ) values (Table
S1.6, Appendix S1); the most parsimonious and best performing
models are reported. To model the upper bound of the relationship
between elevation range and the explanatory variables, we used
quantile regression. Thus, we modelled two parts of the relation-

ship: both the mean (0.5 quantile) and upper limit (0.9 quantile)

Coversiy s irinuions EAVITR SV

for each model. Quantile regression was performed using the R
package QuANTREG ver. 5.51 (Koenker, 2019); for more information
on quantile regression, see Cade et al. (1999) and Cade and Noon
(2003). To assess the performance of each model, including quan-
tile regressions, we used a pseudo-R? measure that was estimated
using equations of Nagelkerke (1991) and the package rRcompaNION
ver. 2.3.0 (Mangiafico, 2019). This measure permits comparison
of all regression models used, as it is not limited to simple linear
regressions. All analyses were performed in R ver. 3.5.1 (http://

www.R-project.org).

3 | RESULTS

Mean temperature increased with vertical height and decreased with
elevation in the linear model (LM, Fzy32 = 148.7, p < .001, adjusted
R%?=.9:Table1, Figure 2a,b). Variance in temperature increased with
vertical height but not with elevation (LM, F, 5, = 28.8, p < .001,
adjusted R? = .62; Table 1, Figure 2c,d). Recorded daytime temper-
atures ranged from 16 to 38°C across the elevation gradient over
the two months of temperature sensor deployment during the wet
season. The degree of temperature variance varied markedly with
vertical position (Figure 2d). Median temperature variance over the
period of sensor deployment was 3.13°C on the ground compared
with 12.9°C in the high canopy at 24 m (Figure 2d). Temperature var-
iance increased sharply from ground to 3 m, gently increased in the
understorey and sub-canopy, between 3 m and 18 m, before sharply
increasing in the high canopy between 21 and 24 m (Figure 2d). The
increasing temperature variance with vertical height was driven by
increasing maximum temperatures, while minimum temperatures re-
mained relatively static as shown in Figure 2b by the outlying maxi-
mum temperature points that fall on the upper side of the boxplots.

A total of 11, 770 individual ants from 101 species from 30
genera were collected at the 60 trees across the 15 elevation sites
and four sub-regions. Forty-six species were recorded only once
at one tree and therefore excluded from analysis. Semi-arboreal
ant species foraged over the greatest extent of the tree with an
average vertical niche breadth of 19.6 + 2.1 m; however, they were
generally concentrated in the lower sections of the tree (vertical
height mode averaged 4.8 + 1.6 m; Figure 3b). Some ground-dwell-
ing ants made very occasional forays into the arboreal zone, but
average vertical niche breadth was only 4.2 + 1.6 m (Figure 3a,b).
The average vertical niche breadth of arboreal specialists was
11.5 + 1.3 m (Figure 3a), and they tended to be concentrated in the
upper parts of the tree and canopy (vertical height mode averaged
14.0 + 1.0 m; Figure 3b).

The vertical niche breadth model that included local abundance
explained some variation in the elevational range of the ant species
(GLM, pseudo-R? = .26; Table 1). Vertical niche breadth had a posi-
tive association with elevation range size, and the model predicted
1.5 times (95% Cl: 1.25-1.75) increase in elevation range with every
3 m increase in vertical niche breadth (Table 1 and Figure 4). Local

abundance had a weak but negative relationship with elevation
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TABLE 1 Linear models for mean temperature and temperature variance across vertical tree height and elevation from temperature data
loggers deployed in Atherton Uplands, Wet Tropics Bioregion, Australia. Generalized linear models (GLM) for elevation range as a function
of vertical niche breadth and exposure to temperature variability as separate models, including local abundance as a covariate. Each model
is presented for the mean (using GLM) and 0.9 quantile (using quantile regression) for 55 ant species surveyed across four mountains in

the Wet Tropics Bioregion, Australia. Vertical niche breadth model also presented for the mean (GLM) as separate models for two of the
common ant genera in the study area Pheidole (n = 19 species) of the Myrmicinae subfamily and Anonychomyrma (n = 9 species) of the
Dolichoderine subfamily. For all models, coefficients and lower and upper 95% confidence intervals are presented and the Adjusted R? or

Nagelkerke Pseudo R?

Temperature regression models Est. coef.

Mean Temp ~ Elevation + Vertical height

Intercept 27.056
Elevation -0.005*
Vertical height 0.124*

Temp variance ~ Elevation + Vertical height

Intercept 4.84
Elevation 0.00
Vertical height 0.3*

Vertical niche breadth models:All

species Est. coef.

GLM all species:

Elevation range ~ Vertical niche breadth + local abundance
Intercept 472
Vertical niche breadth 1.5*
Local abundance 0.76*

0.9 quantile regression all species:
Elevation range ~ Vertical niche breadth + local abundance

Intercept 837
Vertical niche breadth 1.32*
Local abundance 0.96

Vertical niche breadth models: Anonychomyrma and Pheidole

GLM Pheidole:

Elevation range ~ Vertical niche breadth + local abundance
Intercept 413
Vertical niche breadth 1.44*
Local abundance 0.8

GLM Anonychomyrma:

Elevation range ~ Vertical niche breadth + local abundance
Intercept 435
Vertical niche breadth 1.95%
Local abundance 0.78

Exposure temp. variance models

GLM all species:

Elevation range ~ Exp. Temp. variability + local abundance
Intercept 483
Exposure temperature variability 1.35*
Local abundance 0.83

0.9 quantile regression all species:
Elevation range ~ Exp. temp. variability + local abundance

Intercept 888
Exposure temperature variability 1.34*
Local abundance 0.99

Note: *Significance p < .05.

Lower CI

26.4
-0.006
0.09

3.08
-0.002
0.22

Lower Cl

407
1.25
0.64

728
1.2
0.6

328
1.13
0.62

304
1.3
0.51

414
1.15
0.7

780
IS
0.64

Upper CI

27.7
-0.004
0.16

6.6
0.002
0.38

Upper CI

552
1.75
0.92

935
1.81
1.06

531
1.87
1.04

654
2.8
117

568
1.6
1.0

953
1.56
11

Adj. R?

.62

Pseudo R?

.26

0.3

.58

17

.35
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range size (GLM, 0.76 times decrease, 95% Cl: 0.64-0.92; Table 1
and Figure 5). At the 0.9 quantile of the relationship between vertical
niche breadth and elevation range size (including local abundance
as a covariate), more variation in elevation range size was explained
than when we modelled the mean of the relationship (quantile re-
gression, 0.9 quantile, pseudo-R2 = .38; Table 1 and Figure 3). In
Figure 4, the distribution of data points (species) is bounded by the
upper limit (0.9 quantile) of species’ elevation range with a large scat-
ter of points below the upper limit, creating a wedge-shaped distri-
bution of data points. The slope of the relationship between vertical
niche breadth and elevation range at the 0.9 quantile was similar to
the slope of the relationship at the mean; the model predicted a 1.32
times (95% Cl: 1.2-1.81) increase in elevation range with every 3 m
increase in vertical niche breadth (Table 1 and Figure 4). There was
no relationship between local abundance and elevation range size at
the 0.9 quantile (quantile regression, 0.96 times decrease, 95% Cl:
0.6-1.06; Table 1). A similar pattern was found when the two dom-
inant genera were considered as separate models; Pheidole (GLM,
n =19 species, pseudo-R? = .3, 1.44 times increase in elevation range
for every 3 mincrease in vertical niche breadth, 95%: 1.13-1.87) and
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Anonychomyrma (GLM, n = 9 species, pseudo-R2 =.58, 1.95 times in-
crease 95% Cl: 1.3-2.8) both showed a positive association between
vertical niche breadth and elevation range size but no relationship
between local abundance and elevation range size (Figure 4, Table 1).

There was a positive association between exposure to tempera-
ture variance (calculated from temperature sensors and each spe-
cies’ location records) and elevation range size; however, there was
some variation left unexplained by the model. The mean model ex-
plained less variation in elevation range size compared with the 0.9
quantile model (GLM: pseudo-R? = .17 compared with 0.9 quantile
model: pseudo—R2 = 0.35; Table 1, Figure 6). For the mean model,
there was 1.35 times (95% Cl: 1.15-1.6) predicted increase in eleva-
tion range with increasing temperature variance exposure. The ef-
fect size was almost identical (1.34 times; 95% Cl: 1.15-1.56) for the
0.9 quantile model. Notably, the eleven species with the greatest
elevation range size (>800 m elevation range size) were all exposed
to high degree of temperature variance (Figure 6). In the exposure
to temperature variance model, there was a very weak negative
relationship between local abundance and elevation range at the
mean of the relationship (0.83, 95% Cl: 0.7-1.0) and no effect of
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FIGURE 2 Temperature recorded every half hour over (a) elevation and (b) vertical height (in the tree) and mean temperature variance
for period of deployment for (c) elevation and (d) vertical height from data loggers placed every three metres into trees at five elevation
sites (200, 400, 600, 800, 1,000 m a.s.l.) and set to record temperature every half hour for 43 days at Atherton Uplands during Wet Season
2017-2018. All data from daytime hours between 08:00 and 17:00 hr. Box plots show the median (central band), 25th and 75th percentiles
(bottom and top of boxes) and 1.5 times the interquartile range above or below the 25th and 75th percentiles (whiskers), and points show

outliers above or below this
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species based on their vertical distributions from ground to canopy
at elevation sites along four mountain ranges in the Australian Wet
Tropics Bioregion. Black dots and whiskers show mean + SE, grey
points are each species vertical niche breadth and vertical height
mode, respectively, coloured violins represent kernel probability
density of the data for each point on the y-axis [Colour figure can
be viewed at wileyonlinelibrary.com]

local abundance on elevation range at the 0.9 quantile (0.99, 95%
Cl: 0.64-1.1) (Table 1).

4 | DISCUSSION

We found that ant species using more of the vertical tree space
tend to have broader elevation ranges. Ant species with the broad-
est vertical niche foraged from the ground up to the high canopy,
and vertical niche breadth was positively associated with eleva-
tion range. This pattern was consistent when considering all spe-

cies (n = 55 species) and two contrasting genera (Pheidole and
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10 20
Vertical niche breadth (m)

FIGURE 4 Vertical niche breadth (m) of ant species (n = 55)
and elevation range extent (m), based on ant species vertical
distributions from ground to canopy and occurrence across
elevation along four mountains in the Australian Wet Tropics. Solid
line fitted from the GLM model (Table 1) with a gamma distribution
and log-link function and 95% confidence intervals, and dotted line
fitted from 0.9 quantile regression model (Table 1). Coloured circles
show two common ant genera in the study area, blue = Pheidole
(Subfamily: Myrmicinae, n = 19) and red = Anonychomyrma
(Subfamily: Dolichoderinae, n = 9), black = all other genera [Colour
figure can be viewed at wileyonlinelibrary.com]

Anonychomyrma) separately. Local abundance was weakly and
negatively correlated with elevation range size, a pattern that is not
consistent with the widely reported positive abundance-range size
relationship often found for vertebrate taxa (Gaston et al., 1997).
Arboreal species were exposed to far higher levels of climatic vari-
ation than were ground-restricted ants. There was support for the
hypothesis that exposure to temperature variability influences the
relationship between a species’ vertical niche use and elevation
range. Overall, our results suggest that the ecological flexibility to
forage in ground and canopy habitats in combination with climate
variability exposure are factors determining the capacity of species
to occur across broader climatic and geographic gradients (Kennedy
etal., 2017).

The differences in elevation range size were not explained by dif-
ferences in species abundances, which is a commonly confounding
factor (Brown, 1984; Gaston et al., 1997). Indeed, contrary to ex-
pectations we found a (weakly) negative association between local
abundance and range size for ant species. One would expect that
locally dominant and abundant ants would also be the most wide-
spread over geographic space (Gaston et al., 1997), but we found
the opposite pattern. Although small range size is often associated
with being locally rare, the opposite can be true in locations where
strong extinction filtering has occurred (Johnson, 1998). Species

with restricted ranges can persist through high local abundance
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FIGURE 5 Log of mean local abundance for ant species

(n = 55) and elevation range extent (m) based on occurrence of ant
species across elevation along four mountains in the Australian
Wet Tropics. Lines fitted from the model (Table 1) with a gamma
distribution and log-link function and 95% confidence intervals

(Johnson, 1998). This appears to be the case for vertebrates in
the Australian Wet Tropics Bioregion where repeated habitat con-
tractions have filtered species assemblages leading to a negative
relationship between local abundance and range size (Williams
et al., 2006, 2009).

Our quantile regression modelling showed that vertical niche
breadth and exposure to temperature variance imposed an upper
bound on elevation range. Other factors we have not measured, in-
cluding climatic variability over an annual cycle (Chan et al., 2016),
temporal foraging activity (Levy et al., 2019), interspecific compe-
tition (Andersen, 2008), dispersal ability (Scheffers et al., 2017)
and the distribution of nest sites and food resources (Yanoviak &
Kaspari, 2000), also potentially influence exposure to climatic vari-
ance and therefore elevation range size.

Species varied widely in their use of the vertical gradient.
Semi-arboreal ant species had the greatest vertical niche breadth,
whereas arboreal specialists were concentrated in the higher parts
of the tree. The ability of semi-arboreal species to forage at multiple
vertical layers allows them to exploit the full temperature gradient
along with a potentially wider range of food resources (Yanoviak &
Kaspari, 2000). Some of our arboreal specialists were restricted to
specific microhabitats such as epiphytes, and so would be buffered
from temperature variability, inhabiting a climatically stable envi-
ronment similar to ground-restricted ants (Blithgen et al., 2004;
Scheffers et al., 2014). Others forage along branches and trunks and
would be exposed to high climate variability (Bliithgen et al., 2004;
Stark et al., 2017). Therefore, microclimate exposure will differ be-
tween species depending on both vertical niche and foraging mi-

crohabitat. Mammola et al. (2019) report a similar pattern in cave
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FIGURE 6 Exposure to temperature variability (°C) for

ant species (n = 55) and elevation range extent (m), derived

from temperature sensor deployment, and ant species vertical
distributions from ground to canopy and occurrence across
elevation along four mountains in the Australian Wet Tropics. Lines
fitted from the model (Table 1) with a gamma distribution and log-
link function and 95% confidence intervals, and dotted line fitted
from 0.9 quantile regression model

spiders: deep cave specialists were adapted to low climate variabil-
ity and had narrow elevation ranges compared with non-specialized
cave spiders that were exposed to more variable climates associated
with cave openings.

We considered that body size could influence the ability of an
ant to forage over the vertical gradient, yet for 22 of our study
species we found no relationship between body mass and verti-
cal niche breadth or body mass and elevation range size. The two
most species-rich genera in the study are quite different in their
morphology and ecology; the tiny Pheidole in our study had a mean
body mass of 0.07 mg, compared with 0.24 mg for Anonychomyrma.
Yet both genera showed the same pattern to the total species
model whereby broad vertical niche breadth was positively cor-
related with elevation range size. This indicates that there is a gen-
eral ecological—and possibly climatic—advantage to behavioural
flexibility along the microgeographic gradient, allowing species to
become more widespread along the macrogeographic (elevation)
gradient.

Many of the ant species recorded in our study area were highly
restricted in either vertical niche breadth or elevation range.
Species with a narrow niche breadth and distribution could be
vulnerable to climate change due to the synergistic effects of re-
stricted elevation range size, sensitivity to climate variation and
limited ability to compensate behaviourally through vertical move-
ment (Huey et al., 2009; Thuiller et al., 2005; Williams et al., 2008).

Semi-arboreal generalist species with a broader vertical niche and
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elevation range have more options (Scheffers et al., 2017), hav-
ing the capacity to shift their vertical position to compensate for
broader scale shifts in the climate-environment or shift their geo-
graphic distribution further up the mountain as the lowland cli-
mate warms. Recent research found a positive correlation between
verticality and resilience to climatic instability for several verte-
brate taxa in the Australian Wet Tropics, where arboreal species
dominated in areas with historically unstable climates (Scheffers
et al.,, 2017). A similar pattern might be expected in tropical in-
vertebrates, as species distribution and persistence in space and
time are generally tightly coupled to climate and temperature
(Bonebrake & Deutsch, 2012; Burwell & Nakamura, 2015; Davison
& Chiba, 2008). The pattern for ants that we have presented here
provides further support to the idea that arboreality is an import-
ant trait for assessing relative vulnerability to climate change in
rainforest biomes (Scheffers & Williams, 2018). Arboreality may
have provided species with the tools to overcome climatic instabil-
ity in the past and could provide resilience to future climate change
(Davison & Chiba, 2008; Nadeau et al., 2017; Scheffers et al., 2017,
Thuiller et al., 2005). Our findings can be applied more broadly
to vertically layered systems such as freshwater lakes (Kennedy
et al., 2017), oceans (Hays et al., 2009) and caves (Mammola
et al., 2019), where vertical niche is associated with climatic ex-
posure and is therefore a potential mechanism driving macrogeo-
graphic patterns and resilience to climate change.

ACKNOWLEDGEMENTS

We thank Somayeh Nowrouzi and all the volunteers who contrib-
uted to fieldwork. This study was supported by multiple grants
from: The Explorer's Club, Wet Tropics Management Authority,
Skyrail Rainforest Foundation, Holsworth Wildlife Research
Endowment—Equity Trustees Charitable Foundation and Ecological
Society of Australia. LL is supported by a PhD scholarship from the
Australian Government. Field research conducted under Permit
WITK15811415 issued by the Queensland Government of Australia.

CONFLICTS OF INTEREST
The authors declare no conflict of interest.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/ddi.13210.

DATA AVAILABILITY STATEMENT
Data for ant collections and microclimate are provided on the Dryad
Repository: https://doi.org/10.5061/dryad.9ghx3ffg3.

ORCID
Lily Leahy
Brett R. Scheffers

https://orcid.org/0000-0002-0733-6792
https://orcid.org/0000-0003-2423-3821
Alan N. Andersen https://orcid.org/0000-0003-1487-3323
Ben T. Hirsch https://orcid.org/0000-0003-0142-7340
Stephen E. Williams https://orcid.org/0000-0002-2510-7408

REFERENCES

Addo-Bediako, A., Chown, S. L., & Gaston, K. J. (2000). Thermal toler-
ance, climatic variability and latitude. Proceedings of the Royal Society
of London. Series B: Biological Sciences, 267(1445), 739-745. https://
doi.org/10.1098/rspb.2000.1065

Agosti, D., Majer, J., Alonso, L. E., & Schultz, T. (2000). Ants: Standard
methods for measuring and monitoring biodiversity. Smithsonian
Institution Press.

Andersen, A. N. (2008). Not enough niches: Non-equilibrial processes pro-
moting species coexistence in diverse ant communities. Austral Ecology,
33(2), 211-220. https://doi.org/10.1111/j.1442-9993.2007.01810.x

Ashton, L. A., Nakamura, A., Basset, Y., Burwell, C. J., Cao, M., Eastwood,
R., Odell, E., de Oliveira, E. G., Hurley, K., Katabuchi, M., Maunsell, S.,
McBroom, J., Schmidl, J., Sun, Z., Tang, Y., Whitaker, T., Laidlaw, M.
J., McDonald, W. J. F,, & Kitching, R. L. (2016). Vertical stratification
of moths across elevation and latitude. Journal of Biogeography, 43(1),
59-69. https://doi.org/10.1111/jbi.12616

Blithgen, N., Gebauer, G., & Fiedler, K. (2003). Disentangling a rainforest
food web using stable isotopes: Dietary diversity in a species-rich ant
community. Oecologia, 137(3), 426-435. https://doi.org/10.1007/
s00442-003-1347-8

Blithgen, N., Stork, N., & Fiedler, K. (2004). Bottom-up control and
co-occurrence in complex communities: Honeydew and nectar de-
termine a rainforest ant mosaic. Oikos, 106(2), 344-358. https://doi.
org/10.1111/j.0030-1299.2004.12687.x

Bonebrake, T. C., & Deutsch, C. A. (2012). Climate heterogeneity modu-
lates impact of warming on tropical insects. Ecology, 93(3), 449-455.
https://doi.org/10.1890/11-1187.1

Brown, J. H. (1984). On the relationship between abundance and distri-
bution of species. American Naturalist, 124(2), 255-279. https://doi.
org/10.1086/284267

Burwell, C. J., & Nakamura, A. (2015). Can changes in ant diversity along el-
evational gradients in tropical and subtropical Australian rainforests be
used to detect a signal of past lowland biotic attrition? Austral Ecology,
41(2), 209-218. https://doi.org/10.1111/aec.12322

Cade, B. S., & Noon, B. R. (2003). A gentle introduction to quantile re-
gression for ecologists. Frontiers in Ecology and the Environment, 1(8),
412-420.

Cade, B. S., Terrell, J. W., & Schroeder, R. L. (1999). Estimating effects
of limiting factors with regression quantiles. Ecology, 80(1), 311-323.

Calosi, P., Bilton, D. T., Spicer, J. I., Votier, S. C., & Atfield, A. (2010).
What determines a species’ geographical range? Thermal biology
and latitudinal range size relationships in European diving beetles
(Coleoptera: Dytiscidae). Journal of Animal Ecology, 79(1), 194-204.
https://doi.org/10.1111/j.1365-2656.2009.01611.x

Chan, W. P,, Chen, I. C., Colwell, R. K., Liu, W. C., Huang, C. Y., & Shen, S.
F. (2016). Seasonal and daily climate variation have opposite effects
on species elevational range size. Science, 351(6280), 1437-1439.
https://doi.org/10.1126/science.aab4119

Coddington, J. A., Agnarsson, I., Miller, J. A., Kuntner, M., & Hormiga, G.
(2009). Undersampling bias: The null hypothesis for singleton spe-
cies in tropical arthropod surveys. Journal of Animal Ecology, 78(3),
573-584. https://doi.org/10.1111/j.1365-2656.2009.01525.x

Davison, A., & Chiba, S. (2008). Contrasting response to Pleistocene cli-
mate change by ground-living and arboreal Mandarina snails from
the oceanic Hahajima archipelago. Philosophical Transactions of the
Royal Society B Biological Sciences, 363(1508), 3391-3400.

Gaston, K. J. (2000). Global patterns in biodiversity. Nature, 405(6783),
220-227.

Gaston, K. J., Blackburn, T. M., & Lawton, J. H. (1997). Interspecific abun-
dance-range size relationships: An appraisal of mechanisms. Journal of
Animal Ecology, 66, 579-601. https://doi.org/10.2307/5951

Hays, G. C., Farquhar, M. R., Luschi, P,, Teo, S. L., & Thys, T. M. (2009).
Vertical niche overlap by two ocean giants with similar diets: Ocean
sunfish and leatherback turtles. Journal of Experimental Marine


https://publons.com/publon/10.1111/ddi.13210
https://publons.com/publon/10.1111/ddi.13210
https://doi.org/10.5061/dryad.9ghx3ffg3
https://orcid.org/0000-0002-0733-6792
https://orcid.org/0000-0002-0733-6792
https://orcid.org/0000-0003-2423-3821
https://orcid.org/0000-0003-2423-3821
https://orcid.org/0000-0003-1487-3323
https://orcid.org/0000-0003-1487-3323
https://orcid.org/0000-0003-0142-7340
https://orcid.org/0000-0003-0142-7340
https://orcid.org/0000-0002-2510-7408
https://orcid.org/0000-0002-2510-7408
https://doi.org/10.1098/rspb.2000.1065
https://doi.org/10.1098/rspb.2000.1065
https://doi.org/10.1111/j.1442-9993.2007.01810.x
https://doi.org/10.1111/jbi.12616
https://doi.org/10.1007/s00442-003-1347-8
https://doi.org/10.1007/s00442-003-1347-8
https://doi.org/10.1111/j.0030-1299.2004.12687.x
https://doi.org/10.1111/j.0030-1299.2004.12687.x
https://doi.org/10.1890/11-1187.1
https://doi.org/10.1086/284267
https://doi.org/10.1086/284267
https://doi.org/10.1111/aec.12322
https://doi.org/10.1111/j.1365-2656.2009.01611.x
https://doi.org/10.1126/science.aab4119
https://doi.org/10.1111/j.1365-2656.2009.01525.x
https://doi.org/10.2307/5951

LEAHY ET AL.

Biology and Ecology, 370(1-2), 134-143. https://doi.org/10.1016/j.
jembe.2008.12.009

Huey, R. B., Deutsch, C. A., Tewksbury, J. J., Vitt, L. J., Hertz, P. E., Pérez,
H. J. A., & Garland, T. (2009). Why tropical forest lizards are vulner-
able to climate warming. Proceedings of the Royal Society of London.
Series B: Biological Sciences, 276(1664), 1939-1948.

Hutchinson, G. (1957). A treatise on limnology. Wiley and Sons.

Janzen, D. H. (1967). Why mountain passes are higher in the trop-
ics. American  Naturalist, 101(919), 233-249. https://doi.
org/10.1086/282487

Jayatilaka, P, Narendra, A., Reid, S. F., Cooper, P, & Zeil, J. (2011).
Different effects of temperature on foraging activity schedules in
sympatric Myrmecia ants. Journal of Experimental Biology, 214(16),
2730-2738. https://doi.org/10.1242/jeb.053710

Johnson, C. (1998). Species extinction and the relationship between dis-
tribution and abundance. Nature, 394(6690), 272-274.

Jones, J. C., & Oldroyd, B. P. (2006). Nest thermoregulation in social in-
sects. Advances in Insect Physiology, 33, 153-191.

Kaspari, M., Clay, N. A,, Lucas, J., Revzen, S., Kay, A., & Yanoviak, S. P. (2016).
Thermal adaptation and phosphorus shape thermal performance in an
assemblage of rainforest ants. Ecology, 97(4), 1038-1047.

Kaspari, M., Clay, N. A, Lucas, J., Yanoviak, S. P., & Kay, A. (2015). Thermal
adaptation generates a diversity of thermal limits in a rainforest ant
community. Global Change Biology, 21(3), 1092-1102. https://doi.
org/10.1111/gcb.12750

Kearney, M., & Porter, W. P. (2004). Mapping the fundamental niche:
Physiology, climate, and the distribution of a nocturnal lizard. Ecology,
85(11), 3119-3131. https://doi.org/10.1890/03-0820

Kennedy, M. P,, Lang, P., Grimaldo, J. T., Martins, S. V., Bruce, A., Moore,
l., Taubert, R., Macleod-Nolan, C., McWaters, S., Briggs, J., Lowe,
S., Saili, K., Sichingabula, H., Dallas, H., Morrison, S., Franceschini,
C., Willems, F., Bottino, F., & Murphy, K. J. (2017). Niche-breadth of
freshwater macrophytes occurring in tropical southern African rivers
predicts species global latitudinal range. Aquatic Botany, 136, 21-30.
https://doi.org/10.1016/j.aquabot.2016.09.003

Kipyatkov, V. E., & Lopatina, E. B. (2015). Comparative study of thermal
reaction norms for development in ants. Entomological Science, 18(2),
174-192. https://doi.org/10.1111/ens.12098

Koenker, R. (2019). quantreg: Quantile Regression. R package version 5.51.
https://CRAN.R-project.org/package=quantreg

Levy, O., Dayan, T., Porter, W. P., & Kronfeld-Schor, N. (2019). Time and
ecological resilience: Can diurnal animals compensate for climate
change by shifting to nocturnal activity? Ecological Monographs,
89(1), e01334. https://doi.org/10.1002/ecm.1334

Longino, J. T., Branstetter, M. G., & Ward, P. S. (2019). Ant diversity
patterns across tropical elevation gradients: Effects of sampling
method and subcommunity. Ecosphere, 10(8), e02798. https://doi.
org/10.1002/ecs2.2798

Longino, J. T., & Colwell, R. K. (1997). Biodiversity assessment using
structured inventory: Capturing the ant fauna of a tropical rain for-
est. Ecological Applications, 7(4), 1263-1277.

Machac, A., Janda, M., Dunn, R. R., & Sanders, N. J. (2011). Elevational
gradients in phylogenetic structure of ant communities reveal the in-
terplay of biotic and abiotic constraints on diversity. Ecography, 34(3),
364-371. https://doi.org/10.1111/j.1600-0587.2010.06629.x

Mammola, S., Piano, E., Malard, F., Vernon, P., & lIsaia, M. (2019).
Extending Janzen’s hypothesis to temperate regions: A test using
subterranean ecosystems. Functional Ecology, 33(9), 1638-1650.
https://doi.org/10.1111/1365-2435.13382

Mangiafico, S. (2019). rcompanion: Functions to support extension educa-
tion program evaluation. R package version 2.3.0. https://CRAN.R-
project.org/package=rcompanion

MclJannet, D., Wallace, J., & Reddell, P. (2007). Precipitation interception
in Australian tropical rainforests: Il. Altitudinal gradients of cloud

Coversiy s iriouions VTRV

interception, stemflow, throughfall and interception. Hydrological
Processes, 21(13), 1703-1718. https://doi.org/10.1002/hyp.6346

Moritz, C., & Agudo, R. (2013). The future of species under climate
change: Resilience or decline? Science, 341(6145), 504-508.

Nadeau, C. P., Urban, M. C., & Bridle, J. R. (2017). Climates past, pres-
ent, and yet-to-come shape climate change vulnerabilities. Trends
in Ecology & Evolution, 32(10), 786-800. https://doi.org/10.1016/j.
tree.2017.07.012

Nagelkerke, N. J. (1991). A note on a general definition of the coeffi-
cient of determination. Biometrika, 78(3), 691-692. https://doi.
org/10.1093/biomet/78.3.691

Nowrouzi, S., Andersen, A. N., Macfadyen, S., Staunton, K. M,
VanDerWal, J., & Robson, S. K. A. (2016). Ant diversity and distribu-
tion along elevation gradients in the Australian Wet Tropics: The im-
portance of seasonal moisture stability. PLoS One, 11(4), e0153420.

Oliveira, B. F., & Scheffers, B. R. (2019). Vertical stratification influences
global patterns of biodiversity. Ecography, 42(2), 249. https://doi.
org/10.1111/ecog.03636

Penick, C. A., Diamond, S. E., Sanders, N. J., & Dunn, R. R. (2017). Beyond
thermal limits: Comprehensive metrics of performance identify key
axes of thermal adaptation in ants. Functional Ecology, 31(5), 1091~
1100. https://doi.org/10.1111/1365-2435.12818

Pintanel, P.,, Tejedo, M., Ron, S. R., Llorente, G. A., & Merino-Viteri, A.
(2019). Elevational and microclimatic drivers of thermal tolerance in
Andean Pristimantis frogs. Journal of Biogeography, 46(8), 1664-1675.

Pintor, A. F., Schwarzkopf, L., & Krockenberger, A. K. (2015). Rapoport's
Rule: Do climatic variability gradients shape range extent? Ecological
Monographs, 85(4), 643-659. https://doi.org/10.1890/14-1510.1

Pulliam, H. R. (2000). On the relationship between niche and
distribution.  Ecology Letters, 3(4), 349-361. https://doi.
org/10.1046/j.1461-0248.2000.00143.x

Scheffers, B. R., Edwards, D. P, Diesmos, A., Williams, S. E., & Evans, T. A.
(2014). Microhabitats reduce animal's exposure to climate extremes.
Global Change Biology, 20(2), 495-503. https://doi.org/10.1111/
gch.12439

Scheffers, B. R., Phillips, B. L., Laurance, W. F., Sodhi, N. S., Diesmos,
A., & Williams, S. E. (2013). Increasing arboreality with altitude: A
novel biogeographic dimension. Proceedings of the Royal Society B,
280(1770),20131581. https://doi.org/10.1098/rspb.2013.1581

Scheffers, B. R., Shoo, L., Phillips, B., Macdonald, S. L., Anderson, A.,
VanDerWal, J., Storlie, C., Gourret, A., & Williams, S. E. (2017).
Vertical (arboreality) and horizontal (dispersal) movement increase
the resilience of vertebrates to climatic instability. Global Ecology and
Biogeography, 26(7), 787-798. https://doi.org/10.1111/geb.12585

Scheffers, B. R., & Williams, S. E. (2018). Tropical mountain passes are
out of reach - but not for arboreal species. Frontiers in Ecology and
the Environment, 16(2), 101-108. https://doi.org/10.1002/fee.1764

Sheldon, K. S., Huey, R. B., Kaspari, M., & Sanders, N. J. (2018). Fifty
years of mountain passes: A perspective on Dan Janzen’s clas-
sic article. American Naturalist, 191(5), 553-565. https://doi.
org/10.1086/697046

Slatyer, R. A., Hirst, M., & Sexton, J. P. (2013). Niche breadth predicts
geographical range size: A general ecological pattern. Ecology Letters,
16(8), 1104-1114. https://doi.org/10.1111/ele.12140

Stark, A. Y., Adams, B. J., Fredley, J. L., & Yanoviak, S. P. (2017). Out on a
limb: Thermal microenvironments in the tropical forest canopy and
their relevance to ants. Journal of Thermal Biology, 69, 32-38. https://
doi.org/10.1016/j.jtherbio.2017.06.002

Thomson, J. D., Weiblen, G., Thomson, B. A., Alfaro, S., & Legendre,
P. (1996). Untangling multiple factors in spatial distributions:
Lilies, gophers, and rocks. Ecology, 77(6), 1698-1715. https://doi.
org/10.2307/2265776

Thuiller, W., Lavorel, S., & Araljo, M. B. (2005). Niche properties and
geographical extent as predictors of species sensitivity to climate


https://doi.org/10.1016/j.jembe.2008.12.009
https://doi.org/10.1016/j.jembe.2008.12.009
https://doi.org/10.1086/282487
https://doi.org/10.1086/282487
https://doi.org/10.1242/jeb.053710
https://doi.org/10.1111/gcb.12750
https://doi.org/10.1111/gcb.12750
https://doi.org/10.1890/03-0820
https://doi.org/10.1016/j.aquabot.2016.09.003
https://doi.org/10.1111/ens.12098
https://CRAN.R-project.org/package=quantreg
https://doi.org/10.1002/ecm.1334
https://doi.org/10.1002/ecs2.2798
https://doi.org/10.1002/ecs2.2798
https://doi.org/10.1111/j.1600-0587.2010.06629.x
https://doi.org/10.1111/1365-2435.13382
https://CRAN.R-project.org/package=rcompanion
https://CRAN.R-project.org/package=rcompanion
https://doi.org/10.1002/hyp.6346
https://doi.org/10.1016/j.tree.2017.07.012
https://doi.org/10.1016/j.tree.2017.07.012
https://doi.org/10.1093/biomet/78.3.691
https://doi.org/10.1093/biomet/78.3.691
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1111/ecog.03636
https://doi.org/10.1111/1365-2435.12818
https://doi.org/10.1890/14-1510.1
https://doi.org/10.1046/j.1461-0248.2000.00143.x
https://doi.org/10.1046/j.1461-0248.2000.00143.x
https://doi.org/10.1111/gcb.12439
https://doi.org/10.1111/gcb.12439
https://doi.org/10.1098/rspb.2013.1581
https://doi.org/10.1111/geb.12585
https://doi.org/10.1002/fee.1764
https://doi.org/10.1086/697046
https://doi.org/10.1086/697046
https://doi.org/10.1111/ele.12140
https://doi.org/10.1016/j.jtherbio.2017.06.002
https://doi.org/10.1016/j.jtherbio.2017.06.002
https://doi.org/10.2307/2265776
https://doi.org/10.2307/2265776

o LwiLey-

LEAHY ET AL.

change. Global Ecology and Biogeography, 14(4), 347-357. https://doi.
org/10.1111/j.1466-822X.2005.00162.x

VanDerWal, J., Shoo, L. P,, Johnson, C. N., & Williams, S. E. (2009).
Abundance and the environmental niche: environmental suitabil-
ity estimated from niche models predicts the upper limit of local
abundance. American Naturalist, 174(2), 282-291. https://doi.
org/10.1086/600087

Villalta, 1., Oms, C. S., Angulo, E., Molinas-Gonzalez, C. R., Devers,
S., Cerda, X., & Boulay, R. (2020). Does social thermal regu-
lation constrain individual thermal tolerance in an ant spe-
cies? Journal of Animal Ecology, 89(9), 2063-2076. https://doi.
org/10.1111/1365-2656.13268

Williams, S. E., Pearson, R. G., & Walsh, P. J. (1995). Distributions and
biodiversity of the terrestrial vertebrates of Australia's Wet Tropics:
A review of current knowledge. Pacific Conservation Biology, 2(4),
327-362. https://doi.org/10.1071/PC960327

Williams, S. E., Shoo, L. P, Henriod, R., & Pearson, R. G. (2010).
Elevational gradients in species abundance, assemblage struc-
ture and energy use of rainforest birds in the Australian Wet
Tropics bioregion. Austral Ecology, 35(6), 650-664. https://doi.
org/10.1111/j.1442-9993.2009.02073.x

Williams, S. E., Shoo, L. P, Isaac, J. L., Hoffmann, A. A., & Langham, G.
(2008). Towards an integrated framework for assessing the vulner-
ability of species to climate change. PLOS Biology, 6(12). https://doi.
org/10.1371/journal.pbio.0060325

Williams, S. E., Williams, Y. M., VanDerWal, J., Isaac, J. L., Shoo, L. P.,
& Johnson, C. N. (2009). Ecological specialization and population
size in a biodiversity hotspot: How rare species avoid extinction.
Proceedings of the National Academy of Sciences of the United States of
America, 106(Supplement 2), 19737-19741. https://doi.org/10.1073/
pnas.0901640106

Williams, Y. M., Williams, S. E., Alford, R. A., Waycott, M., & Johnson, C.
N. (2006). Niche breadth and geographical range: Ecological com-
pensation for geographical rarity in rainforest frogs. Biology Letters,
2(4), 532-535. https://doi.org/10.1098/rsbl.2006.0541

Yanoviak, S. P., & Kaspari, M. (2000). Community structure and the habi-
tat templet: Ants in the tropical forest canopy and litter. Oikos, 89(2),
259-266. https://doi.org/10.1034/j.1600-0706.2000.890206.x

BIOSKETCH

Lily Leahy is interested in understanding the drivers of bio-
logical diversity and community structure through space and
time and the influence of human-made changes on these pro-
cesses. Lily's current research focuses on the distribution of
species along climatic gradients in rainforests and the potential
for ecological and behavioural adaptation to a climate change
future.

Author contributions: B.R.S. and S.E.W. designed the study, L.L.
and B.R.S. collected data, L.L. wrote the first draft of the manu-

script and all authors contributed substantially to revisions.

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Leahy L, Scheffers BR, Andersen AN,
Hirsch BT, Williams SE. Vertical niche and elevation range

size in tropical ants: Implications for climate resilience. Divers
Distrib. 2021;27:485-496. https://doi.org/10.1111/ddi.13210



https://doi.org/10.1111/j.1466-822X.2005.00162.x
https://doi.org/10.1111/j.1466-822X.2005.00162.x
https://doi.org/10.1086/600087
https://doi.org/10.1086/600087
https://doi.org/10.1111/1365-2656.13268
https://doi.org/10.1111/1365-2656.13268
https://doi.org/10.1071/PC960327
https://doi.org/10.1111/j.1442-9993.2009.02073.x
https://doi.org/10.1111/j.1442-9993.2009.02073.x
https://doi.org/10.1371/journal.pbio.0060325
https://doi.org/10.1371/journal.pbio.0060325
https://doi.org/10.1073/pnas.0901640106
https://doi.org/10.1073/pnas.0901640106
https://doi.org/10.1098/rsbl.2006.0541
https://doi.org/10.1034/j.1600-0706.2000.890206.x
https://doi.org/10.1111/ddi.13210

