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communities should have higher rates of species turnover over elevation compared
to arboreal communities. We sampled ground and arboreal ants along elevation gra-
dients at a bioregional scale that includes four mountain sub-regions. We assessed
community composition at three spatial resolutions (regional, elevation, vertical) and
then calculated beta diversity (species turnover) over elevation for ground and arboreal
communities using null modelling procedures to compare different sized species pools.
Vertical niche affinity was a strong contributor to overall biogeographic patterns; indi-
cated by a strong interaction between vertical niche and elevation in beta diversity
models. On average, the ground community exhibited a pronounced elevational dis-
tance—decay pattern while the arboreal community showed no pattern. Mean species
turnover was 36% higher in ground than arboreal communities. Our findings suggest
that the vertical niche has a pronounced effect on biogeographic patterns which has
important implications for understanding the role of local scale climate conditions in
shaping communities and for potential responses to future climate change.
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Introduction

A key goal of ecology is to predict how environmental varia-
tion influences different processes across multiple spatial and
temporal scales (Buckley and Kingsolver 2021, Halpern et al.
2023). Thermal variation can have profound impacts across
different biological levels, from individual physiology through
species distributions to patterns of community composition
(Huey and Hertz 1984, Gilchrist 1995, Holt et al. 2004,
Nadeau et al. 2017, Oliveira et al. 2020). Exposure to ther-
mal variation strongly depends on the integration of different
spatiotemporal scales; a lizard shucting between shade and
sun is experiencing short-term climatic variation at the local
scale (Huey 1991), but it’s annual exposure to variability will
strongly depend on its home range across habitat, elevation,
and even latitude. How climate variability integrates from
local to landscape scales to influence species distributions and
community composition remains an understudied topic in
macroecology.

Janzen’s seasonality hypothesis (1967) links biological
levels and climatic scales into a simple framework. Janzen
(1967) observed that for thermally stable environments
such as the tropics, there is little thermal overlap between
different elevational bands, whereas in thermally variable
environments such as the highly seasonal temperate zone
there is a large degree of thermal overlap. This implies that
tropical species are adapted to a narrower range of tempera-
tures and consequently have more restricted elevational dis-
tributions compared to temperate species (Gilchrist 1995,
Ghalambor et al. 2006, Sheldon et al. 2018). This should
result in a higher rate of species turnover (beta diversity)
across tropical mountains relative to temperate mountains
(Fagan et al. 20006, Jankowski et al. 2009, Archibald et al.
2013, Zagmajster et al. 2014).

Although Janzen’s seasonality hypothesis compared differ-
ences in seasonality (climatic variation) across latitude, the
same framework can be applied at smaller geographic (micro-
geographic) scales (Sheldon et al. 2018). In forests, the vertical
structure of a tree creates a strong temperature and humidity
gradient (Scheffers et al. 2013, Bujan et al. 2016, Spicer et al.
2017, Law et al. 2020, Leahy et al. 2021a, Xing et al. 2022).
Even at just three metres above the ground, daytime tempera-
tures can be up to 5°C (average of 2°C) higher than on the
forest floor (Leahy et al. 2021a). Importantly, in the context
of Janzen’s hypothesis, daily temperature variance increases
with vertical height: Leahy et al. (2021a) reported air temper-
ature variance averaged four times higher in the canopy, while
canopy surface temperatures can be up to eight fold more
variable than understorey surface temperatures (Kaspari et al.
2015). Higher thermal variation in any given habitat should
lead to greater thermal overlap across elevation (Janzen 1967,
Klinges and Scheffers 2021).

The consistent pattern of thermal variance across vertical
gradients laid the ground work for a large scale study which
measured thermal overlap in ground and canopy temperature
profiles across elevation bands (Scheffers and Williams 2018).
Overlap in daily temperatures between lowland and highland
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environments was significantly higher for canopy environ-
ments compared to ground environments (Scheffers et al.
2017). In subsequent global analysis including 29 moun-
tains spanning 6 continents, Klinges and Scheffers (2021)
found that for each 1 m increase of vertical height there was
a consistent increase in thermal overlap between lowland and
upland environments; the highest overlap occurring between
lowland and upland canopy habitats. This work added a new
dimension to Janzen’s original hypothesis and provided cli-
matic evidence to support the suggestion that arboreal species
(analogous here to Janzen’s temperate species) should face less
climatic barriers to moving over mountain passes than their
counterparts from stable environments on the forest floor
(analogous to Janzen’s tropical species).

Building support for this hypothesis, ground ant species
have narrower thermal tolerance ranges compared to arbo-
real ant species (Baudier et al. 2015, Kaspari et al. 2015,
Leahy et al. 2021b). Moreover, Leahy et al. (2021a) demon-
strated a positive relationship between ant vertical distribu-
tions (ground to arboreal), exposure to thermal variation, and
elevation range size. These examples have focused on the role
of microgeography in driving individual species distributions
across meso- and macro-scale gradients but the consequences
for the geographic arrangement of whole communities have
been largely ignored (Fagan et al. 2006). We predict that
if the occupants of a climatically variable microhabitat can
persist and thrive at multiple climatic-elevational bands, this
should lead to lower rates of species turnover across elevation
for that assemblage.

In this study, we investigate micro- to macro-geographical
processes in shaping community patterns across mountains
using the study system of rainforest ants in the Australian
Wet Tropics bioregion. Vertical gradients in mean tempera-
ture and temperature variance have been well-documented in
this study system (Leahy et al. 2021a), as has thermal overlap
in ground and canopy temperature profiles across elevation
bands (Scheffers and Williams 2018). Ants are ideal organ-
isms for the study of biogeographic patterns as they are highly
speciose (Kass et al. 2022) and widely distributed across
both vertical and elevation gradients (Sanders et al. 2007,
Bishop et al. 2014, Longino et al. 2019, Leahy et al. 2020,
Vasconcelos et al. 2023). In addition to experiencing different
microclimates, ground and arboreal ants also occupy differ-
ent habitat templets with distinct nesting and food resources
(Yanoviak and Kaspari 2000).

Here, our first aim is to assess community composition
at the three spatial scales of verticality (microscale — ground
to canopy), elevation (mesoscale) and region (macroscale —
among four mountain ranges) to explore how these dimen-
sions contribute to community patterns across the bioregion.
Our second aim is to extend Janzen’s seasonality hypothesis to
a multiscale framework and test our prediction that ground
communities will exhibit higher species turnover between
different elevations compared with arboreal ant communities
(Fagan et al. 2006, Davison and Chiba 2008, Oliveira and
Scheffers 2019, Antoniazzi et al. 2020). We predict an eleva-
tional distance—decay in species turnover across elevation for

85U8017 SUOWIWIOD aA 181D 3[cedl|dde auy Aq peusenol a1e sajole YO 9SO Sa|nJ 10} Aeiq1T 8UlUO /8|1 UO (SUORIPUOD-PUE-SWLSIALIO A3 | 1M Aleid 1[Bu UO//SIL) SUORIPUOD pue SWIS 1 8 88S *[520z/70/60] U0 AkeiqiT8uliuo 481 *AYSIeAIuN %000 sawer Aq z/690°6008/TTTT '0T/I0p/W00" A3 1m Aelq1jeul U0 'S euINo fosu//:sdny Wwoy pepeojumod ‘G ‘v202 ‘2850009T



the ground community. In contrast, we predict little or no
relationship between species turnover and elevational dis-
tance in arboreal communities.

Material and methods

Study sites and sampling

Our study was conducted across the Australian Wet Tropics
(AWT) bioregion, Queensland (Williams et al. 1995, 2010).
Elevational gradients were sampled in four mountain ranges
(referred to here as sub-regions; Williams et al. 1995) 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 (Fig. 1). The number
of elevation sites (15 sites) sampled for each sub-region
varied depending on the availability of rainforest habirtat:
Finnegan (200, 500, 700 m a.s.l.), Windsor (900, 1100,
1300 m a.s.l.), Carbine (100, 600, 1000, 1200 m a.s.l.) and
Atherton (200, 400, 600, 800, 1000 m a.s.l.) (geographical
and elevational distance: Supporting information). Rainfall
in the AWT is seasonal with 75-90% of the 2000-8000
mm per year falling during the wet season from November
to April.
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Figure 1. Map of the Australian Wet Tropics bioregion (AWT) showing ant survey locations for four mountain subregions. Elevation binned
into five colours as indicated in legend, see text for exact elevation of each survey site for each subregion.
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Thermal data has been previously published for two of the
four sub-regions sampled here demonstrating the relationship
between vertical height, climatic variation, and the degree of
thermal overlap across elevation in the Australian Wet Tropics
study system (Scheffers et al. 2017, Scheffers and Williams
2018, Klinges and Scheffers 2021, Leahy et al. 2021a). At the
Atherton sub-region, Leahy et al. (2021a) deployed tempera-
ture loggers at each elevation site. The median temperature
variance was 3.13°C on the ground compared to 12.90°C
in the high canopy (24 m vertical height) over the period
of sensor deployment (Leahy et al. 2021a). Scheffers et al.
(2017) recorded temperature profiles of ground and canopy
habitats at the Carbine sub-region to determine the degree
of thermal overlap between lowland (100 and 400 m a.s.l.)
and upland (1000 m a.s.l.) study sites (Scheffers et al. 2017).
Canopy habitats overlapped in their temperature profile to a
greater degree compared to ground habitats (Scheffers et al.
2017). Ground habitats are therefore less thermally variable
and more thermally segregated across elevation compared to
canopy habitats (Scheffers and Williams 2018, Klinges and
Scheffers 2021).

To sample for ants, we utilised the same sampling meth-
odology (baiting) in ground and arboreal habitats, thereby
facilitating a direct comparison of beta diversity for each com-
munity across the same geographic extent (Antoniazzi et al.
2020). At cach elevation site per sub-region, we sampled
an average of four trees per site, at six sites five trees were
sampled (see Leahy et al. 2021a for further details). Trees
were sampled using tuna-baited traps comprised of plas-
tic vials (1 ¢cm in diameter, 5 cm in length) attached to the
tree. At each tree, five bait traps were set on the ground and
every three metres above ground level up to the maximum
accessible height of the tree. Survey height ranged from
15-27 m, depending on the height of the tree and acces-
sibility (see Leahy et al. 2021a for further details). There was
no specific pattern in tree height across elevation for our
sites (Leahy et al. 2021a). Traps were set in the morning and
collected 2-3 h later. 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 accessibility. Finnegan, Windsor and Carbine
Uplands were surveyed from October—December 2012
and Atherton Uplands surveyed from December—February
of 2017-2018. Ants were sorted to species and where pos-
sible named. Unnamed species were given codes following
Nowrouzi et al. (2016). Voucher specimens were deposited
in the CSIRO TERC collection in Darwin, Australia.

Analysis

Species composition across sub-region, elevation, and vertical
gradients

We first investigated the relative contributions of sub-
regional, elevational, and vertical gradients as drivers of
variation in species composition. We applied a multivari-
ate analysis and used a PERMANOVA model with vertical
height (0-27 m), elevation, and sub-region as fixed factors
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and 999 permutations. In this specific analysis the ‘sites
are the concatenation of sub-region, elevation, and vertical
height (every three metres) with 101 species collected across
the region (pooling across individual tree plots). As we had
an unbalanced design due to the different elevational extents
of each sub-region, we tested the marginal effects of each
factor rather than using sequentially added terms (McArdle
and Anderson 2001). We created a dissimilarity matrix
using a species-by-site table with species abundances calcu-
lated as the proportion of trees occupied at each site and the
Bray—Curtis dissimilarity index. We evaluated multivariate
dispersion (Supporting information) and used the percent-
age of explained variance (partial R?) to compare effect sizes
between the three factors. Community composition was then
visualised with an ordination plot following non-metric mul-
tidimensional scaling with k=3 dimensions and 999 permu-
tations. All analyses were implemented using the statistical
software package R (www.r-project.org) using the 'vegan' ver.
2.5 package (Oksanen et al. 2013). The correlation of sub-
region, elevation, and vertical height, with NMDS axes was
visualised with boxplots. To ease visualisation in these box-
plots, the ground and arboreal strata were classed as categori-
cal with 0 m=ground, and 3-27 m=arboreal on the x-axis.

Species composition across vertical strata

Next, we investigated whether the ant community is parti-
tioned into distinct vertical strata at the local scale. The pur-
pose of this analytical step was to precede the downstream
analysis of beta diversity across elevation and provide an evi-
dential basis for categorically assigning communities to dis-
tinct ground and arboreal assemblages. We pooled all data
from each sub-region, elevation site, and individual tree plots
and constructed a species-site matrix with species presence-
absence and each 3 m in vertical height (sampling points)
as sites. We then performed an ordination using non-metric
multidimensional scaling using the jaccard dissimilarity index
(appropriate for presence—absence), and k=2 dimensions
with 999 permutations and plotted the results to visualise
whether there was separation between ground and arboreal
vertical habitats.

Assigning species as ground and arboreal assemblages

To compare species turnover for ground and arboreal com-
munities across elevation, we assigned species to each vertical
community — either ground (0 m) or arboreal (> 3 m) — if
their frequency of occurrence in samples exceeded 90% in
their respective vertical habitat (Supporting information).
This procedure resulted in 36 species in the ground assem-
blage and 65 species in the arboreal assemblage across the
study region.

Species turnover

We use beta diversity as a powerful tool for quantifying spe-
cies turnover (Fitzpatrick et al. 2013, Socolar et al. 2016).
Beta diversity patterns in ant communities have been
assessed for ground or arboreal communities separately along
elevation (Longino and Colwell 2011, Bishop et al. 2015,
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Nowrouzi et al. 2016, Plowman et al. 2020) and latitude
(Majer et al. 2001), but as far as we are aware ours is the first
study that explicitly compares them. For ground and arboreal
communities respectively, we calculated beta diversity met-
rics through pairwise comparisons between each set of eleva-
tion sites within each sub-region separately. Note, we did not
compare elevation sites among sub-regions (e.g. Atherton
elevation sites were only contrasted within Atherton). We
pooled individual tree surveys together to create a ground
and arboreal ‘assemblage’ for each elevation site and com-
pared that with all other elevation sites within that sub-region
(e.g. Atherton 200 m versus Atherton 800 m and so on). We
used species presence—absence data and calculated beta diver-
sity metrics using beta.pair function of package 'BETAPART"
ver. 1.5.2 in R (Baselga and Orme 2012). We extracted the
species turnover (88, ) metric, which calculates compositional
change due to species replacement across sites (Baselga 2010)
resulting in 22 £, values for ground and arboreal respec-
tively. We then calculated the mean 3 value for ground and
arboreal communities and compared them using Wilcoxon
rank sum tests.

Elevational distance-decay

Based on climatic data analysis from Klinges and Scheffers
(2021) extension of Janzen’s seasonality hypothesis, thermal
variation at microgeographic scales can drive climate over-
lap on mountains. As such, we would expect species turnover
to be a function of the interaction between vertical niche
(ground or arboreal) and elevational distance. Specifically,
the intercept and slope of the relationship between commu-
nity turnover and elevational distance should be higher and
stronger for the ground than arboreal community. Within
each sub-region, elevational distance was calculated as the
difference between pairwise sites, for example, 200 m in ele-
vational distance could be 400-200 m a.s.l. and so on. We
first plotted elevational distance against species turnover val-
ues for each sub-region separately and found patterns among
sub-regions were highly similar (Supporting information). In
early model exploration, including sub-region as a random
effect did not account for any additional variance (compared
using Akaike information criteria (AIC), Supporting infor-
mation). Therefore, sub-region was removed as a random
variable in the subsequent model. Using generalised linear
models (GLM) we modelled the response variable (3,
species turnover) as a function of vertical niche, elevational
distance, and their interaction using a Beta family distri-
bution and /logir—link function using package 'glmmTMB'
(Brooks et al. 2017). Models with ‘elevational distance’ and
the log,, of ‘elevational distance’ were compared using AIC.
The model log,, of ‘elevational distance’ performed better
(Supporting information). Model diagnostics were checked
using the package 'DHARMa' (Hartig 2021).

Monte Carlo simulation

For the generalised linear models, the response variable was
not independent (because beta diversity values are obtained
from pairwise comparisons of site—species compositions),

violating the assumptions of the model. We therefore obtained
adjusted pseudo p-values to test the significance of each coef-
ficient by constructing a custom Monte Carlo simulation
using a mantel-test approach (Supporting information).

Null modelling of beta diversity

Due to the implicit relationship between regional (gamma),
local (alpha) and beta diversity, it can be problematic to com-
pare beta diversity for different sized regional species pools
(Chase and Myers 2011, Kraft et al. 2011). In our study,
we are comparing beta diversity of two assemblages based
on their habitat niches, but the same issues apply owing to
differences in the size of the species pools for ground and
arboreal communities. We used a null modelling procedure
to establish whether differences in species turnover across
elevation for ground and arboreal communities still held
after accounting for the potential influence of the size of each
communities species pool (Chase and Myers 2011). To do so,
we randomised species occurrences across sites and explored
whether the relationship between species turnover and dis-
tance deviated from what we would expect given a random
assortment of species across sites. For elevational distance,
a null distribution of species turnover values was generated
using a 1000 random community assemblage matrices using
the ‘c0’ algorithm (using null.model and simulatre in package
'vegan'). This algorithm is appropriate for testing null expec-
tations of species turnover patterns as it randomly shuffles
species occurrence across sites, maintaining individual spe-
cies frequencies across sites but randomises site species rich-
ness (Jonsson 2001). Standardised effect sizes were calculated
using the observed species turnover values and the mean and
SD of the 1000 null assemblages as follows:

Observed — Mean(null)

SES =
SD (null)

SES values less than 0 are smaller than expected by random
chance, while values greater than 0 are larger than expected
by random chance. We were interested in the magnitude of
departure from random expectation and how that changed
over elevational distance. Models were constructed as above
for observed species turnover. However, the response variable
was gaussian (normal distribution) and therefore we used
ordinary least squares (OLS) regression models. It was not
necessary to obtain pseudo p-values for the null models (as
above for the Monte Carlo simulation) because the underly-
ing beta diversity values were already randomised.

Results
Species composition

A total of 11 770 individual ants from 101 species from
30 genera were collected at the 60 trees across the 15 eleva-
tion sites and four sub-regions. We found that substantially
more variation in species composition was explained by
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elevation (28%) than either sub-region (9%) or verticality
(7%) (Supporting information). Sub-regions were delin-
eated in the nMDS plot, particularly the most southern site,
Atherton, while there was less differentiation in species com-
position between the more northernly sub-regions of Carbine
and Windsor (Fig. 2). Each nMDS axis correlated well with
one of the climatic gradient axes (Supporting information).
Both sub-region and elevation showed a systematic trend
with NMDS axes 1 and 2 because different sub-regions con-
tain different elevational extents (Supporting information).
Arboreal and ground communities separated clearly along
NMDS axis 3 (Supporting information).

Vertical strata

Pooling all data from each sub-region, elevation site, and indi-
vidual tree plots, we found clear vertical partitioning between
ground (0 m) and arboreal (3-27 m) habitats (Fig. 3). This
indicates that the arboreal assemblage becomes composition-
ally distinct from the ground at three metres in height. This
supports our decision to reduce vertical strata into a categori-
cal assignment of ground (0 m) and arboreal (3—27 m) assem-
blages for the subsequent beta diversity analysis.

Patterns of beta diversity over elevation

We found higher rates of species turnover with elevation for
ground communities compared to arboreal communities.
Mean species turnover rates (comparing all pairwise values)
across elevation were 36% higher for the ground compared
with the arboreal communities (mean £§;,, =0.771 + 0.07 SE
vs 0.564 + 0.03 SE; Wilcoxon: W=114.5, p=0.003; Fig. 4).

21 Stress = 0.09

B

NMDS1

Finniegan

Species turnover in the arboreal community showed no
relationship with elevational distance (Fig. 5), whereas the
ground community showed a strong positive and logarichmic
relationship, a classic distance—decay pattern. This pattern was
consistent across the four mountain sub-regions (Supporting
information). This was evidenced by a significant interac-
tion between elevational distance and vertical niche (pseudo
p-value=0.034, Table 1). This trend persisted in standardised
null models (interaction: p-value=0.06, Table 1) and so our
results were unlikely to be due to different sized species pools
(Fig. 6). Species composition on the ground was more similar
than expected by chance up to 300 m but tended to be less
similar than expected by chance at larger elevational distances

between samples (Fig. 6).

Discussion

Our study explores how climatic variation at the microscale
can influence macroecological patterns of species diversity
and turnover. We investigated community composition of
ant species at three spatial scales (verticality, elevation, and
region) and found elevation to be the strongest driver of com-
positional patterns. We then tested the interaction between
vertical niche affinity and elevational distance on rates of
species turnover over elevation. In line with our predictions
based on the change in climatic variation along the vertical
thermal gradient, ground communities had far higher rates
of species turnover across elevation compared to arboreal
communities (Fig. 4). This result was consistent among the
four mountain ranges we studied (Supporting information),

Subregion Elevation

D AU 1250
[]cu 1000
[]Fu 750
O wu 500

& 250

1 0
NMDS2

Figure 2. Ant species composition (101 species) at vertical height, elevation, and sub-region from vertical tree surveys at 15 elevation sites
at four mountain sub-regions in the Australian Wet Tropics bioregion. Ordination of sites represented through a NMDS with Bray—Curtis
dissimilarity for species frequency of occurrence. Points are sites (sub-region, elevation, vertical height), coloured by elevation and ellipses
show species groupings for each sub-region, vertical height is not indicated by symbols or colours in this model to allow easier interpretation
of elevation and regional patterns. AU =Atherton Uplands, CU = Carbine Uplands, FU =Finnegan Uplands, WU =Windsor Uplands,

elevation is m a.s.l.
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Figure 3. Ant species composition (101 species) along vertical
height for surveys pooled together from 60 trees sampled at 15 ele-
vation sites along four sub-regions in the Australian Wet Tropics
bioregion. Ordination of sites calculated witha NMDS with Jaccard
dissimilarity based off species presence—absence at each height.
Individual species represented by grey points.

suggesting that this is a widespread pattern for ants of the
Australian Wet Tropics.

Assessment of compositional patterns for the entire ant
community (arboreal and ground) at three spatial scales of
sub-region, elevation, and verticality, revealed a dominat-
ing influence of elevational gradients on community pat-
terns. Elevation explained 3 to 4 times as much variation in
community composition than mountain sub-region iden-
tity or local scale vertical gradients (Supporting informa-
tion), a pattern consistent with other studies of tropical ant
faunas (Briihl et al. 1999, Sanders et al. 2007, Burwell and
Nakamura 2015, Longino and Branstetter 2019). As distin-
guished in the NMDS plot (Fig. 2), Windsor and Carbine
sub-regions were similar in composition, compared to the
more distinct ant faunas of Finnegan and Atherton, the most
northerly and southetly sites (map in Fig. 1). This is likely due
to historic and contemporary climatic conditions (Schneider
and Moritz 1999, Moritz et al. 2009) and geographic dis-
tance (Perillo et al. 2021). This specific sub-regional pattern
is also consistent with prior studies of ants (Nowrouzi et al.
2016, Leahy et al. 2020), birds, and small mammals in
the Australian Wet Tropics (Williams and Pearson 1997,
Williams et al. 2002).

We found a strong disjuncture in species composition
between the ground and just three metres above the ground,
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Figure 4. Mean species turnover (88 component of beta diversity)
for pairwise site comparisons between elevation sites of four moun-
tain range sub-regions. Showing the distribution of beta diversity
values for ground and arboreal communities. On the y-axis, 0 rep-
resents low turnover and 1 represents high turnover. Boxplots show
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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1.001 h
E
[}
[enl
| 0.754
|
(0]
3
2 0.501 //
-
2
8
2 0.25-
(0]
&

0.00-

300 600 900 300 600 900

Elevational distance (m)

Figure 5. Observed ant species turnover with increasing elevational
distance in the Australian Wet Tropics for ground and arboreal ant
communities. Showing species turnover component of beta diver-
sity (88,). Points are pairwise comparisons of species composition
between elevation sites within each mountain range pooled from
four mountain sub-regions. Lines are model fits from models pre-
sented in Table 1. On the y-axis, 0 represents low turnover and 1
represents high turnover.
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Table 1. Model summaries for the relationship between species turn-
over as a function of elevational distance and vertical habitat and
their interaction. Observed turnover (8, —generalised linear model)
and standardised turnover (SES B — linear model) models shown.
Variation explained by model indicated by pseudo R* for observed
model and adjusted R? for standardised model. Note, coefficient esti-
mates and SEs for the observed B, models are on the logit scale.

GLM LM — SES
Models — Observed B, Beim
Pseudo/ adjusted 0.48 0.19
R2
Coef. + SE Pseudo  Coef. + SE  p-value
p-value
Estimates
Vertical habitat 1.14 £ 0.35 0.999 0.35+0.33 0.294
— Ground
log,, (elev. 0.14 +0.25 0.002 0.16+0.24 0.507
distance)

Vertical:log,, 0.9 +0.34 0.034 0.65 +0.34 0.061

(elev. distance)

indicating a strong ecological delineation in just a few meters
of vertical space (Beaulieu et al. 2010, Basham et al. 2019).
Interestingly, sub-region and verticality explained similar,
albeit low, variance in community composition. This under-
scores that local scale niche partitioning may be as an impor-
tant as biogeographic processes occurring at the scale of
mountain ranges in determining community structure across
the bioregion.

Having established elevation as an important driver
of community composition, we then utilised the interac-
tion between micro- and meso-climatic gradients to extend
Janzens classical hypothesis (Janzen 1967) in a novel

Ground ‘ ‘ Arboreal ‘

300 600 900 300 600 900
Elevational distance (m)

Figure 6. Standardised null models of ant species turnover with
increasing elevational distance pooled from four mountain sub-
regions in the Australian Wet Tropics. Showing species turnover
component of beta diversity (£, ). Points are as for Fig. 5. Lines are
model fits from models presented in Table 1. Red dotted lines at 0
indicate random expectation, where points below the line indicate
less than expected by random chance and above the line indicate
more than expected by random chance. The grey dotted lines indi-
cate significance threshold (x=0.05) of & 1.96 SES.
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direction. Scheffers and Williams (2018) downscaled con-
ception of Janzen’s seasonality hypothesis proposed that
ground and arboreal communities experience different ther-
mal variability, which should result in differences in thermal
overlap and diverging patterns of turnover across elevation
(Jankowski et al. 2009, Scheffers and Williams 2018, Klinges
and Scheffers 2021). In support of this hypothesis, we found
that the relationship between elevational distance and species
turnover strongly depended on the vertical niche. The ground
community showed a classic distance—decay pattern whereby
species composition was similar between short distances but
became rapidly dissimilar with increasing elevational dis-
tance, whereas there was no relationship between arboreal
species turnover and elevational distance.

Our null modelling approach showed that the difference
in beta diversity across elevation was not simply explained
by random chance effects due to differences in the size of
the ground and arboreal community (Qian et al. 2013,
Stegen et al. 2013, Bishop et al. 2015, Xu et al. 2015,
Ashton et al. 2016). We note that the effect of species rich-
ness on rates of stochastic turnover would likely be most
pronounced within the arboreal community, which was
approximately twice as speciose as that of the ground (65
versus 36 species). However, we found that the arboreal com-
munity had lower rates of species turnover than the ground
community with a similar pattern in our null models.

High elevational turnover in ground ants has been reported
in several other studies (Brithl et al. 1999, Bishop et al.
2015, Nowrouzi et al. 2016, Perillo et al. 2021) but eleva-
tional turnover has rarely been investigated for arboreal com-
munities (Plowman et al. 2020). In line with our results,
Plowman et al. (2020) found relatively low dissimilarity in
arboreal communities from low to mid-elevations (200 ver-
sus 900 m a.s.l.) but very high dissimilarity between mid and
high (900 versus 1800 m a.s.l.) elevations in a Papua New
Guinean rainforest (ground communities were not compared
within that study). We note that 1800 m a.s.l. is a high maxi-
mum elevation and is likely to be dramatically colder than
the maximum elevations studied here (1300 m a.s.l.), which
could explain the more distinct arboreal montane commu-
nity in that study (Plowman et al. 2020).

The vertical niche determines both the exposure
(Leahy et al. 2021a) and tolerance (Kaspari etal. 2015, 2016)
of species to climatic variability. This in turn will influence
species turnover through its effect on a suite of traits ranging
from thermal physiology to morphology (Law et al. 2020,
Menaetal. 2020, Sosiak and Barden 2021). Arboreal and can-
opy ants of tropical rainforests have broader tolerance ranges
than ground-restricted ants (Kaspari et al. 2015, Bujan et al.
2020, Leahy et al. 2021b). A broader thermal tolerance range
should allow species to adapt to thermal variation at local
scales and achieve broader geographical distributions (Brown
1984, Slatyer et al. 2013, Leahy et al. 2021a). In addition,
thermal overlap is higher for arboreal than ground habitats
across elevation (Klinges and Scheffers 2021). In theory,
newly dispersing young queens from arboreal habitats should
1) be more likely to find climatically suitable sites along the
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elevation gradient, and 2) produce workers with thermal traits
suited to foraging in a greater range of climatic conditions,
together ensuring the persistence of that colony/population
and acting to reduce beta diversity amongst elevation sites.
This is consistent with our finding of an elevational distance—
decay relationship in ground ants but not arboreal ants.

In addition to climate, variation in nesting and food
resources might also influence patterns of species turnover
across elevation. At local scales, for example, differences in
the stability of food and nesting resources results in con-
trasting temporal turnover patterns between leaf litter (high
temporal turnover) and canopy (low temporal turnover)
communities (McGlynn 2012, Neves et al. 2021). We found
low elevational turnover for arboreal assemblages suggesting
either that resources (e.g. epiphytes, trophobiont insects) do
not vary markedly with elevation, or that arboreal ants are
flexible with their resource use. Plowman et al. (2020), for
example, found arboreal ants exhibited intraspecific shifts
towards smaller, more insulated nests, and smaller colony sizes
with increasing elevation. The higher elevational turnover in
ground communities is unlikely to be explained by variation
in nesting sites given that variation in litter depth and soil
variables have little effect on species turnover compared to
climatic variables in the region (Nowrouzi et al. 2019). The
elevational patterns that we have described are therefore more
likely to be driven by climate than by resources.

An alternative hypothesis could be that an arboreality
(tree-living) syndrome (Scheffers et al. 2013, 2017, Sosiak
and Barden 2021) in ants is associated with longer dispersal
distance, thereby setting species up to colonise further dis-
tances along the elevation gradient. In rainforests, the work-
ers of arboreal ants are, on average, larger than the workers of
ground ant species (Kaspari et al. 2015), and may therefore
have larger bodied queens with greater reserves for achieving
long distance dispersal (Helms Iv 2018, Hakala et al. 2019).
An exciting direction could be to use genetic techniques
(Suni and Gordon 2010) to test the alternative hypothesis
that arboreality is associated with distinct dispersal strate-
gies thereby contributing to biodiversity patterns across
landscapes.

Conclusion

Our study gives important insight into the role of the ver-
tical niche in driving compositional change and provides
evidence of niche-contingent rates of species turnover over
elevation. This provide conceptual support to further explore
and advance research across multiple scales of biogeography
to better understand range shift responses under climate
change. On average, ground-based species might find it more
difficult to shift ranges upwards in elevation in response to
rising temperatures than their arboreal counterparts; this
hypothesis awaits testing. Additionally, high species turnover
in the ground community is likely to increase the chances of
encountering novel interspecific interactions as species move
upwards in elevation. Such differential responses of ground

versus arboreal species to climate change create diverse possi-
bilities for the formation of novel communities in the vertical
realm of tropical ecosystems.
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