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Abstract: Species traits often vary in a coordinated manner, making up an ecological strategy com-
prised of suites of interrelated traits. Environmental gradients, such as those along elevational
gradients, provide an ideal venue in which to examine variation in ecological strategies with the
environment. We examined variation in the morphological strategies of ants along elevational
gradients on thirteen mountains across three mountain ranges in central and south-eastern Aus-
tralia. We pitfall-trapped ants, counted and identified workers and measured morphological traits.
Most species showed a hump-shaped relationship between occurrence and elevation, and several
responded to microhabitat variables. Morphological traits varied along two key axes: “gracility”,
where high values indicated longer-legged species with dorsally positioned eyes and smooth, bare
cuticles; and “size and darkness”, where species with high values were larger and darker. Analysis
of assemblage-weighted means revealed that gracility decreased with temperature and increased
with precipitation, suggesting links with desiccation tolerance. Size and darkness increased with
UV-B, declined with increasing canopy cover and peaked at mid-temperatures. We thus detected
strong shifts in dominant morphological strategies along our elevational gradients. However, the
multifunctionality and interrelatedness of traits and the covariance of climatic factors may make
isolation of the function of individual traits difficult. Further, the predictive power of our models
may be limited in the context of novel environments predicted under global change.

Keywords: cuticle structures; ecological strategy; Formicidae; gracility; lightness; microhabitat;
precipitation; size; temperature; UV-B

1. Introduction

In recent decades, species traits have come to the fore as a potential solution to
improving generality in ecology [1]. Recognition of the interrelatedness of traits means that
research is increasingly focused on ecological strategies, which comprise suites of traits
that vary in a coordinated fashion [2,3]. Local assemblages consist of a subset of species
from the regional pool, filtered by their traits [4]. Local assemblages often support a large
proportion of global variation in traits, e.g., 74% of variation in CTmax (critical thermal
maximum) [5], because local habitats support a large variety of niches. At larger scales,
macroecological studies have revealed that further variation in traits can be driven largely
by climate [6,7].

In animals, latitudinal gradients in body size, form and colour are long-established
examples of how traits vary with the environment at large scales [8,9]. However, the mech-
anisms driving relationships of these traits with environmental gradients are often unclear,
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with patterns in different studies often contradictory [10,11]. For example, body size tends
to increase in colder environments, but it is unclear whether this is due to thermal inertia,
resistance to starvation, desiccation tolerance, or combinations of these mechanisms [12,13].
Ectotherms are often darker in cold environments, but competing hypotheses suggest that
this could be due to more rapid absorption of solar radiation (thermal melanism), protection
from harmful solar radiation (photo-protection) or increasing desiccation tolerance [14]; in
contrast, Gloger’s rule suggests darker colouration is associated with warm and wet cli-
mates due to a range of other mechanisms, including camouflage, parasitism resistance and
photo-protection [15]. Recent studies suggest that body size and lightness (i.e., the opposite
of darkness) are associated and may form a thermoregulatory trade-off in ectotherms, with
size-related thermal inertia counter-balanced by lightness-related thermal inertia [16–19].
This suggests that, in some cases, suites of traits vary in a coordinated fashion and may be
better considered as an ecological strategy [2,3].

As anthropogenic climate change accelerates [20], it is increasingly important that we
understand the relationship between species’ ecological strategies and climate if we are
to predict the consequences for ecosystems. Conditions change rapidly along elevational
gradients [21], with climates becoming colder and wetter and solar radiation exposure
increasing as elevation increases. Elevational gradients are thus expected to act as a micro-
cosm for the influence of climate change. Climate drives animal species responses directly,
through impacts on their morphology, life history, physiology and behaviour [22–25]. How-
ever, it also has indirect effects on species, particularly by altering the structure of their
habitats [26,27], which, in turn, drive microclimates, and regulate interactions with other
species [28]. Changes in species traits with elevation have been documented across a wide
variety of taxa and ecosystems [17,22,25]. Responses are often expressed through changes
in the relative abundance of species [17], with many ecological strategies able to coexist in
any local assemblage, but the environment determining those that become most abundant.
Although plant-based studies commonly consider these changes in terms of ecological
strategies, this approach has only rarely been used for animals outside of metabolic scaling
and pace of life theories [29–31]. Gibb et al. [3] recently suggested that social insects such
as ants may be particularly amenable to the ecological strategy approach due, in part, to
similarities with plants. For example, both taxa can be considered central place foragers
with expendable resource-harvesting units, i.e., leaves and worker ants [3,32].

Ants are diverse and ecologically important in most habitats globally [33,34], com-
prising a large percentage of animal biomass [35,36]. Their morphological traits have been
relatively well-studied and previous studies have detected key morphological changes in
response to climate, habitat structure and elevation [13,37]. For example, species living in
colder environments are generally larger than those in warmer environments [8,13], those
at higher elevations are both larger and darker than those at lower elevations [17], ther-
mophilic and open-habitat ants have longer legs than non-thermophilic and closed-habitat
ants [38,39], while correlated cuticle traits such as pilosity and sculpturing are indicative
of desiccation tolerance [40,41]. Studies have attempted to deal with this covariation in
traits using multivariate approaches to identifying categorical trait-based functional groups,
e.g., [42,43]. More recently, we highlighted that ant traits often co-vary, so may be bet-
ter considered as part of a continuous ecological strategy [3]. This thinking can also be
applied to suites of morphological traits: for example, in ants, species with longer limbs
generally also have longer antennae and dorsally positioned eyes, making up a ‘gracile’
morphological strategy [3,44].

Here, we examine morphological change along a suite of elevational gradients in three
mountain ranges in central to south-eastern Australia. We ask the following questions:
(1) What are the key axes of variation in morphological strategies of ants? (2) How does
ant assemblage composition vary with elevation and habitat? and (3) How do morpholog-
ical strategies of local ant assemblages respond to climatic and habitat factors that vary
with elevation?
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2. Materials and Methods
2.1. Study Sites

Field work was conducted along multiple elevation transects (total of 13 mountains)
across three of the highest elevation regions in Australia: the MacDonnell Ranges (Mt Giles,
1389 m a.s.l., Mt Sonder 1380 m, and Mt Zeil, 1531 m) in central Australia, the Snowy Mountains
in the Great Dividing Range (transects along Mt Back Perisher 2014 m, Mt Franklin 1646 m,
Mt Grey Mare 1870 m, Mt Kosciuszko 2228 m and Mt Nattung 1625 m) in south-eastern
Australia, and in Tasmania (Legges Tor 1572 m, Stacks Bluff 1527 m, Mt Field 1434 m,
Mt Mawson 1318 m and Ironstone Mountain 1444 m) (Figure 1, Table S1). Mean annual
temperatures at the study sites range from 17.9 to 21.7 ◦C for the MacDonnell Ranges,
3.8 to 13.7 ◦C for the Snowy Mountains, and 4.2 to 10.8 ◦C for Tasmania. Mean annual
precipitation ranges from 231 to 432 mm for the MacDonnell Ranges, 800 to 1878 mm for
the Snowy Mountains, and 660 to 1856 mm for Tasmania. UV-B of the highest month
ranged from 7281 to 7473 mW.cm−2 for the MacDonnell Ranges, 6406 to 6669 mW.cm−2

for the Snowy Mountains, and 5330 to 5844 mW.cm−2 for Tasmania. Tasmanian sites were
sampled in December 2012, the Snowy Mountains in January 2013, and the MacDonnell
Ranges in May 2013.
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Figure 1. Map of the three study mountain ranges, showing location in Australia and close-up of
Mt Zeil transects (contour interval 200 m). Inset shows the mean annual temperature and precipitation
by mountain range and elevation, with MacDonnell Ranges in pink, the Snowy Mountains in green
and Tasmania in blue. Contours for the mountain-scale map are in 200 m intervals.

2.2. Sampling Methods

We conducted pitfall trapping along gradients at elevations between 400 m and 2000 m
above sea level in 200 m elevational intervals on each of the mountains, where the maximum
elevation was determined by the height of the mountain. Ten pitfall traps (8 cm in diameter
and 7 cm in depth) were placed in a two by five formation along the mountain side, with
traps separated by ten metres. Traps were buried flush with the ground, filled with 100%
propylene glycol to 1 cm depth and left out for seven days each.

At each site, we recorded the site aspect and noted coarse woody debris cover (low,
medium or high) and dominant vegetation. At each pitfall location, we used a cover
estimator chart to make visual estimates of the percentage canopy, summed percentage
of the canopy and understorey cover (cover as observed by epigaeic organisms) and the
percentage of bare ground (including rock and bare soil), leaf litter, grass, other ground
cover plants and moss within a 1 m radius of the pitfall trap location.

In the laboratory, we separated ants from other material and transferred them to
vials with 80% ethanol (20% water). We counted ants and identified ants to genus and



Diversity 2024, 16, 48 4 of 18

morphospecies in the laboratory and the identity of reference specimens was determined
by Prof. Alan Andersen (Charles Darwin University, Darwin, Australia). We considered
both occurrence (number of pitfalls per site in which a species was present) and abundance
(total number of workers of each species collected per site).

2.3. Morphological Measurements

We measured a subset of the suite of morphological traits recommended and tabulated
in Parr et al. [45], consistent with the Global Ant Database (globalants.org, 01/01/2014) [13]
on six specimens for monomorphic species and ten specimens for polymorphic species.
The traits measured were head width across eyes (mm), mandible length (mm), hind
femur length (mm), inter-ocular width (mm), sculpturing (ordinal measure, 0–3), pilosity
(count of hairs crossing the mesosoma profile) and the dominant colour of the mesosoma
(see [45] Tables 2 and 3 for details). Eye position was calculated as the residual of (head
width—inter-ocular width) with head width.

2.4. Statistical Analysis

Statistical analyses were conducted using R [46]. To describe habitats and reduce the
dimensionality of habitat characteristics measured at each pitfall trap, we used principal
component analysis (PCA) (prcomp on R) to determine the key axes of variation, standar-
dising all variables. We calculated the site means of habitat variables from the ten pitfall
measures for each transect at each elevation for every mountain to use in the analysis. The
two principal component axes contributing most to the variation in habitat characteristics
among the sites were used in hierarchical modelling of species communities (HMSC).

We used PCA to determine the key axes of morphological variation among species
(“ant morphological strategy axes”). Head width was used as a measure of body size and
we calculated the residuals of other continuous morphometric measures (femur length,
mandible length, eye position) and pilosity (count) with head width to use in the analysis,
as these traits are generally highly correlated [45]. The final analysis included head width
across the eyes, residual mandible length, residual hind femur length, residual pilosity,
residual eye position and lightness of the mesosoma. These traits were reduced to two key
morphological strategy axes of “gracility” and “size and darkness” (described in results).

To examine the effects of elevation (made up of the terms “elevation” and “elevation2”,
to account for humped relationships with elevation) and habitat variation (principal com-
ponents PC1 and PC2 from the habitat PCA) on the distributions of ant species and their
traits on each mountain range (accounting for the random effect of transect), we used
hierarchical modelling of species communities HMSC, Rpackage“hmsc” [47]. HMSC is
a joint species distribution model with a hierarchical structure that allows us to model
species responses to environmental covariates, and to ask how these depend on species
traits and phylogenetic relationships [48,49]. To model the relationship between species’
traits and their environmental responses to each covariate, we included a matrix of the two
key morphological strategy axes “gracility” and “size and darkness”.

We accounted for possible phylogenetic correlations in the species’ responses to the
environmental variables, in addition to that explained by traits included in the analyses [48],
by including an ant phylogeny in the model. Phylogenetic relationships were accounted
for by including a species-level phylogeny constructed by Economo et al. [50], which was
simplified to genus level by retaining the middle species in each genus (i.e., that occupying
the most central of the branches occupied by that genus). We then created polytomies to
represent the study species. We excluded rare species (those present at <5 sites) from the
HMSC analysis as rare species cannot be modelled reliably [51]. The ant phylogeny was
converted into a phylogenetic correlation matrix and used to test for evidence of phyloge-
netic structure in the residual variance in species environmental responses (after accounting
for their traits). The estimated phylogenetic correlation parameter, rho (ρ), takes values
from 0 to 1, depending on whether residual variance in environmental responses is inde-
pendent (0) to fully structured (1) by the phylogenetic relatedness of taxa. Because species
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assemblages and habitat components differed substantially among mountain ranges, we
conducted separate HMSC analyses for each of the three mountain ranges. We assessed
MCMC convergence by examining the potential scale reduction factors [52] of the model pa-
rameters (i.e., the beta (species–environment relationship) and gamma (trait–environment
relationship) parameters of HMSC) [49]. We initially modelled both species occurrence
and abundance data, but were unable to obtain satisfactory model convergence for species
abundance, perhaps due to its high among-site variability, so we present only the species
occurrence results.

We fitted the HMSC models with the “sampleMcmc” function in the “Hmsc” package.
We sampled the posterior distribution with four Markov Chain Monte Carlo (MCMC)
chains, each of which was run for 37,500 iterations, of which the first 12,500 were removed
as burn-in. The chains were thinned by 100 to yield 250 posterior samples per chain. For
species–environment models for each mountain range, we extracted the signs of the beta
parameters (positive, negative or no response) with at least 95% posterior support. To
explore the link between species traits and their environmental niches for each mountain
range, we extracted the signs of the gamma parameters (positive, negative or no response)
with at least 95% posterior support. We also show relationships with a lower level of statis-
tical support (75% posterior probability) for species–environment and trait–environment
models. Finally, we extracted the median value of the rho parameter with its 95% credible
interval (i.e., the Bayesian 95% credible interval).

We calculated the assemblage-weighted means (AWM) for the first two ant morpholog-
ical strategy axes (PC1 and PC2 from the principal component analysis of ant morphology).
For assemblage-weighted means, the trait value for each individual in the community
is weighted equally, such that numerically dominant species have a greater influence
on the AWM than rarer species. AWMs were calculated for each plot without missing
values (n = 215):

AWM =
S

∑
i=1

pixi

Here, S is the number of species in the assemblage, pi is the proportional abundance
of each species, and xi is the trait value (ant morphological strategy axis PC1 or PC2).

We also used linear mixed effects models lmer from the lme4 package on R [53]
to understand the broader assemblage-wide responses of morphological strategy to the
climate. Here, we tested the effect of climate (mean annual temperature, mean annual
precipitation and mean UVB of the highest month) and habitat (PC1 and PC2 from the
principal component analysis of habitat) on the assemblage-weighted means (AWM) of
ant morphological strategy axes (PC1 and PC2 from the principal component analysis of
ant morphology). Mean annual temperature and mean annual precipitation were taken at
30 arcsec resolution from WorldClim [54], which covers the period 1970–2000. Mean UVB of
the highest month was obtained at 15 arcmin resolution from the glUV dataset [55], which
covers the years 2004–2013. We also tested key traits for each component (pilosity and
eye position for PC1 and lightness and head width for PC2) individually. Mountain peak,
nested within mountain range, was included as a random factor. We used the “dredge”
function on MuMIn [56] to determine the best model and models within 2 AIC of the
best model.

3. Results
3.1. Microhabitat Composition among Mountain Ranges and Elevations

Principal component analysis of the habitat characteristics data revealed that the
first two major axes of variation contributed to 40% and 16% of the variation in habitats,
respectively (Table S2). PC1 was positively associated with canopy cover and leaf litter
cover (Figure 2a). PC2 was positively associated with rock and bare ground and negatively
associated with ground cover and grass (Table S2). The MacDonnell Ranges sites varied
minimally along PC1, mostly lacking tree cover and leaf litter. At the MacDonnell Ranges,
there were no clear patterns of covariance between elevation and PC2, with sites at most
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elevations tending toward lower ground cover. An exception to this was a few high eleva-
tion sites that had high grass and ground cover (Figure 2a). Both the Tasmanian mountain
ranges and the Snowy Mountains exhibited a broader spread along PC1, indicating that
canopy and litter cover were more extensive at these sites, particularly in Tasmania. These
mountain ranges also included sites with a broad range of ground cover types. High litter
cover at sites with abundant canopy cover meant that those sites had little bare ground
or ground vegetation (ground cover or grass cover). The highest elevation sites tended to
have little canopy cover or leaf litter, but abundant ground vegetation.

3.2. Effects of Elevation and Microhabitat on Ant Assemblage Composition

Species responses to elevation varied among mountain ranges. In the two cooler
mountain ranges (Tasmania and the Snowy Mountains), most species showed humped
relationships between abundance and elevation (negative relationship with the polyno-
mial term for elevation), with many species increasing in abundance between low and
mid-elevations, but declining at high elevation (Figure 3). In the hot arid mountain range
(MacDonnell Ranges), several species declined with increasing elevation (negative relation-
ship with the linear term for elevation) and humped patterns were less common. Declines
with elevation were most common in the subfamily Myrmicinae, which includes genera
that tend to be small and light-coloured (Figure 2b), such as Meranoplus, Monomorium,
Pheidole, Strumigenys and Tetramorium. In Tasmania, many species declined with increasing
canopy and litter cover and with increasing ground cover. In the other mountain ranges,
patterns were mixed, with similar proportions of positive and negative responses to habitat
measures. Across mountain ranges, several taxa, including Rhytidoponera and Iridomyrmex,
responded negatively to increasing canopy and litter cover, but different species within the
same genus often showed different patterns. In response to increasing ground cover, we
observed declines in taxa such as the thermophilic Melophorus and some dolichoderines.

Figure 2. Cont.
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3.3. Morphological Trait Variation among Subfamilies

Principal component analysis of ant morphological traits revealed that PC1 and PC2
contributed to 28.7% and 19.0% of variation in the data, respectively (Figure 2b). PC1 was
positively associated with femur length and eye position and negatively associated with cu-
ticle sculpturing and pilosity. PC2 was positively associated with mesosoma darkness and
head width. Subfamilies clustered within this space, with formicines and dolichoderines
tending to have eyes more dorsally positioned and to have a more gracile body form, with
longer legs (femur length). Myrmecia (the sole genus in Myrmeciinae) were characterised
by large body size and long mandibles. Ectatommines also tended to be large and dark.
Myrmicines were characterised by small size, robust body form, more laterally positioned
eyes, lighter colour and greater pilosity.

HMSC analyses of the trait–environment relationships on each mountain (again using
elevation, the polynomial degree 2 term for elevation, and the two habitat principal compo-
nents) revealed several relationships between species’ traits and their predicted environmen-
tal niches (Figure 4). Size and darkness had a positive relationship with species’ elevational
distributions in the Snowy Mountains at >0.95% posterior probability, with less evidence of
a peak at higher elevations. Size and darkness also decreased with PC1 (trees and litter) at
all mountain ranges at >0.75 posterior probability. Gracility increased with elevation in the
MacDonnell Ranges and Snowy Mountains with >0.75% posterior probability. The median
estimated phylogenetic independence parameter indicated that the phylogenetic signal
was very weak in the MacDonnell Ranges (ρ = 0.06, posterior probability = 0.27%) and
Tasmania (ρ = 0.08, posterior probability = 0.29%) and somewhat stronger, but still with low
support in the Snowy Mountains (ρ = 0.36, posterior probability = 0.81%). This suggests a
relatively small contribution of phylogenetic relatedness to the outcome of the analysis.
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Figure 3. β parameters (species responses to environmental covariates) for the MacDonnell Ranges (a),
Snowy Mountains (b), and Tasmania (c). β parameters with at least 75% posterior probability
of being positive (red) or negative (blue) in the HMSC model are shown. Grey colours show
species that were present, but did not gain strong statistical support and highlighted boxes are
species that gained particularly strong support of ≥0.95% posterior probability. Environmen-
tal covariates included were elevation, elevation2 (to account for humped relationships with
elevation), and the two habitat principal component axes, representing trees and litter (PC1)
and ground cover (PC2). Species are ordered according to their phylogeny, shown on the left;
only species with greater than four occurrences were included in this analysis. Abbreviated la-
bels: ‘Form’ = Formicinae, ‘Ec’ = Ectatomminae, ‘Dolicho’ = Dolichoderinae, ‘Myr’ = Myrmeciinae,
‘A’ = Amblyoponinae, ‘Pon’ = Ponerinae, ‘My’ = Myrmicinae.
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Figure 4. Relationships between species’ traits (PC1 “gracility” and PC2 “size and darkness”)
and their environmental niches (beta parameters per environmental covariate) from hierarchical
modelling of species communities models for: (a) the MacDonnell Ranges; (b) the Snowy Mountains;
and (c) Tasmania. γ parameters with at least 75% posterior probability of being positive (red) or
negative (blue) in the HMSC model are shown. Grey colours show trait-covariate combinations
that were included, but did not gain strong statistical support. Highlighted boxes are trait-covariate
relationships that gained particularly strong support of ≥0.95% posterior probability. Environmental
covariates included were elevation, elevation2 (to account for a humped relationships with elevation),
and the two habitat principal component axes, representing trees and litter (PC1) and ground
cover (PC2).

3.4. Effect of Climate and Microhabitat on Morphological Strategies across Mountain Ranges

Model selection on linear mixed models revealed that, across the suite of sites,
climatic variables were generally more important than habitat variables in determin-
ing the assemblage-weighted mean of morphological strategy axes. Compared with
the HMSC traits models, these models did not correct for phylogenetic similarity, but
weighted species based on their numerical dominance, therefore indicating the ecological
success of morphological strategies. Models within 2 AIC of the best models for both
PC1 “gracility” and PC2 “size and darkness” all included mean annual temperature and
UV-B (Tables 1 and 2, Figure 5a,c,e). The fit of the best model for gracility (R2

m = 0.47 and
R2

c = 0.50, including UVB, MAT and MAP) was better than the fits of the best models
of key component pilosity (R2

m = 0.27 and R2
c = 0.32, including UVB, MAP and both

habitat components) and eye position (R2
m = 0.36 and R2

c = 0.39, including MAT and
canopy and litter cover). The fit of the best model for size and darkness (R2

m = 0.24 and
R2

c = 0.33, including MAT, UV-B and canopy and litter cover) was less than the fit to light-
ness alone (R2

m = 0.37 and R2
c = 0.49, including only MAT and UV-B), but not size alone

(R2
m = 0.24 and R2

c = 0.33, including MAT and canopy and litter cover). Gracility (numeri-
cal dominance by gracile species) declined with increasing mean annual temperature and
displayed a weak U-shaped relationship with UV-B. Gracility also increased with mean an-
nual precipitation. Models within 2 AIC of the best models for size and darkness included
UV-B, habitat PC1, mean annual temperature and sometimes mean annual precipitation.
Size and darkness (numerical dominance by large, dark species) peaked at intermediate
mean annual temperatures, declined with increasing canopy and litter cover (habitat PC1)
and increased with UV-B (Tables 1 and 2, Figure 5b,d,f).
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Table 1. Estimates, degrees of freedom, log likelihoods, AICc, delta and weight from best models testing the effect of climate and habitat on assemblage-weighted
mean ant morphological strategies. “Poly” refers to the polynomial term, which is used to account for humped relationships between assemblage-weighted means
and climatic factors.

Best Models Intercept poly(MAP,2) poly(MAT,2) poly(UVB,2) MAP MAT UV-B Habitat PC1 Habitat PC2 df logLik AICc Delta Weight

PC1 “gracility”
Model 1 0.43 + 0.27 −0.60 8.00 −128.42 273.5 0.00 0.064
Model 2 0.43 + −0.93 7.00 −130.14 274.8 1.28 0.034
Model 3 0.43 + 0.26 −0.63 0.02 9.00 −128.26 275.4 1.85 0.025

PC2 “darkness and size”
Model 1 −0.09 + 0.21 −0.14 8.00 −99.72 216.1 0.00 0.079
Model 2 −0.09 + −0.19 0.27 −0.12 9.00 −98.69 216.2 0.11 0.074
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Table 2. Test statistics and significance of best models for the relationship between assemblage
weighted mean “gracility” and “darkness and size” and the environment.

Source χ2 df p-Value

PC1 “gracility”
Mean Annual Temperature (MAT) 10.3 1 0.0013
Mean Annual Precipitation (MAP) 3.8 1 0.0516
UVB (Polynomial, 2) 67.5 2 <0.0001

PC2 “darkness and size”
Mean Annual Temperature (MAT) 24.1 2 <0.0001
PC1 (trees and litter cover) 11.1 1 0.0009
UVB 11.8 1 0.0006

Figure 5. Cont.
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Figure 5. Predicted relationships between ant trait principal components “Gracility” (a,c,e) and
“Darkness and size” (b,d,f) and predictor variables: mean annual temperature (a,b), mean annual
precipitation (c), (tree and litter cover index (d) and mean UV-B of the highest month (e,f). Size and
colour of points indicate elevation and location (as per the legend). J.m−2 is joules per square metre;
grey areas are the standard error of the mean.

4. Discussion

We examined associations between ant assemblage composition, ant morphological
strategies and the environment along elevational gradients on thirteen mountains across
three mountain ranges, two in temperate south-eastern Australia and the third in arid
central Australia. These gradients captured environmental variation in climate, openness
and litter cover as well as extreme trait variation (Figure 2a). Individual species responded
idiosyncratically to elevation and habitat structure, but we observed a general trend to-
ward humped occurrence patterns at the temperate sites, where climatic conditions varied
more across the gradient. Ant morphologies occupied two key axes of “gracility” and
“size and darkness”, suggesting that suites of traits are interrelated, presenting important
morphological strategies. When we accounted for species abundances by considering
assemblage-weighted mean responses of ant morphological strategies, we detected clear
responses to the environment. Although assemblages in all mountain ranges supported a
broad range of morphological strategies, our study thus suggests that dominant morpho-
logical strategies are regulated by climate.

4.1. Assemblage Composition along Elevational Gradients

Species assemblages varied in their response to elevation among mountain ranges.
In the temperate mountain ranges, many species increased in abundance with elevation
to a point, then decreased (showing a humped relationship). A decline with increasing
elevation was particularly common among the myrmicines, which are smaller and lighter
in colour than most other subfamilies present and were most diverse in leaf litter environ-
ments. Although several species declined with elevation in the MacDonnell Ranges, overall
patterns were more idiosyncratic, reflecting lower variation in climatic variables among
sites: mean annual temperatures varied less than 4 ◦C among sites in the MacDonnell
Ranges, but more than 10 ◦C for the Snowy Mountains and 6 ◦C in Tasmania. Similarly,
mean annual precipitation in the MacDonnell Ranges varied less than 200 mm among sites,
while that in the Snowy Mountains varied by 1000 mm and Tasmania by 1200 mm. This is
also reflected in the low variation in microhabitats in the MacDonnell Ranges, compared
with the south-eastern mountain ranges.
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At all sites, greater ground cover was associated with a lower occurrence of several
species (at >95% probability), particularly species within the thermophilic genus Melophorus.
Patterns were more idiosyncratic when a broader band of certainty was considered (>75%).
Greater tree and litter cover was associated with a reduced occurrence of several ant species
in Tasmania, consistent with the finding that cool forest environments are less favourable
than grasslands and shrublands for ants [36]. More broadly, Iridomyrmex and Rhytidoponera
declined in occurrence with increasing canopy cover, consistent with known preferences
of Iridomyrmex and large species of Rhytidoponera for open habitats [28,57]. Globally, ant
species richness increases with temperature and precipitation [58]. Although mean annual
temperatures may be higher at low elevations, high canopy cover may reduce access to
solar radiation relative to high elevation sites, which lack canopy cover. Ants do not need
to be active year-round, so the occurrence of warmer conditions during summer days may
favour ant species able to optimise their foraging activity during those times.

4.2. Changes in Morphological Strategy in Relation to the Environment
4.2.1. Gracility

Changes in species dominance across mountain ranges and elevations were linked
with the morphological strategy axes of “gracility” and “size and darkness”. Our “gracility”
axis aligns well with a global-scale description of the major axes of morphological variation
in ants [3]. Increasing “gracility” indicated species with relatively longer legs, more dorsally
positioned eyes and barer (less pilose), less sculptured cuticles (Figure 2b). Formicines and
dolichoderines tended to be more gracile, while myrmicines, amblyoponines and ponerines
were less gracile. Dominance by gracile species declined with increasing temperature
and decreasing rainfall, suggesting that robust, hairy morphologies are favoured in hot
and arid conditions, probably because they protect against desiccation [41]. Fits for the
composite “gracility” variable were better than those for its key components. Extreme
long-leggedness is usually associated with thermophily as it allows ants to raise the body
into cooler air layers and increase running speeds, resulting in reduced foraging times and
therefore less heat exposure [38]. In contrast, gracility tended to increase with increasing
elevation (Figure 4), and was low in the (hotter) MacDonnell Ranges, and at lower elevation
(hotter, drier) sites in the Snowy Mountains and Tasmania (Figure 5a,c). However, long-
limbed species are also likely to have a larger surface area to volume ratio, increasing rates
of water loss [59]. In ants, high pilosity and sculpturing are associated with reduced water
loss rates and increased temperature tolerance [41], suggesting another mechanism through
which low “gracility” increases desiccation resistance. Even sparsely distributed hairs
increase boundary layer resistance to water loss in insects, and hydrophobic hairs situated
over spiracles may further reduce water loss [60–63]. The suite of covarying traits that
comprises “gracility” may therefore indicate a spectrum of desiccation tolerance. Species
that are desiccation-tolerant may trade-off benefits accrued from high gracility, such as
forager speed [38], to increase foraging times in more arid environments.

Analysis of the gracility–UVB relationship suggests that gracility may peak at mid
UVB. However, this weak response may be a result of the dominance of relatively gracile
Iridomyrmex in the Snowy Mountains. Iridomyrmex are named for their iridescent cuticle,
with the iridescence arising from cuticle nanostructures [64]. Iridescent hairs increase the
reflectivity of Cataglyphis bombycina ants in the visible and near-infra-red and emissivity in
the mid-infra-red ranges, enhancing their survival in the hot arid climate of the Saharan
desert [65,66]. Structural iridescence in Iridomyrmex cuticles might have similar effects in the
high UV environments of central Australia, although the function of cuticular iridescence
is unclear: experiments with tiger beetles (Cicindela) were unable to show that cuticular
iridescence influences heat gain from solar radiation [67].

4.2.2. Size and Darkness

Along the second morphological strategy axis, size and darkness increased together,
with myrmeciines and ectatommines tending to be larger and darker, while myrmicines,
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dolichoderines and many formicines were smaller and lighter in colour. Darkness and body
size are thought to be linked due to interrelated thermal benefits, whereby size-related
thermal inertia is counter-balanced by lightness-related thermal inertia [16,18]. However,
UV-B is hypothesised to increase cuticle darkness without affecting body size, suggesting
the potential for the decoupling of these traits where UV-B and temperature are positively
correlated, e.g., [14], this study. Dominance by larger and darker ant species was associated
with several environmental factors in the assemblage weighted models, including mean
annual temperature, tree and litter cover and UV-B (Figure 5). Consistent with this, large,
dark species occurred more at high elevations (in the Snowy Mountains) and less in sites
with high tree and litter cover in the HMSC (Figure 4). Mean annual precipitation appeared
in the next-best model for size and darkness. The best models for assemblage darkness
achieved a better fit than the composite “size and darkness” variable, although those for
assemblage size (head width) did not. The best models for assemblage darkness included
MAT and UV-B, but not precipitation, suggesting that Gloger’s rule (ants are darker in
warmer, wetter environments) [9] was not supported. Melanin, the pigment that makes
ant cuticles appear dark, absorbs UV wavelengths such that cuticles containing large
melanin concentrations may protect against UV-B wavelength light penetration [17,68,69].
Consistent with the photo-protection hypothesis [14], dominance by larger and darker ant
species was strongly associated with increasing UV-B, despite large variation in this axis
within mountain ranges. This continent-scale result is consistent with Law et al.’s [14] local-
scale study, which showed that ants occupying higher strata in a tropical rainforest were
darker. Other studies of ants at global scales have shown weaker relationships between
lightness and UV-B [17,70], suggesting there is greater evidence for thermal melanism.

Ectotherms are commonly reported to be larger and darker in cooler environments [13,18,71].
While temperature and “size and darkness” were negatively correlated in the MacDon-
nell Ranges, increasing temperature was associated with increasing size and darkness for
the Snowy Mountains and Tasmanian mountain ranges, resulting in a humped relation-
ship between temperature and the size/darkness morphological axis. The decline in ant
size/darkness with increasing temperature in the MacDonnell Ranges is consistent with
the thermal melanism hypothesis [71,72] because darker species heat up faster, while larger
body size increases thermal resistance [18,59]. However, the increase in size and darkness
with increasing temperature in the south-eastern sites contradicts the thermal melanism
hypothesis. It also contrasts with Bishop et al.’s [17] finding that assemblage darkness in
ants declines with increasing temperature at low UV-B, but not at the most extreme UV-B.
The anomaly in the two south-eastern mountain ranges might be associated with their high
tree lines: 1800–2000 m in the Snowy Mountains and about 1200 m on mountain peaks
in Tasmania [73,74]; and greater ground cover at high elevation sites. Both factors would
increase shading and insulation at ground level and protect ants from temperature extremes.
While ground cover (habitat PC2) did not appear in the best models, greater tree and litter
cover (habitat PC1) was associated with decreased darkness and size. Microhabitats filter
the larger-scale climates experienced by species and are therefore a critical consideration in
understanding trait–environment links at a scale relevant to species [75,76]. Increasing tree
and litter cover likely protects species from harmful UVB and reduces their opportunity to
use dark colours to rapidly absorb heat. Litter also creates complex habitats that can be
difficult for larger species to traverse [37,77].

5. Conclusions

This study builds the case for the contribution of coordinated variation in traits among
ants to ecological strategies. We have identified broad morphological strategies of ants
in response to climatic and habitat variables that change in a coordinated fashion along
elevational gradients. A variety of functions have been attributed to the traits we have
examined here, many of which have been experimentally tested and verified, e.g., pilosity
and sculpturing are associated with desiccation tolerance [41]. The multifunctionality of
traits suggests that trait covariance may differ among systems if there is no physiological
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trade-off despite correlations among traits. For example, although size-related thermal
inertia is counter-balanced by lightness-related thermal inertia, lightness is also predicted
to respond to UV-B, independent of body size. Elevational gradients are unique in the co-
variance of several climatic variables, e.g., temperature and UV-B are negatively correlated
along elevational gradients, but positively correlated along latitudinal gradients, so it is
unclear whether the covariance of the suites of traits examined in this study is universal
(e.g., through trade-offs). However, this is important information if we are to predict
species responses to future novel climates, where associations among climate variables may
differ from those found in contemporary environments. We argue that our focus on the
coordinated variation of traits as ecological strategies, measured as continuous variables,
allows for a predictive science that can better equip us for global change than the placement
of taxa into categories, e.g., functional groups [43,78].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d16010048/s1, Table S1: Locations and conditions of sampling sites.
Abbreviations are as follows: MAT = mean annual temperature, MAP = mean annual precipitation,
and UVB = mean UVB of the highest month. Table S2: Eigenvalues and % variance explained by
principal components and contribution of habitat characteristics and morphological traits to the
primary and secondary principal components from PCA.
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