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Summary

1. How species respond to temperature change depends in large part on their physiology.
Physiological traits, such as critical thermal limits (CT,,, and CT,,;,), provide estimates of
thermal performance but may not capture the full impacts of temperature on fitness. Rather,
thermal performance likely depends on a combination of traits—including thermal limits—that
vary among species.

2. Here, we examine how thermal limits correlate with the main components that influence fitness
in ants. First, we compare how temperature affected colony survival and growth in two ant spe-
cies that differ in their responses to warming in the field—Aphaenogaster rudis (heat-intolerant)
and Temnothorax curvispinosus (heat-tolerant). We then extended our study to compare CT,, .y,
thermal requirements of brood and yearly activity season among a broader set of ant species.

3. While thermal limits were higher for workers of 7. curvispinosus than A. rudis,
T. curvispinosus colonies also required higher temperatures for survival and colony growth. This
pattern generalized across 17 ant species, such that species whose foragers had a high CT,,,, also
required higher temperatures for brood development. Finally, species whose foragers had a high
CThax had relatively short activity seasons compared with less heat-tolerant species.

4. The relationships between CT,, ., thermal requirements of brood and seasonal activity sug-
gest two main strategies for growth and development in changing thermal environments: one
where ants forage at higher temperatures over a short activity season and another where ants
forage at lower temperatures for an extended activity season. Where species fall on this spec-
trum may influence a broad range of life-history characteristics and aid in explaining the cur-
rent distributions of ants as well as their responses to future climate change.

Key-words: climate change, critical thermal limits, development, phenology, social insects,
thermal adaptation

Introduction

For millions of years, species have faced changes in climate
that have shaped their evolution and their biology (Crow-
ley & North 1988; Petit et al. 1999; Davis, Shaw & Etter-
son 2005). The result is that species display differences in
key traits that can be used to estimate thermal perfor-
mance and predict how species will respond to climate
change in the future (Chown, Gaston & Robinson 2004;
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Deutsch et al. 2008; Buckley & Kingsolver 2012; Sunday,
Bates & Dulvy 2012; Diamond et al. 2013). Thermal per-
formance is often estimated using simple metrics, such as
critical thermal limits (CT,,., and CT,y;,), which define the
upper and lower temperatures at which a species can oper-
ate (Huey & Stevenson 1979). But even within these
bounds, changes in temperature can influence a wide range
of factors that impact fitness (Kingsolver 2009; Hofmann
& Todgham 2010; Schulte, Healy & Fangue 2011; Chevin,
Collins & Lefevre 2013). What is missing for most species
is an understanding of how thermal limits correlate with
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other traits that impact fitness and how these combine to
characterize general strategies for how organisms deal with
climate variation.

Social insects provide a unique opportunity to compare
thermal limits with other factors that influence fitness
because they live in colonies with overlapping developmen-
tal stages that inhabit the same environment at the same
time. This allows a direct comparison of the relationship
between thermal traits of adults and those of earlier devel-
opmental stages. Ants, in particular, have served as models
to study the impacts of temperature on animal populations
(Jenkins et al. 2011; Diamond et al. 2012b; Warren &
Chick 2013; Kaspari et al. 2015; Verble-Pearson, Yanoviak
& Gifford 2014; Diamond er al. 2016) due to their ubiquity
and the important roles they play in many ecosystems
(Folgarait 1998). Yet, most studies on ant thermal perfor-
mance have focused exclusively on thermal limits of
mature foragers—worker ants that leave the nest to find
food (Cerdd, Retana & Cros 1998; Diamond ez al. 2012b;
Stuble er al. 2013a; Kaspari et al. 2015). The focus on
thermal traits of foragers neglects the social dimension of
ant colony performance. The performance of an entire col-
ony, which is the unit of selection in social insects, depends
not only on how temperature impacts mature foragers but
also on how temperature impacts survival and develop-
ment of other colony members, including brood.

When resources are not limiting, colony growth depends
on three main factors: egg-laying rate, worker mortality
rate and brood development time (Asano & Cassill 2011,
2012). Increased temperatures tend to speed up egg-laying
rates (Abril, Oliveras & Goémez 2008) and brood develop-
ment (Porter 1988; Kipyatkov et al. 2004; Kipyatkov,
Lopatina & Imamgaliev 2005; Abril, Oliveras & Goémez
2010; Karlick ez al. 2016) while simultaneously increasing
worker mortality (Calabi & Porter 1989). How these com-
ponents combine to determine colony performance and fit-
ness within a single ant species over a range of different
temperatures is unknown. Further, it is unclear if and how
the thermal requirements of immature ants (brood) relate
to thermal limits of mature ants (foragers). Finally, we
lack an understanding of how relationships between brood
and adult thermal traits may differ between more ther-
mophilic species and thermophobic species.

Here, we investigated how thermal limits of mature for-
agers correlate with the other main components that influ-
ence fitness for ant colonies. We focused first on two ant
species—Aphaenogaster rudis and Temnothorax curvispino-
sus—that are among the most common ectotherms in east-
ern forests of North America (Pearse 1946; King, Warren
& Bradford 2013; Stuble et al. 2013b). Foragers of 4. rudis
have a relatively low CT,,., and are active at cooler tem-
peratures, while foragers of T. curvispinosus have a rela-
tively high CT.x and are active at warmer temperatures
(Diamond et al. 2012a; Pelini et al. 2012; Stuble et al.
2013a). Based on differences in CT,,,,, we predicted that
colony survival and growth would be higher for 4. rudis at
cooler temperatures than for 7. curvispinosus. We then

extended our study to include additional ant species that
co-occur with A. rudis and T. curvispinosus across much of
the eastern United States. For these species, we compared
the CT,.x of foragers with the thermal dependence of
pupal development time. Again, we predicted that species
whose foragers had a higher CT,,,, would require higher
temperatures for brood development. Finally, we com-
pared the relationship between CT,,,, and seasonal activity
patterns for a subset of species for which we had previ-
ously tracked yearly activity patterns as part of a long-
term, field-based warming experiment (Pelini ef al. 2011).
We predicted that species with a higher CT,,,, would have
a shorter activity season based on limits to colony growth
during cold times of the year.

Materials and methods

STUDY SPECIES AND COLONY MAINTENANCE

We collected colonies of A. rudis (a species complex, Umphrey
(1996)) and T. curvispinosus between April and June 2013. Colo-
nies of A. rudis were collected from 13 populations across their
range (Tables S1 and S2, Supporting Information), while
T. curvispinosus colonies were collected from a single population
in Raleigh, NC, USA (35-7639, —78-6779, 95 m). We addition-
ally collected colonies of 12 ant species that co-occur with
A. rudis and T. curvispinosus to compare broader patterns of
thermal trait variation (Tables 1 and S3). Colonies were housed
in artificial nest boxes with a plaster floor and a glass covered
nest chamber. The plaster in each nest was moistened daily with
distilled water to maintain humidity, and we fed colonies an arti-
ficial diet designed specifically for ants (Bhatkar & Whitcomb
1970) that we changed three times per week and supplemented
with freeze-killed beetle larvae (Zophobas morio) and vials con-
taining 20% sucrose solution. Colonies of all species were held
under common laboratory conditions (standard long-days pho-
toperiod; ~25 °C) for at least 2 weeks prior to experimental
treatments.

EXPERIMENTAL REARING TEMPERATURES

We measured thermal traits at four mean temperatures: 20, 23, 26
and 29 °C (Fig. S1). These temperatures were chosen to cover the
likely range of nest temperatures colonies could tolerate before
experiencing complete mortality or entering diapause (Porter
1988; Southerland 1988; Abril, Oliveras & Gémez 2010; Kipy-
atkov & Lopatina 2015). Colonies were maintained on a
14 h : 10 h light-dark cycle in temperature-controlled growth
chambers (walk-in chambers measuring 24 m width x 1-22 m
depth x 2-1 m height), and temperature in each chamber was pro-
grammed to fluctuate diurnally around the mean temperature
treatments. Chambers were initially programmed with a high daily
temperature fluctuation (mean + 3 °C) with a 1 °C change every
2 h (Fig. Sla). Due to high colony mortality during the first 2
weeks (e.g., ~40% colony mortality for A. rudis at 29 °C), the
temperature fluctuations were reduced to +1-5 °C with a 0-5 °C
change every 2 h (Fig. S1b).

TRAIT MEASUREMENTS: COLONY SURVIVAL AND
GROWTH OF A. RUDIS AND T. CURVISPINOSUS

We quantified colony survival and a range of colony growth traits
at each rearing temperature for a total of 54 A4. rudis colonies and
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Table 1. Ant thermal traits and activity season
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Pupal development time (days)

Activity season

CTmax (°C) Length (days)
Species SD, n 20°C 23°C 26°C 29°C IQR (Julian date range)
Crematogaster lineolata 477 £ 0-94, 10 42 21 14 10 51-75
179-25-231
Temnothorax curvispinosus 46-3 £ 1-26, 4 32 21 13 12 7725
179-25-256-5
Formica subsericea 46-2 + 045, 5 21 16 11 10 74
127-201
Monomorium minimum 46-0 & 1-07, 8 40 20 11 10 -
Temnothorax longispinosus 452 + 1-14, 10 32 20 14 12 -
Tetramorium sp. E 449 £+ 0-57, 10 35 19 12 11 -
Tapinoma sessile 44.4 4+ 2.40, 9 27 17 10 9 -
Solenopsis invicta 43.7 £ 0.78,9 39 25 12 9 -
Lasius alienus 42.2 + 1-14, 10 25 17 12 11 -
Aphaenogaster rudis 413 £ 095, 10 18 15 11 9 101
167-268
Aphaenogaster lamellidens 40-8 £+ 0-63, 10 27 19 11 11 955
127-5-223
Linepithema humile 40-4 £ 1.94,9 29 14 9 9 -
Solenopsis molesta 40-3 £ 1.03, 6 23 20 17 11 100
204-25-304-25
Brachyponera chinensis 381 £ 1-20, 10 30 19 12 12 -

25 T. curvispinosus colonies (data for all traits were not measured
in every colony, and sample sizes are reported independently
where they diverge). Colonies were standardized to one queen with
100 workers for A4. rudis and one queen with 50 workers for 7.
curvispinosus. These colony sizes were chosen because most
healthy colonies collected in the field had at least 100 workers for
A. rudis and 50 workers for T. curvispinosus. Nine A. rudis colo-
nies had fewer than 100 workers when originally collected, so we
included all available workers for these colonies (mean + SD of
colony sizes were 95-6 + 11:9). All eggs, larvae and pupae were
removed before the start of the experiment, so egg-laying rate and
duration of each brood stage could be quantified.

Colonies were checked daily over 12 weeks to assess colony sur-
vival and quantify colony growth traits (egg-laying rate, worker
mortality rate, brood development time and brood mortality).
Colony survival was determined based on whether a colony had a
living queen, and a colony was considered dead on the date the
queen died even if some workers remained. Egg-laying rate was
determined by counting the number of eggs in a colony on a single
day (within 4-18 days after the start of the experiment) and then
dividing this by the number of days elapsed since the first eggs
were observed. Worker mortality rate was determined by counting
the number of workers present in a colony on a single day (within
4-18 days after the start of the experiment), subtracting this from
the initial colony size, and then dividing this by the number of
days elapsed since the start of the experiment. The duration of
each brood stage (egg, larval and pupal) was determined based on
the number of days between the first appearance of a particular
brood stage and the appearance of the subsequent stage. Finally,
brood mortality was determined based on the number of colonies
that produced a particular brood stage but failed to rear brood to
the subsequent stage.

TRAIT MEASUREMENTS: CTyax, PUPAL DURATION AND
ACTIVITY SEASON

We measured CT,,., pupal duration and activity season for a
broader set of ant species that also included A. rudis and T. curvis-
pinosus (Table 1; note, only NC populations of A. rudis were used

for these comparisons). CT,,,x wWas estimated on adult individuals
taken from the field that were acclimated in the laboratory at
25 °C for at least 4 weeks prior to CTy,,x assessment. Individuals
were placed into 2-mL culture tubes that were inserted into a heat
block set to 36 °C, and temperature was increased stepwise at a
rate of 1 °C every 5 minutes. We defined CT,,, as the tempera-
ture at which individuals lost muscle coordination and could no
longer right themselves (Lutterschmidt & Hutchison 1997). We
tested one individual per colony and 4-10 colonies for each
species.

We measured pupal duration for 14 species at each rearing tem-
perature (20, 23, 26, 29 °C; Table S3). Pupal duration was deter-
mined based on the number of days between the first appearance
of pupae in a colony and the date when new workers enclosed.
We included data for three additional ant species (Lasius niger,
Myrmica rubra and Myrmica ruginodis) for which pupal develop-
ment time at 20 °C was previously published (Kipyatkov, Lopa-
tina & Imamgaliev 2005; Kipyatkov & Lopatina 2015). CTp,. for
each of these species was not known, so we used the average
CT,.x for each genus [Lasius: average = 38-7 °C, SE = 0-04; Myr-
mica: average = 39-4 °C, SE = 0-03 (Diamond et al. 2012b)].

We measured activity season of six species in a community we
have monitored at Duke Forest (36-0355, —79-0775, 180 m) as
part of a long-term climate warming study (Pelini ez al. 2011).
These six species, which included A. rudis and T. curvispinosus,
were the most abundant at Duke Forest and the only species col-
lected in high enough numbers for determining activity season.
Ants were collected from monthly pitfall traps over 5 years from
2010 to 2014, and all individuals were identified to species (we
focused on ants collected only from unheated control plots). The
length of the activity season was estimated as the interquartile
range of annual occurrences in monthly pitfalls pooled over the
S-year monitoring interval as proxies for annual first appearance
and last appearance.

STATISTICAL ANALYSES

We initially tested for local adaptation in thermal traits for 4. rud-
is by adding mean annual temperature (MAT) of source

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 1091-1100



1094 C. A. Penick et al.

populations as a covariate in our models [MAT was determined
using 30-arc second grid cell maps from WorldClim (Hijmans
et al. 2005)]. However, MAT was never statistically significant, so
we report models without this covariate for simplicity.

For comparing thermal responses of A. rudis and
T. curvispinosus, we treated rearing temperature as a categorical
variable because thermal responses are not always linear (King-
solver 2009). For colony survival, we used a generalized linear
model (GLM) with a binomial distribution and a logit link func-
tion; whether or not a colony survived at the end of 12 weeks was
the dependent variable, and species, rearing temperature and their
interaction were the independent variables. For egg-laying rate
and worker mortality, we used ANOVA with egg-laying rate and
worker mortality as the dependent variables (respectively) and spe-
cies, rearing temperature and their interaction as the independent
variables. For pairwise comparisons, we used Tukey’s HSD. Data
for egg-laying rate and worker mortality were In-transformed to
meet normality assumptions.

For comparisons of brood development time between A. rudis
and T. curvispinosus, we used hyperbolic functions fit to develop-
ment time (in days) across rearing temperatures. These models are
typical for studies of development in insects and other ectotherms
and provide a common framework for comparing performance
curves among species (Wagner et al. 1984; Ratte 1985; Kipyatkov &
Lopatina 2015). For comparisons of stage-specific brood mortality,
we used a generalized linear model (GLM) with a binomial distribu-
tion and a logit link function; brood mortality at each stage (egg,
larval and pupal) was the dependent variable, and species, rearing
temperature and their interaction were the independent variables.

Finally, we used a generalized least squares modelling frame-
work to compare the relationship between CT,,.x and pupal devel-
opment time as well as CT.,x and activity season length. We
accounted for the non-independence arising from the shared evo-
lutionary history of species by scaling the model covariance by the
degree of phylogenetic signal, i.e., the maximum likelihood branch
transformation (Pagel’s A; Pagel 1999) given the data and the
model (Orme et al. 2013). We used the phylogeny of Moreau &
Bell (2013) (Fig. S2), but because this phylogeny is resolved only
to the level of genus, we treated unknown species relationships as
terminal polytomies (Lessard et al. 2009; Liu et al. 2016). For
pupal development time, pupal durations at each rearing tempera-
ture (20, 23, 26 and 29°C) were the response variables, and CT .«
was the predictor variable. For comparing CT,,., with activity
season, the number of days active per year (Table 1) was the
response variable, and CT,,,x was the predictor variable. Phyloge-
netic generalized least squares comparisons were performed using
R version 3.1.1, and all other analyses were performed in JMP
Pro 12.0.1 (SAS Institute Inc., Cary, NC, USA).

Results

IMPACT OF TEMPERATURE ON COLONY SURVIVAL

The impact of temperature on colony survival differed
between A. rudis and T. curvispinosus [GLM (binomial,
logit link function), N4 ,uas = 54 colonies, N7 curvispinosus =
25 colonies, d.f. = 3; y* = 18-12, P = 0-0004]. Aphaenogaster
rudis had higher colony mortality at warm temperatures,
while 7. curvispinosus had higher colony mortality at cool
temperatures (Fig. 1).

IMPACT OF TEMPERATURE ON COLONY GROWTH

The impact of temperature on both egg-laying rate and
worker mortality rate differed between A. rudis and
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Fig. 1. Colony survival as a function of temperature for Aphaenoga-
ster rudis and Temnothorax curvispinosus. Each species differed
in their response to temperature by the end of the experiment
(P = 0-0004), with A. rudis exhibiting higher mortality at warm tem-
peratures and 7. curvispinosus exhibiting higher mortality at cool
temperatures. [Colour figure can be viewed at wileyonlinelibrary.com]

T. curvispinosus, which was indicated by a significant
Species x Rearing temperature interaction for egg-laying
rate (ANOVA, N4 a5 = 43 colonies, N7 curvispinosus = 23
colonies, d.f. = 3; F = 3-01, P = 0-037) and worker mortal-
ity rate (ANOVA, natural log transformed, N, ,,uis = 28
colonies, N7z curvispinosus = 20 colonies, d.f. =3; F=5-82,
P =0-0021). Egg-laying rate was relatively insensitive to
temperature for A. rudis, but T. curvispinosus had a higher
egg-laying rate at the relatively warm rearing temperature
of 26 °C (Fig. 2a). However, there were no significant dif-
ferences between any rearing temperature—species compar-
ison (Tukey HSD pairwise comparisons, P > 0-05). With
respect to worker mortality, the strongest impact was on
A. rudis, where there was a nearly three-fold increase in
worker mortality at 29 °C for A. rudis compared with
cooler rearing temperatures (Fig. 2b). Worker mortality
was significantly higher for 4. rudis at 29 °C than worker
mortality for 7. curvispinosus at 20 °C or 23 °C (Tukey
HSD pairwise comparisons; 20 vs. 29 °C, P = 0-0001; 23
vs. 29 °C, P =0-04). In contrast, T. curvispinosus had
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Fig. 2. Egg-laying rate and worker mortality rate (mean + SE)
across rearing temperatures for Aphaenogaster rudis and Tem-
nothorax curvispinosus. (a) Egg-laying rate differed between species
across rearing temperatures (P = 0-037), with T. curvispinosus
exhibiting a peak in egg-laying rate at 26 °C. (b) Worker mortality
rate also differed between species across rearing temperatures
(P = 0-0021), with A. rudis exhibiting an increase in worker mor-
tality at the warmest treatment (29 °C). [Colour figure can be
viewed at wileyonlinelibrary.com]

significantly higher mortality than A. rudis at 20 °C
(Tukey HSD pairwise comparisons, P = 0-018).

With respect to brood development, T. curvispinosus
had shorter (i.e., faster) egg and larval development times
across most temperatures, but A. rudis was able to main-
tain larval development at cooler temperatures than
T. curvispinosus (Fig. 3a—c). Larval development halted
below 23 °C for T. curvispinosus, while A. rudis maintained
larval development down to at least 20 °C. Each species
also differed in how temperature impacted brood mortal-
ity, which was evidenced by a significant interaction
between species and rearing temperature for egg mortality
[GLM (binomial, logit link function), N, . = 52 colo-
nies, N7 curvispinosus = 25 colonies, d.f. = 1; xz =7-65,
P = 0-0057] and larval mortality [GLM (binomial, logit link
function), N, ,uas = 30 colonies, N7 curvispinosus = 24 colo-
nies, d.f. = 1; y* = 6-68, P = 0-0097]. Egg mortality was low
for both A. rudis and T. curvispinosus at cool temperatures,
but only 25% of A. rudis colonies were able to successfully
rear eggs at the two warmest temperatures (Fig. 3d). Like-
wise, larval mortality increased with temperature for A. rud-
is, while T. curvispinosus had increased larval mortality at

Comprehensive metrics of thermal performance 1095

the two coolest temperatures (Fig. 3e). There was no signif-
icant interaction between species and rearing temperature
for pupal mortality [GLM (binomial, logit link function),
N yudgis = 42 colonies, N7 curvispinosus = 19 colonies, d.f. = 1;
%> < 0-0001, P = 1-0], and pupal mortality was generally low
for both species across all rearing temperatures (Fig. 3f).

RELATIONSHIP BETWEEN CTyax AND THERMAL
REQUIREMENTS OF BROOD

At warm temperatures, pupal development times of all
species converged on roughly the same maximum value
(mean: 10-5 days, range: 8-6-11-8 days; Fig. 4a). As tem-
peratures decreased, species with a higher CT ., required
a longer time to complete development (Fig. 4b), which
was evidenced by a significant positive relationship
between CT,,.x and pupal duration at 20 °C [GLM (nor-
mal, identity link function), n = 14 species, d.f. =1;
y* = 4.15, P =0-0416]. The strength of this relationship
increased when data were added for three additional spe-
cies for which development times at 20 °C were reported
in the literature [GLM (normal, identity link function),
n = 17 species, d.f. = 1; XZ = 6-88, P = 0-0087]. At warmer
temperatures, significant relationships
between CT,.x and pupal development times among the
14 species in our study [GLM (normal, identity link func-
tion), n = 14 species, d.f. = 1: 29 °C, }52 =0-18, P = 0-67;
26 °C, 7> =004, P =084; 23°C, 4* =118, P=10-28].
Because phylogenetic signal was estimated to be very low

there were no

in our PGLS analyses, our results from the phylogeneti-
cally corrected models were qualitatively similar to our
uncorrected models, so we present only the GLMs for sim-
plicity. Our PGLS models estimated phylogenetic signal, A,
as 0 in each model of development time, and no estimates
of phylogenetic signal were significantly different from 0.
One caveat here is that we do not have the recommended
number of species (>20) to estimate phylogenetic signal
(Blomberg et al. 2003), so while our results suggest a weak
phylogenetic signal in ant development time, this may not
be the case were more species to be compared.

RELATIONSHIP BETWEEN CTyax AND ACTIVITY
SEASON

Based on the relationship between CT,.x and thermal
requirements for brood development, we predicted that
species with a high CT,,,, would also have a shorter activ-
ity season as cold temperatures would limit the period
over which brood could grow (Fig. 5a). As a test of this
prediction, we compared activity season for the six most
common species at our long-term study site at Duke For-
est, which included A. rudis and T. curvispinosus. There
was a significant negative relationship between CT,,,, and
activity season for these six species [GLM (normal, iden-
tity link function), n =6 species, d.f.=1; > = 1290,
P = 0-0003], which supported our prediction (Fig. 5b).
For the two focal species from the common garden

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 1091-1100
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Fig. 3. Stage-specific development times and brood mortality as a function of temperature for Aphaenogaster rudis and Temnothorax cur-
vispinosus. (a—c) Development time for egg, larval and pupal stages across rearing temperatures (Mean + SE) fitted with hyperbolic func-
tions. Larvae of 7. curvispinosus went into diapause at 20° (dotted line). (d—f) The percent of colonies that failed to rear brood at each
stage successfully. Each species differed in their response to temperature with respect to egg mortality (P = 0-0057) and larval mortality
(P = 0-0097), while there was little pupal mortality for either species across temperatures. [Colour figure can be viewed at wileyonlinelibrary.
com]
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Fig. 4. Relationship between pupal development time and (CT,,,,) among species. (a) Pupal development time across rearing temperatures
for 14 co-occurring ant species fitted with hyperbolic functions. (b) Relationship between CT,,.x and pupal duration at 20° (points show
mean + SE) fitted with a linear function plus 95% confidence intervals (y = 1.23x-24; R* = 0-27). Open circles indicate three species for
which pupal development time and CT,,,, were taken from the literature. [Colour figure can be viewed at wileyonlinelibrary.com]

experiment, activity season was roughly 30% longer for other main components that influence colony survival and
heat-intolerant A. rudis compared with heat-tolerant 7. growth. In the species we studied, thermal performance
curvispinosus. Like our phylogenetic models of develop- was driven by a relationship between thermal limits of
ment time, we found no evidence for phylogenetic signal adult workers and thermal requirements of brood, such
in our models of activity season (A = 0), so we present that species whose foragers had higher thermal limits—
only the GLM for simplicity. and could forage under hotter conditions—also required

higher temperatures for brood development. Conversely,
species whose foragers could not tolerate high tempera-

Discussion o .

tures were able to maintain relatively fast development
Thermal limits are often used to predict how species will rates at cool temperatures and remain active over a
respond to climate warming, but temperature affects a longer growing season. Taken together, these results high-

wide range of traits that can impact fitness (Hofmann & light that thermal performance depends on an interaction
Todgham 2010). We found a correlation between the between multiple, thermally dependent traits that ulti-
thermal limits of ants and how temperature affected the mately affect fitness.
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Fig. 5. Negative relationship between CT,,,x and activity season. (a) Conceptual figure illustrating predicted colony growth rates for heat-
tolerant and heat-intolerant species. Heat-tolerant species are predicted to grow fast over a short season, while heat-intolerant species are
predicted to extend growth over a longer portion of the year. Letters on x-axis indicate months, and y-axis represents relative differences
in colony growth rate. (b) Activity season plotted as a function of CT,,, for six species present at Duke Forest showing a negative rela-
tionship between CT,.x and number of days active per year. [Colour figure can be viewed at wileyonlinelibrary.com]

COLONY SURVIVAL

We predicted that optimal temperatures for colony sur-
vival would be cooler for Aphaenogaster rudis (heat-intol-
erant) than for 7. curvispinosus (heat-tolerant) based on
differences in their thermal limits, and our results sup-
ported this prediction: colony survival was highest at rela-
tively cool temperatures for A. rudis (20-23 °C), while
survival was highest at relatively warm temperatures for 7.
curvispinosus (2629 °C). Compared with CT,,,, and
CTin of individual workers, however, the range of tem-
peratures over which colonies could survive was relatively
narrow. The CT . of 4. rudis workers is 41 °C, but colo-
nies of A. rudis experienced 90% mortality at only 29 °C.
Likewise, colonies of T. curvispinosus experienced nearly
40% mortality at 20 °C, which is only slightly cooler than
standard room temperature and consistent with relatively
high overwintering mortality of Temmnothorax colonies in
the field (Mitrus 2013).

The sensitivity of ant colonies to minor deviations in
temperature suggests that temperatures need not exceed
thermal limits to negatively impact fitness. While CT,,,y is
a useful metric for predicting how species will respond to
temperature increases, survival is influenced both by the
intensity and the duration of thermal stress (Rezende, Cas-
taneda & Santos 2014). Our results and those of others
(Magozzi & Calosi 2015; McDonnell & Chapman 2015)
suggest that moderate increases in temperature can nega-
tively impact performance, especially when individuals are
exposed to chronic increases in temperature. Caution is
therefore warranted when using CT,,,, alone to predict the
vulnerability of species to climate warming. Nevertheless,
for A. rudis and T. curvispinosus, CT . is correlated with
responses to chronic thermal stress and can provide an esti-
mate of relative thermal performance.

COLONY GROWTH

Similar to results for colony survival, A. rudis performed
better at cool temperatures in terms of growth, while 7.
curvispinosus performed better at warmer temperatures.

Egg-laying rates were relatively insensitive to temperature
for both species, but T. curvispinosus had slightly higher
egg-laying rates at the moderately warm temperature of
26 °C. The impact of temperature on worker mortality
was more pronounced, particularly for A. rudis, where
mortality increased from less than one worker per day at
20 °C to over three workers per day at 29 °C. The major
difference in how temperature affected these species was
with respect to brood. Temmnothorax curvispinosus brood
developed faster at warm temperatures, while A4. rudis
developed faster at cool temperatures where 7. curvispino-
sus brood went into diapause. A comparison of CT,,,x and
pupal duration across a broader set of ant species revealed
a similar trend, with heat-tolerant species growing slower
at low temperatures. The difference in growth at low tem-
peratures is noteworthy because, all things being equal,
heat-tolerant species should grow faster during the warm-
est months of the year, while heat-intolerant species should
grow faster during cooler months.

The positive relationship between CT,,, and pupal
duration at 20 °C suggests that CT,,,x—in addition to pro-
viding information about lethal temperatures—can also
provide information about the performance of species at
sublethal temperatures. If greater heat tolerance is consis-
tently associated with reduced fitness at moderate and
lower temperatures, the utility of CT,.x for predicting
responses to climate change could be much greater. More-
over, the correlation between CT,,,, and thermal traits of
brood suggests that thermal limits of adults may provide
information about thermal responses of early developmen-
tal stages. This at least may be true for social insects,
where adult and brood stages live in the same nest and
experience relatively similar thermal conditions. Solitary
insects often have complex life cycles where distinct life
stages experience different environmental conditions, and
in these cases, each development stage may have different
thermal requirements and exhibit distinct thermal toler-
ances (Kingsolver et al. 2011).

One aspect of thermal performance we did not test was
the impact of acclimation on CT,,,,. How species respond
to climate change may depend on their ability to acclimate
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(Calosi, Bilton & Spicer 2008; Somero 2010), but it is not
clear if CT,.y is highly plastic in ants within species. A
study on Argentine ants found little effect of acclimation
on CT.x (Jumbam ez al. 2008), and we found low varia-
tion in CT,.x among A. rudis populations ranging from
South Carolina to Maine, USA (mean CT,,, = 41-6 °C,
range = 40-5-43 °C), and no relationship with MAT of
source populations (C.A. Penick, S.E. Diamond, N.J. San-
ders & R.R. Dunn unpubl. results; but see Cahan et al.
2017). In fact, there appears to be relatively low acclima-
tion in thermal tolerance in general among ectotherms
(Gunderson & Stillman 2015).

THERMAL STRATEGIES IN ANTS AND ECOLOGICAL
IMPLICATIONS

A complete model of the thermal performance for ants
should include information about the thermal limits of for-
agers as well as the impacts of temperature on brood. Our
results suggest that these two aspects of thermal perfor-
mance are correlated, in that species whose workers can
tolerate higher temperatures also require higher tempera-
tures for brood development. On one hand, alignment
between brood and worker thermal responses could pro-
vide an advantage in that peak rates of brood development
will occur at the same time foragers are most active. But
when considering seasonal variation in temperature, heat-
tolerant species will have limited growth in cooler months.
In contrast, the ability of A. rudis and other heat-intoler-
ant species to maintain brood development at cool temper-
atures should allow them to increase their growing season
in regions where the number of warm days is limited. We
found support for this based on a comparison of CT.y
and activity season among six species from a single site in
North Carolina: species whose foragers had a higher
CTax were active for a shorter period of the year. A pre-
vious study also found that A. rudis had a relatively long
activity season compared with two other co-occurring spe-
cies (Bewick et al. 2014).

The relationship between CT,,,, and activity season sug-
gests two strategies ants adopt when dealing with their
thermal environment: species either forage in the heat and
grow fast over a short season, or avoid the heat and extend
growth over a longer portion of the year (Fig. 5). While
each of these strategies represents the opposite end of a
continuum, they provide a framework for comparing ther-
mal responses among species. For heat-tolerant species,
colony growth is likely limited by the availability of heat to
stimulate brood development, so heat-tolerant species may
be more likely to nest in open areas exposed to sunlight,
invest heavily in brood thermoregulation and/or build nests
that are better at capturing solar heat. Alternatively, heat-
intolerant species are more likely to be limited by their abil-
ity to gather resources when outside temperatures are high.
Therefore, competition may play a larger role in limiting
the performance of heat-intolerant species, especially when
competing with heat-tolerant species for food.

The different strategies species use to deal with their
thermal environment have implications for how climate
warming will affect ant communities, especially in temper-
ate regions with strong seasonal temperature variation.
While heat-intolerant species may be able to escape high
temperatures by moving deeper underground (Jones &
Oldroyd 2006; Penick & Tschinkel 2008), they may face
increased competition for resources that will ultimately
reduce their performance under thermally stressful envi-
ronments. These biotic interactions not only mediate coex-
istence in warm conditions (e.g., Cerda, Retana & Cros
1997, Wittman et al. 2010) but they are likely to play a
major role in setting current range limits for ants and
determining their response to ongoing climate change.

Acknowledgements

We thank Joseph Karlik and Mary Vincent for assistance in collecting and
rearing colonies for the duration of this study, as well as Lacy Chick,
Andrew Nguyen, Mike Herrmann, Jackie Fitzgerald, Katie Miller and John
Stanton-Geddes for additional help collecting A. rudis colonies. We thank
Nicholas Gotelli, Aaron Ellison, Sara Helms Cahan, Shannon Pelini and
Lauren Nichols for input during the design and execution of this study.
This work was supported by a National Science Foundation Dimensions of
Biodiversity grant (NSF-1136703), a US Department of Energy PER award
(DEFGO02-08ER64510) and a National Science Foundation Career grant
(NSF-0953390). N.S. also thanks the Danish National Research Founda-
tion for support provided to the Center for Macroecology, Evolution and
Climate.

Data accessibility

All data included in the manuscript have been deposited at Dryad Digital
Repository https://doi.org/10.5061/dryad.sd64q (Penick et al. 2016).

References

Abril, S., Oliveras, J. & Goémez, C. (2008) Effect of temperature on the
oviposition rate of Argentine ant queens (Linepithema humile Mayr)
under monogynous and polygynous experimental conditions. Journal of
Insect Physiology, 54, 265-272.

Abril, S., Oliveras, J. & Gémez, C. (2010) Effect of temperature on the
development and survival of the Argentine ant, Linepithema humile.
Journal of Insect Science, 10, 1-13.

Asano, E. & Cassill, D.L. (2011) Impact of worker longevity and other
endogenous factors on colony size in the fire ant, Solenopsis invicta.
Insectes Sociaux, 58, 551-557.

Asano, E. & Cassill, D.L. (2012) Modeling temperature-mediated fluctua-
tion in colony size in the fire ant, Solenopsis invicta. Journal of Theoreti-
cal Biology, 305, 70-77.

Bewick, S., Stuble, K.L., Lessard, J.P., Dunn, R.R., Adler, F.R. & Sanders,
N.J. (2014) Predicting future coexistence in a North American ant com-
munity. Ecology and Evolution, 4, 1804-1819.

Bhatkar, A. & Whitcomb, W.H. (1970) Artificial diet for rearing various
species of ants. The Florida Entomologist, 53, 229-232.

Blomberg, S.P., Garland, T. & Ives, A.R. (2003) Testing for phylogenetic
signal in comparative data: Behavioral traits are more labile. Evolution,
57, 717-745.

Buckley, L.B. & Kingsolver, J.G. (2012) Functional and phylogenetic
approaches to forecasting species’ responses to climate change. Annual
Review of Ecology, Evolution, and Systematics, 43, 205-226.

Cahan, S.H., Nguyen, A.D., Stanton-Geddes, J., Penick, C.A., Herndiz-
Herndndez, Y., DeMarco, B.B. & Gotelli, N.J. (2017) Modulation of the
heat shock response is associated with acclimation to novel temperatures
but not adaptation to climatic variation in the ants Aphaenogaster picea
and A. rudis. Comparative Biochemistry and Physiology Part A: Molecu-
lar & Integrative Physiology, 204, 113-120.

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 1091-1100


https://doi.org/10.5061/dryad.sd64q

Calabi, P. & Porter, S.D. (1989) Worker longevity in the fire ant Solenopsis
invicta: ergonomic considerations of correlations between temperature,
size and metabolic rates. Journal of Insect Physiology, 35, 643—649.

Calosi, P., Bilton, D.T. & Spicer, J.I. (2008) Thermal tolerance, acclimatory
capacity and vulnerability to global climate change. Biology Letters, 4,
99-102.

Cerdd, X., Retana, J. & Cros, S. (1997) Thermal disruption of transitive
hierarchies in Mediterranean ant communities. Journal of Animal Ecol-
0gy, 66, 363-374.

Cerdd, X., Retana, J. & Cros, S. (1998) Critical thermal limits in Mediter-
ranean ant species: trade-off between mortality risk and foraging perfor-
mance. Functional Ecology, 12, 45-55.

Chevin, L.M., Collins, S. & Lefevre, F. (2013) Phenotypic plasticity and
evolutionary demographic responses to climate change: taking theory
out to the field. Functional Ecology, 27, 967-979.

Chown, S., Gaston, K. & Robinson, D. (2004) Macrophysiology: large-
scale patterns in physiological traits and their ecological implications.
Functional Ecology, 18, 159-167.

Crowley, T.J. & North, G.R. (1988) Abrupt climate change and extinction
events in earth history. Science, 240, 996-1002.

Davis, M.B., Shaw, R.G. & Etterson, J.R. (2005) Evolutionary responses to
changing climate. Ecology, 86, 1704-1714.

Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S., Ghalambor,
C.K., Haak, D.C. & Martin, P.R. (2008) Impacts of climate warming on
terrestrial ectotherms across latitude. Proceedings of the National Acad-
emy of Sciences, 105, 6668-6672.

Diamond, S.E., Nichols, L.M., McCoy, N., Hirsch, C., Pelini, S.L., San-
ders, N.J., Ellison, A.M., Gotelli, N.J. & Dunn, R.R. (2012a) A physio-
logical trait-based approach to predicting the responses of species to
experimental climate warming. Ecology, 93, 2305-2312.

Diamond, S.E., Sorger, D.M., Hulcr, J., Pelini, S.L., Toro, 1.D., Hirsch, C.,
Oberg, E. & Dunn, R.R. (2012b) Who likes it hot? A global analysis of
the climatic, ecological, and evolutionary determinants of warming toler-
ance in ants. Global Change Biology, 18, 448—456.

Diamond, S.E., Penick, C.A., Pelini, S.L., Ellison, A.M., Gotelli, N.J., San-
ders, N.J. & Dunn, R.R. (2013) Using physiology to predict the
responses of ants to climatic warming. Integrative and Comparative Biol-
ogy, 53, 965-974.

Diamond, S.E., Nichols, L.M., Pelini, S.L., ez al. (2016) Climatic warming
destabilizes forest ant communities. Science Advances, 2, e1600842.

Folgarait, P.J. (1998) Ant biodiversity and its relationship to ecosystem
functioning: a review. Biodiversity & Conservation, 7, 1221-1244.

Gunderson, A.R. & Stillman, J.H. (2015) Plasticity in thermal tolerance has
limited potential to buffer ectotherms from global warming. Proceedings
of the Royal Society B, 282, 20150401.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A. (2005)
Very high resolution interpolated climate surfaces for global land areas.
International Journal of Climatology, 25, 1965-1978.

Hofmann, G.E. & Todgham, A.E. (2010) Living in the now: physiological
mechanisms to tolerate a rapidly changing environment. Annual Review
of Physiology, 72, 127-145.

Huey, R.B. & Stevenson, R. (1979) Integrating thermal physiology and
ecology of ectotherms: a discussion of approaches. American Zoologist,
19, 357-366.

Jenkins, C.N., Sanders, N.J., Andersen, A.N. ez al. (2011) Global diversity
in light of climate change: the case of ants. Diversity and Distributions,
17, 652-662.

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

Jumbam, K.R., Jackson, S., Terblanche, J.S., McGeoch, M.A. & Chown,
S.L. (2008) Acclimation effects on critical and lethal thermal limits of
workers of the Argentine ant, Linepithema humile. Journal of Insect
Physiology, 54, 1008-1014.

Karlik, J., Epps, M.J., Dunn, R.R. & Penick, C.A. (2016) Life inside an
acorn: How microclimate and microbes influence nest organization in
Temnothorax ants. Ethology, 122, 790-797.

Kaspari, M., Clay, N.A., Lucas, J., Yanoviak, S.P. & Kay, A. (2015) Ther-
mal adaptation generates a diversity of thermal limits in a rainforest ant
community. Global Change Biology, 21, 1092-1102.

King, J.R., Warren, R.J. & Bradford, M.A. (2013) Social insects dominate
eastern US temperate hardwood forest macroinvertebrate communities
in warmer regions. PLoS ONE, 8, ¢75843.

Kingsolver, J.G. (2009) The well temperatured biologist. The American Nat-
uralist, 174, 755-768.

Comprehensive metrics of thermal performance 1099

Kingsolver, J.G., Woods, H.A., Buckley, L.B., Potter, K.A., MacLean, H.J.
& Higgins, J.K. (2011) Complex life cycles and the responses of insects to
climate change. Integrative and Comparative Biology, 51, 719-732.

Kipyatkov, V.E. & Lopatina, E.B. (2015) Comparative study of thermal reac-
tion norms for development in ants. Entomological Science, 18, 174-192.

Kipyatkov, V., Lopatina, E. & Imamgaliev, A. (2005) Duration and ther-
mal reaction norms of development are significantly different in winter
and summer brood pupae of the ants Myrmica rubra Linnaeus, 1758 and
M. ruginodis Nylander, 1846 (Hymenoptera, Formicidae). Myrmecologis-
che Nachrichten, 7, 69-76.

Kipyatkov, V., Lopatina, E., Imamgaliev, A. & Shirokova, L. (2004) Effect
of temperature on rearing of the first brood by the founder females of
the ant Lasius niger (Hymenoptera, Formicidae): latitude-dependent
variability of the response norm. Journal of Evolutionary Biochemistry
and Physiology, 40, 165-175.

Lessard, J.P., Fordyce, J.A., Gotelli, N.J. & Sanders, N.J. (2009) Invasive
ants alter the phylogenetic structure of ant communities. Ecology, 90,
2664-2669.

Liu, C., Guénard, B., Blanchard, B., Peng, Y.Q. & Economo, E.P. (2016)
Reorganization of taxonomic, functional, and phylogenetic ant biodiver-
sity after conversion to rubber plantation. Ecological Monographs, 86,
215-227.

Lutterschmidt, W.I. & Hutchison, V.H. (1997) The critical thermal maxi-
mum: data to support the onset of spasms as the definitive end point.
Canadian Journal of Zoology, 75, 1553-1560.

Magozzi, S. & Calosi, P. (2015) Integrating metabolic performance, thermal
tolerance, and plasticity enables for more accurate predictions on species
vulnerability to acute and chronic effects of global warming. Global
Change Biology, 21, 181-194.

McDonnell, L.H. & Chapman, L.J. (2015) At the edge of the thermal win-
dow: effects of elevated temperature on the resting metabolism, hypoxia
tolerance and upper critical thermal limit of a widespread African cich-
lid. Conservation Physiology, 3, cov050.

Mitrus, S. (2013) Cost to the cavity-nest ant Temnothorax crassispinus
(Hymenoptera: Formicidae) of overwintering aboveground. European
Journal of Entomology, 110, 177-179.

Moreau, C.S. & Bell, C.D. (2013) Testing the museum versus cradle tropi-
cal biological diversity hypothesis: phylogeny, diversification, and ances-
tral biogeographic range evolution of the ants. Evolution, 67, 2240-2257.

Orme, D., Freckleton, R., Thomas, G., Petzoldt, T., Fritz, S., Isaac, N. &
Pearse, W. (2013) CAPER: Comparative Analyses of Phylogenetics and
Evolution in R. R package, version 0.5.2.

Pagel, M. (1999) Inferring the historical patterns of biological evolution.
Nature, 401, 877-884.

Pearse, A. (1946) Observations on the microfauna of the Duke forest. Eco-
logical Monographs, 16, 127-150.

Pelini, S.L., Bowles, F.P., Ellison, A.M., Gotelli, N.J., Sanders, N.J. &
Dunn, R.R. (2011) Heating up the forest: open-top chamber warming
manipulation of arthropod communities at Harvard and Duke Forests.
Methods in Ecology and Evolution, 2, 534-540.

Pelini, S.L., Diamond, S.E., MacLean, H., Ellison, A.M., Gotelli, N.J.,
Sanders, N.J. & Dunn, R.R. (2012) Common garden experiments reveal
uncommon responses across temperatures, locations, and species of ants.
Ecology and evolution, 2, 3009-3015.

Penick, C.A. & Tschinkel, W.R. (2008) Thermoregulatory brood transport
in the fire ant, Solenopsis invicta. Insectes Sociaux, 55, 176—182.

Penick, C.A., Diamond, S.E., Sanders, N.J. & Dunn, R.R. (2016) Data
from: Beyond thermal limits: Comprehensive metrics of performance
identify key axes of thermal adaptation in ants. Dryad Digital Reposi-
tory, https://doi.org/10.5061/dryad.sd64q.

Petit, J.R., Jouzel, J., Raynaud, D. ez al. (1999) Climate and atmospheric
history of the past 420,000 years from the Vostok ice core, Antarctica.
Nature, 399, 429-436.

Porter, S.D. (1988) Impact of temperature on colony growth and develop-
mental rates of the ant Solenopsis invicta. Journal of Insect Physiology,
34, 1127-1133.

Ratte, H.T. (1985) Temperature and insect development. Environmental
Physiology and Biochemistry of Insects (ed K.H. Hoffmann), pp. 33-66.
Springer, Berlin, Germany.

Rezende, E.L., Castaneda, L.E. & Santos, M. (2014) Tolerance landscapes
in thermal ecology. Functional Ecology, 28, 799-809.

Schulte, P.M., Healy, T.M. & Fangue, N.A. (2011) Thermal performance
curves, phenotypic plasticity, and the time scales of temperature expo-
sure. Integrative and Comparative Biology, 51, 691-702.

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 1091-1100


https://doi.org/10.5061/dryad.sd64q

1100 C. A. Penick et al.

Somero, G.N. (2010) The physiology of climate change: how potentials for
acclimatization and genetic adaptation will determine ‘winners’ and
‘losers’. Journal of Experimental Biology, 213, 912-920.

Southerland, M. (1988) The effects of temperature and food on the growth
of laboratory colonies of Aphaenogaster rudis Emery (Hymenoptera:
Formicidae). Insectes Sociaux, 35, 304-309.

Stuble, K.L., Pelini, S.L., Diamond, S.E., Fowler, D.A., Dunn, R.R. &
Sanders, N.J. (2013a) Foraging by forest ants under experimental cli-
matic warming: a test at two sites. Ecology and Evolution, 3, 482-491.

Stuble, K.L., Rodriguez-Cabal, M.A., McCormick, G.L., Juri¢, I., Dunn,
R.R. & Sanders, N.J. (2013b) Tradeoffs, competition, and coexistence in
eastern deciduous forest ant communities. Oecologia, 171, 981-992.

Sunday, J.M., Bates, A.E. & Dulvy, N.K. (2012) Thermal tolerance and the
global redistribution of animals. Nature Climate Change, 2, 686—690.

Umphrey, G.J. (1996) Morphometric discrimination among sibling species
in the fulva-rudis-texana complex of the ant genus Aphaenogaster (Hyme-
noptera: Formicidae). Canadian Journal of Zoology, 74, 528-559.

Verble-Pearson, R.M., Yanoviak, S.P. & Gifford, M.E. (2014) Variation in
thermal tolerance of North American ants. Journal of Thermal Biology,
48, 65-68.

Wagner, T.L., Wu, H.-I., Sharpe, P.J., Schoolfield, R.M. & Coulson, R.N.
(1984) Modeling insect development rates: a literature review and appli-

cation of a biophysical model. Annals of the Entomological Society of

America, 77, 208-225.

Warren, R.J. & Chick, L. (2013) Upward ant distribution shift corresponds
with minimum, not maximum, temperature tolerance. Global Change
Biology, 19, 2082-2088.

Wittman, S.E., Sanders, N.J., Ellison, A.M., Jules, E.S., Ratchford, J.S. &
Gotelli, N.J. (2010) Species interactions and thermal constraints on ant
community structure. Oikos, 119, 551-559.

Received 10 November 2015; accepted 10 November 2016
Handling Editor: Enrico Rezende

Supporting Information

Details of electronic Supporting Information are provided below.

Table S1. Collection information for populations of Aphaenoga-
ster rudis (USA).

Table S2. Sample size (number of colonies) across temperature
treatments (°C).

Table S3. Development time functions.

Fig. S1. Experimental temperature treatments.

Fig. S2. Ant phylogenies used for PGLS analyses comparing (a)
CTnax With pupal development time at 20 °C and (b) CT,.x With
activity season (phylogenies reconstructed from Moreau & Bell
(2013).

© 2016 The Authors. Functional Ecology © 2016 British Ecological Society, Functional Ecology, 31, 1091-1100



