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Abstract
Metabolic rate dictates life’s tempo, yet how ecological and environmental factors integrate to

shape metabolic traits remains contentious. Considering metabolic traits of 114 species of ants
from seven subfamily clades along a 1500-km climatic and soil phosphorus availability gradient in
Australia, we tested four hypotheses relating to variation in metabolic rate due to niche
conservatism, temperature, aridity, and ecological stoichiometry. We also tested the contested
hygric hypothesis, which predicts that insect ventilation patterns can be modified to reduce water
loss in arid environments. Mass-independent metabolic rate was phylogenetically conserved. The
ant clade Myrmecia had metabolic rates 3—10x higher than other species, likely related to their
large eye size, a correlate of cognitive complexity. Metabolic rate was higher in ants from warm,
arid sites relative to those from wet, cool sites. A weak positive interaction between soil
phosphorus and body mass indicated that, at sites with low soil phosphorus, smaller ants respired
at higher rates than expected based on their mass—consistent with ecological stoichiometry
theory. Larger ants, regardless of clade, were more likely to exhibit discontinuous gas exchange
(DGC) with increasing aridity, likely reflecting a water conservation strategy. Phylogenetic
conservatism of metabolic rate and a moderate influence of environment suggest that, in addition
to biophysical geometric constraints, metabolic rate has evolved to match the energetic demands
required of ecological strategies to address environmental stressors. For larger insect species
confronting their metabolic limits, discontinuous gas exchange may promote resilience in a world

that is becoming hotter and more arid.
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Significance Statement

Whether metabolic traits are shaped purely by biophysical constraints related to body size, or are
subject to evolutionary optimisation and environmental selection, remains a highly controversial
topic in metabolic theory. Using a macroscale empirical test on a diverse insect group, we find
phylogenetic conservatism in mass-independent metabolic rate, a weak but positive influence of
temperature and aridity, and steeper allometric scaling at sites with high soil phosphorus.
Metabolic rates have thus evolved to meet the energetic demands of ecological and
environmental stressors beyond their relationship with body size. Discontinuous gas exchange,
hypothesised to reduce desiccation, was positively correlated with aridity. Behavioural and
physiological modulation of ventilation patterns in dry environments will benefit insects in a

warming and drying world.
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Introduction

From individual cells to entire organisms, metabolic rate indicates the tempo with which resources
are extracted and converted to energy and materials (1). Both metabolic rate and the manner by
which organisms exchange gases vary across multiple ecological and evolutionary scales (2, 3).
By driving how organisms interact with their environment, variation in metabolic traits shapes
macroecological patterns across the globe (1, 4). Understanding metabolic trait variation is
therefore of fundamental importance in biology. Yet despite over a century of intensive research
there is still substantial and ongoing debate on the causes of variation in these universal

measures of life’'s tempo (5, 6).

The development of metabolic theory has centered on debates surrounding the allometric scaling
of metabolic rate. Biophysical models (termed “Newtonian” approaches in Glazier et al. 2022)
emphasise that metabolic scaling with body mass is a product of mechanistic physical constraints
on the movement of gases or materials within organisms (7, 8). These models suggest that
selection on metabolic rate is not independent of selection on body size (9). Mass-independent
models (termed “Darwinian” approaches (5)) emphasise that variation in metabolic rate is driven
by evolutionary selection to meet the energy demands of different ecological and life history
strategies (10, 11). Consequently, metabolic rate and metabolic scaling relationships might be
expected to be shaped by external selective forces such as climate, net primary productivity, and

soil biogeochemistry (12, 13).

Previous studies have provided limited insight into the phylogenetic and macroecological drivers
of metabolic traits due to methodological limitations. Empirical studies have lacked power and
scale by focusing on only a few species or a single causal mechanism (e.g., (14-16)), while meta-
analyses at larger biological and biogeographic scales are limited by high methodological
variation among studies (e.g., (17, 18)). Here, we address these methodological shortcomings
using ants as a model taxon and leveraging data from 114 field collected species using a
consistent methodology of flow-through respirometry at a standard temperature. Ants are a
globally abundant and diverse social insect taxon that have been central to theoretical and

empirical advances in the field of metabolic evolutionary ecology (19-21).

Using an insect taxon to explore these central debates in metabolic theory enabled us to
investigate a second highly contentious issue relating to gas exchange patterns: the adaptive
origin of discontinuous gas exchange in insects (22, 23). Discontinuous gas exchange has
evolved independently five times amongst the insects, but there is substantial variation in its

occurrence both within and amongst insect taxa (3). The hygric hypothesis posits that



114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

141
142
143
144

145
146
147
148
149

discontinuous gas exchange cycles (DGC) are an adaptation to reduce respiratory water loss,
which could have important implications in a drying and warming world (23, 24). Respiratory
water loss is highest under both hot and dry conditions, captured by the metric vapor pressure
deficit, often termed “the drying power of the air” (24).

A meta-analysis that covered multiple insect orders (40 species), found correlative support for the
hygric hypothesis, showing that species from warm and arid zones more frequently exhibit DGC
than do species from mesic regions (25). Experimental studies, however, have found mixed
support for the hygric hypothesis, both at the intraspecific (26, 27) and interspecific level (14, 23).
In general, interspecific experimental studies have been limited by small sample sizes (<10
species) (14, 28). Here, we extend the hygric hypothesis, predicting that the likelihood that
insects engage in DGC depends on the aridity at the location of the source population and body
size. We propose two scenarios: 1) smaller insects may desiccate faster, thereby triggering DGC,
2) larger insects respire higher total volumes of CO, per unit time, such that spiracles may be
open for longer periods, leading to greater respiratory water loss (29). In the latter case, larger
individuals may be more likely to engage in DGC, and/or have a higher ventilation frequency per

unit time during DGC, as demonstrated in Scarabaeus dung beetles (14).

We investigate interspecific variation in two metabolic traits: standard metabolic rate (SMR) and
ventilation pattern (discontinuous gas exchange) to test five non-mutually exclusive causal
hypotheses relating to phylogenetic conservatism and environmental factors underpinning
variation in metabolic rate and gas exchange pattern (Figure 1, Table 1). We used worker ants
from 114 species of 7 clades collected across a 1500 km latitudinal gradient in south-eastern
Australia, from sites ranging from semi-arid to subtropical climates and with naturally varying soil
phosphorus levels (Figure 1, Table S1). We measured CO, production of individual worker ants
as a proxy for metabolic rate and assessed the occurrence and frequency of discontinuous gas
exchange for each species.

Results

Metabolic rate is conserved across major clades

Metabolic rate varied 293-fold (2.38 - 698.87 uW) across our 114 species and body mass varied
by almost 2000-fold (0.018 - 34.93 mg). Our data set was heavily skewed towards small-medium
ants (median = 0.5 mg; Figure Sla, b), typical of the global body size distribution of ants (34).
Metabolic rates have not been previously recorded for species smaller than 0.1 mg (35), yet

these species make up a large proportion of global ant diversity. Our experimental set-up
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facilitated the first metabolic assays of smaller bodied ants (14% species < 0.1 mg) with high data

guality (Section S5: signal-to-noise ratio, Figure S4, S5).

In support of the niche conservatism hypothesis, we found strong phylogenetic signal in metabolic
rate (A = 0.70, p < 0.001) and in mass-independent metabolic rate (residuals of the metabolic rate
— body mass relationship: A = 0.32, p = 0.02). Body mass was also highly phylogenetically
conserved (A = 0.93, p < 0.001). After accounting for variation due to body mass, metabolic rate
was higher for the large visual predators of the Myrmeciinae (bull-ants) than other taxa: 3.8 + 1.4
(mean £ SE) times higher than for Ectatomminae, 4.5 £+ 2.3 for Dorylinae, and 8.9 + 5.98 times
higher than for Ponerinae (LME: Table 2, Table S2: p = 0.002, Figure 2a).

%4%in a linear regression model including

Metabolic rate scaled with body mass as MR = 1.5M
only body mass (Table S3). Excluding the smallest 25" percentile of ants (<0.18 mg) raised the
metabolic scaling exponent (b) from 0.49 (95% CI 0.40 — 0.57) to 0.68 (95% CI 0.57 — 0.79)
(Figure S2, Table S3). The elevated metabolic rate of the small ant subset was not due to
methodological constraints (Figure S4, S5) or high activity during the metabolic assays (Table S4)
but was driven by small-bodied species from multiple clades which had higher mass-independent

metabolic rates (residuals of MR~body mass relationship: Figure 2b).
Aridity, temperature, and soil phosphorus influence metabolic rate

To address each metabolic rate hypothesis presented in Figure 1c-e (Table 1), we constructed a
global model with fixed effects representing body mass, microclimate, and soil phosphorus
relationships and accounting for phylogeny (Section S9, Table 2). In the global model, the P-
limitation hypothesis was weakly supported by an interaction between body mass and soil
phosphorus (PGLS model: 0.12 (95% CI: -0.003 — 0.24), p = 0.0576, Table S6). In line with
predictions, smaller ants had elevated metabolic rates in lower phosphorus soil sites (Figure 3c).
This model was more parsimonious than a model including only body mass or a null model (Table
2). The global model showed high variance inflation factors (>5) for temperature and vapor
pressure deficit due to the correlation of these variables (Table S5). We therefore constructed two
additional models, each excluding one of the correlated variables, either vapor pressure deficit or
temperature, but retaining other predictors (see Table S6). These models indicated that
microclimate affected metabolic rates, but in the opposite direction from the predictions of both
the metabolic cold adaptation and metabolic rate aridity hypotheses. Species from warm (0.07
95% CI: 0.007 — 0.13, p = 0.03) and/or dry (0.6, 95% CI: 0.02 — 1.17, p = 0.04) sites (higher
temperature and vapor pressure deficit) had higher metabolic rates than species from sites that
were cool and/or humid (Table S6; Figures 3a-b). There was no interaction between body mass

and aridity (vapor pressure deficit) (Table S6).
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To investigate the relative effect of temperature and vapor pressure deficit on metabolic rate,
given model uncertainty, we calculated the importance of each variable as the model-averaged
standardised effect size across a candidate set of models produced from the global model (36)
(Section S9). Aridity (vapor pressure deficit) had a much higher average predictor importance,
indicating a larger overall effect size than temperature across the candidate set of models (Table
S7).

Discontinuous gas exchange increases with aridity, particularly for larger ants

Around half (55%) of all species exhibited discontinuous gas exchange cycles (DGC) during
metabolic assays. We found no evidence for phylogenetic signal in DGC (A =0, p = 1), hence
non-phylogenetically informed GLMM models are reported (Table S8). We found general support
for the hygric hypothesis and our second prediction that larger ants were more likely to engage in
DGC with increasing VPD (Table S8: p = 0.05). In more arid sites, more individuals from larger
species engaged in a DGC ventilation pattern compared with smaller species, whereas in more
humid sites the proportion of individuals engaging in DGC per species was lower overall and did
not vary with body mass (Figure 4a, Table S8: p = 0.015, Table S9). For those species exhibiting
DGC, larger ants had lower ventilation frequency per hour (VF), indicating they take fewer but

larger breaths per unit time compared with smaller ants (Figure 4b, Table S8: p = 0.0001).

Discussion

Metabolic traits drive energy flow through ecosystems and underpin global ecological patterns,
yet much is still unknown about how metabolic traits vary among species and environments (1,
37). A lack of large-scale empirical tests has hindered efforts to disentangle the multiple
controversies in the field (5, 6). We provide new insights by testing several hypothesised
mechanisms of metabolic trait variation using a diverse insect group and a consistent

experimental method at a macroecological scale.

We found support for the niche conservatism hypothesis, which posits that metabolic rate evolves
to support conserved templates of ecological and life history strategy. Given the universal
relationship between metabolic rate and mass, it is impossible to disentangle conservatism of
these two traits by testing the phylogenetic signal of either trait independently (see Cameron and
Marshall (38) for commentary). We tested for phylogenetic signal in mass-independent metabolic
rate and found evidence that this trait is phylogenetically conserved. This supports our hypothesis
that, although primarily driven by mass, variation metabolic rate has likely evolved to meet the

energetic demands of diet, activity, sociality, and life history strategies.
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As further evidence in support of niche conservatism, we found strong differences in metabolic
rate amongst subfamily clades. Subfamily clades generally have shared ecological traits relating
to diet and foraging strategies, although interspecific variation in ecological traits can be high in
some lineages (39, 40). The bull ants, Myrmeciinae, had higher mass independent metabolic
rates than most other clades. These largely predatory ants have complex sensory functionality
with large compound eyes and ocelli (usually a feature of flying insects (41) for solitary navigation
over long distances). The visual system is one of the most metabolically costly systems in the
brain. For example, in cavefish, the cost of vision was estimated to be as much as 15% of resting
metabolic rate (1g mass) (42). Expensive ecological traits such as complex vision also contribute
to provisioning of that energy, for example by improving foraging efficiency or predation rates (43,
44).

The universality of the metabolic scaling coefficient (b = 0.75) has been controversial (5). We
found that body mass size class significantly influenced the scaling coefficient, presenting a
challenge to the premise of the % scaling coefficient as a natural “law” (2). With the removal of
the smallest ant species (which have not been previously tested), the scaling exponent increased
from rather flat (b = 0.5) to more in line with what has been previously reported for ants (~0.68)
(19, 35). For social insects, an evolutionary pathway to miniaturisation has been concomitant with
changing energy demands due to increased colony size and high energetic costs of fast tempo
foraging rates (45, 46). The metabolic-level boundaries hypothesis suggests that different
biophysical processes (mass-surface area versus mass-volume relationships) are operating
depending on baseline energy demands (metabolic level). This extension of dynamic energy
budget theory (7) predicts that metabolic scaling should be shallower (further from 1) for
organisms with higher metabolic level/energy demand as has been demonstrated in birds,
mammals, and reptiles (47). This could explain changes in allometric scaling due to the high
mass independent metabolic rates of several miniature species (<0.2 mg) tested here. Again, this
presents a case that both biophysical and evolutionary processes are shaping metabolic scaling

rather than a single universal mechanism.

Metabolic rates were biogeographically structured across climatic and environmental gradients,
indicating that phenotypic variation is influenced by external factors beyond body mass and
phylogeny (13). We found, however, that the relationship between climate and metabolic rate was
the opposite from that predicted. Ants from dry and/or warm sites had higher metabolic rates than
those from wet and/or cool sites, counter to both the metabolic cold adaptation (MCA) hypothesis
and the aridity-metabolic rate hypothesis. The MCA hypothesis considers enhanced metabolic

rates as a life-history adaptation to a short-growing season (48). Most tests of this hypothesis are
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from latitudes above 50° N or S (16, 18, 49). However, at 39°S, even our southern-most sites

may not have been cool enough to support a counter-gradient response in metabolic rate.

We also predicted that because aridity accelerates desiccation-risk associated with respiration, a
depressed metabolic rate would be favoured in arid environments. However, metabolic rate
increased in drier sites. Similarly elevated metabolic rates have been found for Fijian bees in arid
environments (50). The aridity hypothesis has largely been tested in mammals and birds, but the
mechanisms underlying metabolic adaptation may vary depending on the heat and water loss
dynamics of ectothermic and endothermic taxa (7). Insects may have depressed metabolic rate in
wetter and in cooler environments due to limited daily windows of warm foraging conditions, while
they may have various adaptive mechanisms to cope with arid conditions (e.g., results here on

DGC and cuticular desiccation resistance (24)).

Our proposed P-limitation hypothesis was weakly supported. While we did not test the
mechanisms underlying the P-limitation hypothesis, namely, that increased metabolic rate is a
physiological strategy to balance C:P ratios when organisms are under P-limited diets (12), a
correlation between metabolic rate and soil phosphorus supported this hypothesis. Further, the
effect was largest for the smallest species at the lowest P sites. Smaller invertebrates are
expected to be affected more by P-limitation as the %P in RNA is inversely related to body size
(33). Given the increasing global deposition of phosphorus associated with agriculture and
industry, understanding the links between metabolic rate and ecological stoichiometry is a
research priority (51). This is the first macroecological correlative test of this hypothesis, but
further work is needed to more precisely understand the physiological mechanisms operating at

this scale.

Lastly, we found a positive relationship between aridity and discontinuous gas exchange in line
with the hygric hypothesis. DGC is a heritable trait that extends survival under food and water
stress, suggesting there is selection on this trait in response to environmental pressures (52).
Here, DGC was not linked with phylogenetic history but varied systematically with the aridity of
field collection sites. In a meta-analysis, DGC was found to significantly reduced water loss in the
insect clades Coleoptera, Blattodea, and Orthoptera (53), but some single species and
experimental studies have not linked DGC with reduced water loss (26, 54). We found that not all
individuals within a species exhibited DGC under experimental conditions, suggesting a degree of
phenotypic plasticity (55). Larger ant species from arid sites engaged in more DGC and took less
regular but larger breaths per unit time. Smaller organisms face desiccation stress due to greater
surface area to volume ratios, but may use other mechanisms to reduce water loss such as

cuticular resistance (24). Meanwhile, larger ants have greater total CO, emission volumes,
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despite having lower mass-specific metabolic rates, and may therefore have a greater propensity

for switching to DGC to reduce respiratory water loss (56).

Strong evolutionary conservatism and systematic phenotypic variation in mass independent
metabolic rate are not consistent with an exclusively biophysical mechanism. Rather, we suggest
that metabolic rate is under selection to track the energy demands of ecological strategy, in this
case for traits related to resource acquisition and assimilation. Correlative relationships between
environmental factors and metabolic rate further highlight the importance of recent evolution in
response to external drivers of metabolic rate variation. These findings have important
implications in our rapidly changing world. Insects with high resting metabolic rates could be
negatively affected by metabolic shifts in response to global warming, with subsequent flow on
effects for ecosystem services (57). However, our findings also suggest that insects could
modulate their respiration (using DGC) to adapt to increasing aridity, potentially increasing their

ability to persist in changing environments.

Materials and Methods

Study sites and ant sampling

Ants were collected from six different locations spanning the east coast and inland regions of
south-eastern Australia (Figure 1a), covering a gradient in precipitation (421-1283 mm Mean
Annual Precipitation) and temperature (13—20 °C Mean Annual Temperature)(58). Each location
was sampled over the course of a week between June 2022 and April 2023 (Section S1 for
details)(58). At each location, two sites differing in soil phosphorus levels were selected, and
within each site, four 10 x 10 m plots were established approximately 200 m apart (yielding eight
plots per site). Soil cores were taken to verify soil phosphorus status (see Section S1). Over three
days of sampling per site, we aimed to collect as many live ant species as possible (Section S1).
For metabolic assays, we tested a minimum of 10 individuals per colony from 1-3 colonies per

species at each site, targeting a total of 30 individuals per species.

Metabolic assays

Ants were maintained at 20 °C in plastic nesting containers and given water and honey soaked in
cotton balls every two days. The time between field collection and the start of metabolic testing
ranged from 3 to 14 days across sites (58). To minimize the influence of digestion on metabolic
rate, ants were fasted but supplied with water for 48 hours prior to testing. Carbon dioxide
production (VCO,) was used to assess metabolic rate and was measured at a consistent 22 °C

using eight Sable Systems International (SSI) multiple animal versatile energetic (MAVEN)

10
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systems, each connected to a Li-Cor 7000 CO,/H,0 infrared gas analyzer (Li-Cor, Lincoln,
Nebraska, USA)(58). Ants were placed in individual 2 ml or 3 ml curettes (depending on the size
of the individual) and placed in the MAVEnN system that was housed in an incubator in the dark to
reduce activity. Ants were not observed during assays to reduce stress but observations before
and after indicated walking, grooming, and resting behaviour inside curettes. In some cases, ants
were observed running or seemed stressed prior to assays (see below for data treatment). To
examine activity during assays, automated activity readings of each individual ant were measured

simultaneously using infrared light detectors.

Following experiments, ants were instantly placed in a freezer at -20 °C and wet mass was
measured the following day. Ants were then dried at 50 °C for 48 hours and then weighed for dry
mass (wet and dry mass included in data repository). Data from assays was extracted using the
software Expedata (SSI) (Section S3) and metabolic rate was converted from minimum VCO,
(UL/hr'™) to microwatts following equations in Chown, et al. (19) (Section S4, data provided in both
units in data repository). Data were inspected and cleaned for technical errors and outliers
(Section S5). Cases of very high activity, deaths, and systematically identified outliers, given the
colonies average metabolic rate, were presumed to indicate stressed individuals and were
removed from the dataset (Section S5). Cleaned data generated a final dataset of 2805
individuals of 214 colonies. Signal-to-noise ratios were assessed and were deemed sufficient to
detect a VCO, signal against baseline noise (Section S5). We found no relationship between
activity during assays and metabolic rate (Section S6). Activity was therefore not included in

downstream analyses.
Ventilation patterns

Insects are known to exhibit three forms of gas exchange: discontinuous gas exchange cycle
(DGC), cyclic gas exchange and continuous gas exchange (see Figure S6 and Section S7 for
definitions). We calculated three metrics to indicate DGC occurrence and frequency. We
produced a binary (0,1) categorical value for whether DGC was being exhibited by a species. We
then calculated the proportion of individuals per species for each site and plot that were
conducting DGC, which ranged from 0 (no individuals exhibiting DGC) to 1 (all individuals
exhibiting DGC). We then calculated ventilation frequency per hour (VF), for those individuals
exhibiting a DGC pattern. Ventilation frequency was determined by first counting the number of
complete closed and open phases in an individual’'s VCO, trace, then multiplying this number by

six (i.e., six 10-minute periods in an hour) to give vent frequency in cycles per hour.

Microclimate variables

11
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To test our climate hypotheses (Figure 1 c-f), we modelled microclimate at each site to represent
the thermal and hydric environment that ant species directly experience in the field (58). We
estimated hourly temperature and relative humidity for the 15 years preceding the study using
NicheMapR (59). From this, we calculated mean annual microclimate temperature and vapor
pressure deficit (VPD), with VPD representing the aridity gradient in downstream analyses
(Section S8). We also calculated warmest quarter (summer months) microclimate temperature
and VPD. Warmest-quarter variables were highly correlated with mean annual variables
(correlation = 0.75 and 0.94 for temperature and VPD respectively). Further, in the southern
hemisphere temperate climates, ants are relatively active all year round with total ant activity
showing a gentle seasonal cycle (60). Therefore, mean annual microclimate values were chosen

to be more representative of general climate conditions and are used in downstream analyses.

Analysis

For all analyses, we treated species at each site as unique ‘site-species’ as a conservative
approach to recognise that taxonomic identity of many species is not resolved in Australia
resulting in 139 site-species from 114 taxonomic species. Metabolic traits and body mass were
averaged at the site-species level. All statistics were performed in R version 4.1.1 (61). Details of
models and coding packages Section S9. Briefly, we tested for phylogenetic signal in metabolic
traits using Pagel’s A. We then used linear mixed effects models (LME) with location (n = 6)
included as a random effect to investigate present day phenotypic variation in metabolic rate
among subfamilies and used generalized linear mixed effects models (GLMM) with the same

random effects structure to investigate DGC metrics.

We used phylogenetic generalised least squares models (PGLS) to partition out the influence of
evolutionary history among species for testing environmental hypotheses (Section S9). In a global
model, we tested metabolic rate as a function of temperature (MCA hypothesis), mass and VPD
interaction (aridity hypothesis), and mass and soil phosphorus interaction (P-limitation
hypothesis). This model had high variance inflation factor values (VIF > 5) for temperature and
VPD due to correlations between these variables (Table S4). We therefore also constructed two
additional models with predictor variables as follows: 1) temperature and mass:soil phosphorus
interaction, and 2) mass:VPD interaction and mass:soil phosphorus interaction. These three
models performed comparatively (within 2 AlCc). Effect sizes and p-values for all three models
are reported. To compare the relative effect of temperature and vapor pressure deficit (given their
correlation and subsequent model uncertainty) we then calculated predictor importance for each
variable over a set of models produced from the global model, following the approach applied in

Gongalves-Souza, et al. (62) (see Section S9 for details).

12
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For PGLS models we used a species-level, time-calibrated phylogeny from Economo, et al. (63)
and a Brownian motion model of evolution (Section S10). We also tested whether body mass
systematically varied across sites and locations, which could influence our results and did not find
this to be the case (ANOVA: body mass ~ site, F-value = 1.02, p = 0.42, R* = 0.002).
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Figure Legends

Figure 1. Study design and hypotheses. A) Map of six locations representing precipitation and
temperature gradients in south-eastern Australia; inset indicates sites (low and high phosphorus)
and plot design (total sites = 11), full location names Table S1. B) Mean annual microclimate
temperature and vapor pressure deficit (VPD), a measure of aridity, at each site. C-E) Conceptual
figures of the climate and environment hypotheses, MCA = metabolic cold adaptation. F) The
hygric hypothesis: DGC = discontinuous gas exchange cycle, see Table 1 for predictions relating

to body mass-aridity interaction extension of the hygric hypothesis, only prediction (a) is shown.

Figure 2. Relationship between standard metabolic rate and dry body mass of ant subfamily
clades. (A) Metabolic rate-body mass relationship coloured by subfamily clade, lines and 95% CI
are estimated marginal means (LME: Rc® = 0.59, Table 1); species raw values as points (n = 139
site-species); (B) Mass independent metabolic rate mapped onto phylogeny: mean residuals from
standard metabolic rate (SMR) ~ body mass (BM) (LME: Rc? = 0.54, Table 1), for 34 genera

coloured by subfamily clade and sized by mean body mass (scaled between 1-5 for visualisation).

Figure 3: Relationships between log;o SMR (W), log;o ant dry mass (mg), and environmental
predictors. Showing estimated marginal means and 95% confidence intervals from model fits
(Table 2, Table S6) and raw species values as points (n = 139 site-species). (A) Testing the
metabolic cold adaptation hypothesis: SMR ~ body mass*soil phosphorus + mean annual
microclimate temperature (PGLS: Pseudo R”= 0.68). (B) Testing the aridity hypothesis: SMR ~
body mass*soil phosphorus + body mass*mean annual vapor pressure deficit (PGLS: Pseudo R?
= 0.69), vapor pressure deficit = aridity. (C) Testing the P-limitation hypothesis: SMR ~ body
mass*soil phosphorus + body mass*mean annual vapor pressure deficit + mean annual
temperature (PGLS: Pseudo R = 0.69), mass-metabolic slopes for predicted minimum (light
blue), mean (blue), max (dark blue) soil P values (ppm), 95% CI not shown in (C) to simplify

presentation.
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Figure 4: Relationships between discontinuous gas exchange, body mass, and aridity (vapor
pressure deficit - VPD). (A) Hygric hypothesis (GLMM: x*= 33.01, p < 0.001), showing
relationship between the proportion of individuals displaying DGC per species and log;o ant dry
mass (mg), lines and 95% CI are estimated marginal means from logistic regression for the
minimum, mean, and maximum VPD (kPa) (B) Ventilation frequency per hour as a function of
body mass for DGC exhibiting species, lines are estimated marginal means with 95% CI from
linear regression model (OLS: R%= 0.20). Species raw values shown as points (A = 139 site-

species, B = 78 site-species).
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Table 1: Metabolic trait hypotheses relating to metabolic rate and ventilation patterns, with
summarised mechanisms and our predictions for this study.

Hypothesis Mechanism Predictions References
Niche conservatism Metabolic rate has evolved to meet Mass independent metabolic rate varies (11, 64, 65)
hypothesis the energetic demands of conserved across ant subfamily clades. Metabolic

ecological traits and life history rate and mass-independent metabolic rate

strategies in addition to biophysical show strong phylogenetic signal.

constraints related to body mass.
Metabolic cold Cold-adapted species must complete Cold environment ants have higher (46, 47)
adaptation (MCA) key life tasks in a short warm season metabolic rates compared to warm
(Figure 1C) which requires elevated metabolic environment ants, when metabolic rate is

rates. measured at the same temperature.
Metabolic aridity Metabolic rate is depressed in arid Higher desiccation for smaller ant species (66, 67)
hypothesis (Aridity) environments due to desiccation risk lowers metabolic rate, steeper metabolic-
(Figure 1D) and lower net primary productivity. scaling with increasing aridity.
P-limitation For small-bodied animals, dietary Smaller ant species will have elevated (12, 50, 68)
hypothesis limitation of phosphorus increases metabolic rate in low soil P environments
(Figure 1E) metabolic rate due to the costs of equating to shallower metabolic-scaling

maintaining C:P homeostasis under relationships with decreasing soil

an imbalanced diet. Phosphorus could  phosphorus.

be limiting for smaller organisms in

low soil P environments.
Hygric hypothesis Discontinuous gas exchange cycles DGC related to interaction between body (19, 24)

(Figure 1F)

(DGC) are an adaptation to reduce
respiratory water loss by limiting how
often spiracles are open in dry
environments.

mass and aridity. Opposing predictions in
arid habitats: (a) smaller ants more likely
to exhibit DGC due to increased
desiccation risk (small surface area to
volume ratio) (Figure 1F), or (b) larger
ants more likely to engage in DGC due to
higher total CO, emissions volume and
higher respiratory water loss rates.




Table 2: Testing metabolic rate hypotheses (Table 1). Response variable is log;o SMR. M = dry mass
(mg), Clade = subfamily clade (n = 7), Temp = mean annual microclimate temperature (°C), VPD =
mean annual microclimate vapor pressure deficit, representing aridity (kPa), soil.P = soil phosphorus
(ppm). LME models include ‘location’ (n = 6) as a random effect.

Hypotheses LME df AIC R’m, R°c
Niche
. ~logioM + Clade 10 1280.6 0.53,0.59
Conservatism
Mass ~logoM 4 1288.9 0.47,0.54
Phylogenetic - PGLS Pseudo R”
MCA, aridity,

~10g10M*log10S0il.P + logioM*VPD + Temp

p-limitation 8 13447 0.69

Mass ~log;oM 3 13477 0.64
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