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Seasonally, long-lived animals exhibit changes in behavior and physiology in response to shifts in envi-
ronmental conditions, including food abundance and nutritional quality. Ants are long-lived arthropods
that, at the colony level, experience such seasonal shifts in their food resources. Previously we reported
summer- and fall-collected ants practiced distinct food collection behavior and nutrient intake regulation
strategies in response to variable food protein and carbohydrate content, despite being reared in the lab
under identical environmental conditions and dietary regimes. Seasonally distinct responses were

Ic?rll‘;\:) Ohrgcsl:rate observed for both no-choice and choice dietary experiments. Using data from these same experiments,
Lipids our objective here is to examine colony and individual-level physiological traits, colony mortality and
Nutrient regulation growth, food processing, and worker lipid mass, and how these traits change in response to variable food
Protein protein-carbohydrate content. For both experiments we found that seasonality per se exerted strong

effects on colony and individual level traits. Colonies collected in the summer maintained total worker
mass despite high mortality. In contrast, colonies collected in the fall lived longer, and accumulated
lipids, including when reared on protein-biased diets. Food macronutrient content had mainly transient
effects on physiological responses. Extremes in food carbohydrate content however, elicited a compen-
satory response in summer worker ants, which processed more protein-biased foods and contained
elevated lipid levels. Our study, combined with our previously published work, strongly suggests that
underlying physiological phenotypes driving behaviors of summer and fall ants are likely fixed season-
ally, and change circannually.

Solenopsis invicta

Published by Elsevier Ltd.

1. Introduction encounter actively growing plants with high protein (p) and carbo-

hydrate (c¢) content (Behmer and Joern, 2012; Lenhart et al., 2015).

Macronutrients (protein, carbohydrates, and lipids) are the key
drivers of growth and reproduction for most animals (Simpson and
Raubenheimer, 2012), but often the individual foods available to
foraging animals contain macronutrients in suboptimal amounts
and/or ratios (Behmer and Joern, 2012). More studies are showing
that many animal species regulate their macronutrient intake
(Behmer, 2009; Simpson and Raubenheimer, 2012), and that a
given species regulates its macronutrient intake depending on its
immediate physiological demands (Clark et al., 2013; Maklakov
et al., 2008). Shifts in seasonality (e.g., photoperiod, temperature,
water availability) are accompanied by some degree of change in
the quality and abundance of foods available to animals. For exam-
ple, in temperate grasslands, in the spring and summer, herbivores
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In contrast, as winter approaches, plants stop growing, and protein
and carbohydrate content drops dramatically.

In response, animals are observed to respond, both behaviorally
and physiologically, to these changes (Basson and Clusella-Trullas,
2015; Cook et al., 2011), which are often entrained to seasonal
shifts in photoperiod, temperature, and associated environmental
conditions (DeCoursey, 2004; Helm et al., 2013; Kumar et al.,
2010), and that interact with circadian processes that operate on
a broader timescale (i.e., circannually) (Danks, 2005; Saunders,
1977). For example, pregnancy or lactation in vertebrates is timed
to periods when protein-rich foods are abundant (Bell et al., 2000;
Dewey, 1997), while animals preparing to migrate or hibernate
often encounter an abundance of high-energy food prior to periods
of food dearth (Hernandez, 2009). However, prolonging nutrient
availability past timing of these periods can delay expected behav-
ioral and physiological responses (Humphries et al., 2003; Vuarin
et al,, 2015).
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For most animals the causal relationship between seasonal
environmental cues, food abundance/quality, and changes in ani-
mal behavior and physiology remain unclear, in part because
experiments that disentangle their individual effects are often dif-
ficult to conduct. Social insect colonies offer a number of character-
istics that make them a tractable model for addressing this issue.
First, a social insect colony has traits that can be considered anal-
ogous to a solitary animal. For instance, sterile workers and fertile
queens are often compared to animal somatic and reproductive tis-
sues, respectively (Seeley, 1995). Individual workers can be analo-
gous to nutrient storage cells, holding lipid reserves or liquid
carbohydrates (Holldobler and Willson, 1990). These, and many
other examples (Gillooly et al., 2010; Holldobler and Wilson,
2009; Seeley, 1995; Shik et al., 2012) form the basis for many refer-
ring to a social insect colony as a ‘superorganism’ (Wheeler, 1928).
Second, because an individual colony is often long-lived (Jemielity
et al., 2005; Keller and Genoud, 1997), it will experience seasonal
changes in photoperiod, temperature, and associated environmen-
tal conditions (e.g., changes in rainfall patterns), including associ-
ated shifts in the nutritional quality/abundance of food. Third,
like solitary animals, social insect colonies practice selective feed-
ing (Kay, 2004; Roces, 1990; Wilder and Eubanks, 2010), and
tightly regulate their protein-carbohydrate intake (Cook and
Behmer, 2010; Cook et al., 2010, 2012; Dussutour and Simpson,
2008, 2009). Ants utilize a broad range of different food types
(Holldobler and Willson, 1990), and fire ants exhibit seasonal
changes in their behavior and physiology (Tschinkel, 1993) that
are likely accompanied by shifts in food selection tied to regulating
colony nutrient intake (Cook et al., 2011).

Previously we demonstrated fire ants collected in the summer
and fall had distinct behavioral responses to food macronutrient
variability that were independent of environmental cues (Cook
et al,, 2011). In that study polygynous field colonies were collected
during summer and fall and brought to the lab, where they were
then split into replicate experimental queen-right lab colonies
standardized for size and demography. These experimental colo-
nies were maintained under similar temperature, humidity, and
light regimes, and both subjected to the same cafeteria-type exper-
iments. The first experiment was a no-choice experiment, with
colonies constrained to a single food with a fixed p:c ratio to
observe how workers respond behaviorally to regulating colony
nutrient intake when feeding on foods having protein-
carbohydrate ratios that differ relative to self-selected p:c ratios.
When the food p:c ratio was balanced (1:1), summer and fall colo-
nies collected equal amounts of food. However, as the p:c ratio of
the experimental foods became increasingly imbalanced summer
colonies collected significantly more food. In contrast, fall colonies
always collected the same amount of food, regardless of its p:c
ratio. The second experiment was a choice experiment, which
gauged self-selected p:c intake by providing colonies with
nutritionally sub-optimal, but complimentary food-pairings. Both
summer and fall colonies actively regulated their protein-
carbohydrate intake and both selected carbohydrate-biased intake
targets (~1:1.5). A significant observation made for both experi-
ments was that summer ants consumed more carbohydrate when
it was abundant relative to the protein need of the colony (Cook
et al.,, 2011).

Following these findings, we predict summer and fall fire ants
have distinct physiologies independent of environmental cues,
underling their contrasting behavioral responses to variable food
macronutrient content. Contrasting seasonal physiologies, either
apart from or combined with nutrient deficits or excesses experi-
enced by summer or fall colonies in our previous experiments
(above), are predicted to have consequences for colony perfor-
mance. The directionality of consequences are predicted to align
based on the nutritional needs of summer and fall fire ant colonies

outlined previously (Cook et al., 2011). Here, using data from those
same experiments, we test these predictions by comparing
changes in workforce and brood biomasses, worker mortality and
lipid content, and how summer and fall colonies manipulated
unconsumed foods having variable macronutrient content.

2. Materials and methods
2.1. Experimental fire ant colonies

For a more thorough description of methods used to establish
lab fire ant colonies for the experiments detailed below, see Cook
et al. (2011). Briefly, six polygynous summer and fall colonies were
collected between June 5 and June 15, 2009, and between October
20 and October 31, 2009, respectively. Colonies were returned to
the lab, and a drip-floatation method (Banks et al., 1981) was
employed to remove workers, brood, and queens from nest soil.
Experimental colonies consisted of a single wingless queen,
1000 mg (~500) workers (haphazardly chosen), 200 mg larvae,
and 100 mg pupae. Larvae and pupae included in experimental
colonies ranged in size and developmental stage, but larvae and
pupae of reproductives were purposely avoided. To control for field
colony effects, for each of the six colonies collected, one experi-
mental colony (above) was randomly allocated to each of the eight
dietary treatments (see below). Simultaneously, a subset of work-
ers was haphazardly collected from each source colony for later
lipid extraction (see below).

Individual experimental colonies were housed in a
24.6 cm x 19.2 cm x 9.5 cm plastic box, provided with a 15 cm
diameter lidded and covered Petri dish filled approximately half-
full with hardened Castone® dental stone as an artificial nest; the
Castone® substrate was moistened regularly to maintain high
humidity inside nest chambers. Water was provided ad libitum.
Colonies were housed in an insectary under a 12 h:12 h L:D diel
cycle (using fluorescent lighting), and kept at 26 °C and with
ambient humidity (45-60%).

2.2. Experimental foods

Experimental foods consisted of five agar-based synthetic foods,
which contained the same quantities of micronutrients, salts, vita-
mins, and lipids from whole egg powder, but varied in protein and
carbohydrate content (Cook et al., 2011). The foods’ protein com-
ponent consisted mainly of a 1:1 mixture of whey protein and
casein, and the carbohydrate component was sucrose. The follow-
ing combinations of protein and carbohydrate, expressed as per-
centage of total food dry weight, represent the p:c ratios of the
five experimental foods: (1) 54% protein and 18% digestible carbo-
hydrate (p54:c18), (2) p42:c32, (3) p37:c37, (4) p33:c43, and (5)
p19:c57 (see Table S1).

2.3. Experimental protocol

2.3.1. Food collection and consumption

No-choice and choice experiments were performed simultane-
ously over a five-week period. In the no-choice experiment, exper-
imental ant colonies were restricted to one of the five diets. In the
choice experiment, ant colonies were presented with one of three
food pairings: (1) p42:c32 with p19:c57, (2) p19:c57 with p54:c18,
and (3) p33:c43 with p54:c18. Colonies were provided with fresh
food (1 cm? cubes, centered in a small plastic weighing dish), every
day, for five weeks. Any food remaining after 24 h was removed,
dried for 48 h at 40 °C, and weighed. The daily amount of food col-
lected was determined by subtracting the weight of remaining
dried food from the food’s initial dry weight. Food’s initial dry
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weight was calculated using the equation from a linear regression
of the wet and dry weights of 20 replicate 1cm?® cubes of
experimental foods.

2.3.2. Colony performance

In both experiments, dead workers were collected weekly from
each colony by carefully aspirating corpses; worker heads were
counted under a stereoscope to obtain total number of dead work-
ers. Statistical analysis of worker mortality was conducted using
data from weeks one, three, and five. At the end of each experi-
ment, workers and total brood (separated into larvae and pupae
under a stereoscope) were collected and weighed. In analyses,
these values were compared against the weights of workers, larvae,
and pupae of each colony at the start of experiments.

2.3.3. Worker lipid content

At the end of each experiment (5 weeks), approximately 50-100
workers were haphazardly collected from total amassed workers
into vials containing silica gel desiccant, and dried to constant
weight. Lipids were extracted from these samples, and also from
samples of source colony workers (above). Whole-body lipids were
extracted by soaking each sample three times for 24 h in chloro-
form. After the third soak, workers were re-dried and weighed.
Worker lipid content was expressed as mg lipid/mg dry body mass,
by subtracting the lipid free dry weight from the dry weight prior
to lipid extraction. As a measure for the change in worker lipid con-
tent, the lipid content of workers taken from experimental colonies
after five weeks was compared to the lipid content of source colony
workers.

2.3.4. Manipulation of food macronutrient content

For many of the experimental colonies we observed that not all
foods collected were consumed. Furthermore, these uneaten foods
appeared as two distinct types: (1) hoarded and (2) discarded.
Hoarded food was usually found inside the nest chamber, was sim-
ilar in color to unmanipulated foods, and was course in texture. In
contrast, discarded food was invariably found outside the nest
chamber. Additionally, discarded food was typically lighter in color
and had a finer texture. At the end of the experiments, both
hoarded and discarded foods were collected from colonies, dried
thoroughly, and weighed to the nearest 0.01 mg. They, as well as
dried samples of experimental foods, were ground to a fine powder
in liquid nitrogen, and then re-dried. Protein and carbohydrate
were extracted and assayed using spectrophotometry as reported
previously (Cook et al., 2011). In analyses, we compared the p:c
ratios of hoarded and discarded foods to the p:c ratio of single
foods (no-choice), and that of food pairings (choice).

2.4. Statistical analyses

Prior to statistical analyses, we determined whether data were
normally distributed and had equal variances across groups using
the Shapiro-Wilks test and O'Brien test, respectively. If data did
not meet these criteria, they were transformed (signified in text).
If common data transformations did not meet these criteria, data
were analyses using non-parametric tests. For measures of colony
performance, we used two-factor repeated measures ANOVA to
test for significant effects of season, and diet treatment on worker
mortality. We used two-factor ANOVA to test for significant effects
of these same factors on post-experiment worker lipid content, the
change in worker lipid content, and also for measures of total
worker and brood mass. We used separate t-tests to determine
between-group differences in the change in worker lipid content.
For the no-choice experiments, we used nominal logistic regres-
sion of proportional data to examine the tendency for summer
and fall colonies to either hoard or discard foods based on food

p:c ratio. To determine the extent to which feeding ants manipu-
lated the p:c ratio of collected no-choice and choice foods we used
separate non-parametric Wilcoxon tests that compared the mean
p:c ratio of hoarded and discarded food to the known p:c ratio of
unmanipulated experimental foods. Where applicable, appropriate
post hoc tests were conducted to determine within-group differ-
ences. All analyses were conducted using the software package
Jump 7.02 (SAS Institute, Inc.).

3. Results
3.1. No-choice experiment

3.1.1. Colony Performance

Season significantly affected most measures of colony perfor-
mance, but not food macronutrient content, or an interaction
between the two factors (Table 1). Total worker mortality was sig-
nificantly higher in summer colonies (Fig. 1A), but the mean total
worker mass remaining after five weeks was similar for summer
and fall colonies (Fig. 1B). For colonies having brood (larvae and/
or pupae) at the end of the experiments (80% and 100% in summer
and fall colonies, respectively), total brood mass was significantly
greater in summer colonies (Fig. 1C).

3.1.2. Worker lipid content

Workers from summer source colonies contained more lipids
than workers from fall source colonies at the start of the
experiment (F;34=41.56, P<0.001; Table S2). At the end of the
experiment lipid content was similar for summer and fall workers
(Table 2), although workers from summer colonies feeding on rel-
atively carbohydrate-rich foods tended to have higher lipid content
(Fig. 2A; Table S2). The change in worker lipid content was signif-
icantly affected by season only (Table 2); fall workers increased
their lipid levels after five weeks, and workers of summer colonies
tended to maintain body lipids at source worker levels (Fig. 2B;
Table S2).

3.1.3. Manipulation of food macronutrient content

Eighty and sixty percent of summer and fall colonies, respec-
tively contained hoarded foods, and 57% and 66% contained dis-
carded foods; sets of percentages were statistically similar
(X>=0.89, df=1, P=0.345, and X?>=1.76, df=1, P=0.185, respec-
tively). The mean (+ s.e.m) quantities of both hoarded and dis-
carded foods were significantly greater in summer colonies

Table 1

Performance of colonies from no-choice experiment. Results from two-way ANOVA
testing the effect of season and food p:c ratio on total mortality, total worker mass,
and brood mass (larvae and pupae) after five weeks.

Variable Source df F-ratio P-value
Between-factors

Worker mortality Season 1 4037 <0.001
Food p:c ratio 1 1.16 0.342
Season-by-Food p:c ratio 1 084 0.506
Within-factors

Worker mortality Time 2 10.28 <0.001
Time-by-Season 2 367 0.033
Time-by-Food p:c ratio 8 0.56 0.807
Time-by-Season-by-Food p:c ratio 8 1.28 0.261

Worker mass Season 1 055 0.460

(mg) Food p:c ratio 4 121 0.317

Season-by-Food p:c ratio 4 0.62 0.651

Brood mass (mg) Season 1 455 0.038
Food p:c ratio 4 072 0.582
Season-by-Food p:c ratio 4 154 0.207
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Fig. 1. Performance of colonies from no-choice experiment. (A) Mean (+ s.e.m.)
weekly number of dead ants, (B) mean (+ s.e.m.) mass of total workers, and (C)
mean (£ s.e.m.) mass of total brood (larvae + pupae) at the end of the experiment
(5 weeks). Summer collected (open columns) and fall collected (filled columns) ants
were kept for 5 weeks on diets with different protein-carbohydrate (p:c) ratios
(e.g., p19:c57 = 19% protein and 57% carbohydrate); total macronutrient content
was similar across the diets (72-76%).

(Fig. 3A and B), but other factors did not significantly affect these
quantities (Table 3). The p:c ratios of hoarded foods from summer
and fall colonies were similar (Table 3), and both closely matched

Table 2

Lipid content of workers from no-choice experiment. Results from two-way ANOVA
testing the effects of season and food p:c ratio on worker lipid content, and change in
lipid content after five weeks.

F-ratio  P-value

2.98 0.090
213 0.091
2.60 0.047

5.41 0.024
0.87 0.486
1.22 0.312

Variable Source df

Season
Food p:c ratio
Season-by-Food p:c ratio

Worker lipid levels

Season
Food p:c ratio
Season-by-Food p:c ratio

Change in worker lipids

e

A *

0.25 — —_— —1
0.20
0.15 +

0.10

Post-experiment worker
lipid content (mg/ant)

0.05

p19:¢57 p33:c43 p37:c37 p42:c32 pb54:c18

B 0.10

0.08
0.06
0.04

0.02

id content (mg/ant)

Change in worker
ipi

-0.02 +

-0.04

-0.06 -~

p19:¢57 p33:c43 p37:¢c37 p42:c32 pb54:c18

Food macronutrient content

Fig. 2. Lipid content of workers from choice experiment. (A) Mean (+ s.e.m.) lipid
content, and (B) mean (+ s.e.m.) change in lipid, at the end of the experiment.
Summer collected (open columns) and fall collected (filled columns) ants were kept
for 5 weeks on diets with different protein-carbohydrate (p:c) ratios (e.g., p19:
c57 = 19% protein and 57% carbohydrate); total macronutrient content was similar
across the diets (72-76%). Horizontal line connects treatment groups differing
significantly in Student’s post hoc tests.

the p:c ratio of experimental foods (Fig. 3C; Table S3). The p:c ratio
of discarded foods from summer or fall colonies were similar
(Table 3), but increased significantly as food p:c ratio increased
(Fig. 3D; Table S3).
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Fig. 3. Manipulation of macronutrient content of no-choice foods. (A) Mean (+ s.e.m.) amounts of hoarded food (unconsumed food piled inside of nests), (B) mean (+ s.e.m.)
amounts of discarded foods (unconsumed food kept piled outside the nest), (C) mean (+ s.e.m.) protein—-carbohydrate (p:c) ratio of hoarded foods, and (D) mean (+ s.e.m.) p:c
ratio of discarded food. Summer collected (open columns) and fall collected (filled columns) ants were kept for 5 weeks on diets with different protein—carbohydrate (p:c)
ratios (e.g., p19:¢57 = 19% protein and 57% carbohydrate); total macronutrient content was similar across the diets (72-76%). For reference, the p:c ratio for each
experimental food is shown as a horizontal line. Horizontal line connecting treatment groups indicates significant differences in Student’s post hoc tests.

3.2. Choice experiment

3.2.1. Colony performance

Only season significantly affected measures of colony perfor-
mance (Table 4). Worker mortality was almost three times greater
in summer colonies (Fig.4A), and after five weeks mean total
worker mass was significantly less in summer colonies (Fig. 4B).
For colonies having brood (larvae and/or pupae) at the end of the
experiments (72% and 100% in summer and fall colonies, respec-
tively), total brood mass was similar for summer and fall colonies
(Fig. 4C).

3.2.2. Worker lipid content

Workers from summer source colonies contained more lipids
than workers from fall source colonies at the start of the experi-
ment (F; 34 =41.56, P<0.001; Table S2). Post-experiment worker
lipid content was similar between summer and fall workers
(Fig. 5A), but was significantly lower in workers from colonies

feeding on the protein-biased food pairing (Table 5). The change
in lipid content was similar for summer and fall workers (Fig. 5B),
and nutrient content of food pairings did not significantly affect the
change in worker lipids in either summer or fall colonies (Table 5).
Summer workers maintained lipid content at source colony levels,
but fall worker significantly increased lipid content relative to
source colony levels on all except the protein-biased food pairing
(Table S4).

3.2.3. Manipulation of food-pairing macronutrient content
Forty-four and seventy-two percent of summer and fall colo-
nies, respectively contained hoarded foods, and 94% and 62% con-
tained discarded foods; sets of percentages were statistically
similar (X? =2.90, df=1, P=0.089, and X*>=0.01, df =1, P=0.994,
respectively). The mean total quantity of hoarded food was similar
in summer and fall colonies (Fig. 6A), and other factors did not
affect the quantity of foods hoarded (Table 6). In contrast, the mean
total quantity of discarded food was significantly greater in
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Table 3

Manipulation of macronutrient content of no-choice foods. Results from two-way
ANOVA testing the effects of season and food p:c ratio on quantities of hoarded and
discarded foods, and P:C ratio of hoarded and discarded food, after five weeks.

Variable Source df  Fratio  P-value
Amount of hoarded food Season 1 6.30 0.017
Food p:c ratio 4 1.28 0.299
Season-by-Food p:c 4 0.37 0.826
ratio
Amount of discarded food  Season 1 14.10 <0.001
Food p:c ratio 4 2.02 0.096
Season-by-Food p:c 4 0.09 0.883
ratio
P:C ratio of hoarded food Season 1 0.04 0.837
Food p:c ratio 4 19.71 <0.001
Season-by-Food p:c 4 1.41 0.251
ratio
P:C ratio of discarded Season 1 0.22 0.645
food Food p:c ratio 4 10.57 <0.001
Season-by-Food p:c 4 3.27 0.024
ratio

Table 4

Performance of colonies from choice experiment. Results from two-way ANOVA
testing the effect of season and food p:c ratio on total mortality, total worker mass,
and brood mass (larvae and pupae) after five weeks.

Variable Source df F-ratio P-value
Worker mortality Season 1 4.05 <0.001
Food pairing 2 0.03 0.898
Season-by-Food p:c ratio 2 0.03 0.896
Worker mass Season 1 6.21 0.018
Food pairing 2 0.38 0.684
Season-by-Food p:c ratio 2 1.11 0.343
Brood mass Season 1 1.07 0.310
Food pairing 2 1.26 0.299
Season-by-Food p:c ratio 2 0.48 0.620
Table 5

Lipid content of workers from choice experiment. Results from two-way ANOVA
testing the effects of season and food p:c ratio on worker lipid content, and change in
lipid content after five weeks.

Variable Source df F-ratio P-value

Worker lipid levels Season 1 0.86 0.360
Food pairing 2 424 0.024
Season-by-Food p:cratio 2  0.11 0.898

Change in worker lipids  Season 1 1.85 0.184
Food pairing 2 243 0.105
Season-by-Food p:cratio 2  0.08 0.925

summer colonies (Fig. 6B), but other factors did not significantly
affect the quantity of discarded foods (Table 6). The p:c ratio of
hoarded foods in summer and fall colonies did not differ, and were
similar to those of experimental foods (Fig. 6C; Table S5). The p:c
ratio of discarded foods from summer and fall colonies was also
similar (Fig. 6D), but the p:c ratio of discarded foods from summer
colonies fed the carbohydrate-biased food pairing was significantly
higher than that of the experimental food pairing (Table S5).

4. Discussion

The objective of our study was to test if the underlying physi-
ologies of summer and fall fire ants differ, and whether this
distinction, either apart or together with variable food protein-
carbohydrate content, has consequences for colony performance.
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Fig. 4. Performance of colonies from choice experiment. (A) Mean (+ s.e.m.) total
number of dead ants, (B) mean (+ s.e.m.) mass of total workers, and (C) mean ( s.e.
m.) mass of total brood (larvae + pupae) at the end of the experiment (5 weeks).
Summer collected (open columns) and fall collected (filled columns) ants were kept
for 5 weeks on diets with different protein-carbohydrate (p:c) ratios (e.g., p19:
c57 = 19% protein and 57% carbohydrate); total macronutrient content was similar
across the diets (72-76%).

Results for most measured variables show highly significant sea-
sonal effects and only marginal dietary effects. This suggests that
behavioral and physiological characteristics of ants may be season-
ally fixed. In some instances a dietary effect was observed. In such
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Fig. 5. Lipid content of workers from choice experiment. (A) Mean (+ s.e.m.) lipid
content, and (B) mean (+ s.e.m.) change in lipid, at the end of the experiment.
Summer collected (open columns) and fall collected (filled columns) ants were kept
for 5 weeks on diets with different protein-carbohydrate (p:c) ratios (e.g., p19:
c57 = 19% protein and 57% carbohydrate); total macronutrient content was similar
across the diets (72-76%).

cases we refer to results reported here for food manipulation, and
those from our previous study (Cook et al., 2011).

One of our most notable findings was the much higher mortal-
ity of summer ants, dying approximately three times faster than
fall ants, despite both experiencing equivalent environmental con-
ditions and diets. Additionally, food collection and consumption
likely did not affect mortality rates; in the no-choice experiment
summer and fall colonies collected and consumed very similar
amounts of the p37:c37 food, yet worker mortality remained sig-
nificantly higher in summer colonies. This suggests the metabolic
activity is greater in summer ants than fall ants, independent of
temperature and nutritional effects. It is not likely that summer
and fall ant metabolic rates converged to correlate with the stan-
dard experimental temperature of 26 °C, since fire ant respiration
temperature coefficient (Q;q) is stable across a range of tempera-
tures (Vogt and Appel, 1999). Also, several other ant species’ meta-
bolic rates were unchanged by shifts in temperature (Mackay and
Sassaman, 1984). In our lab studies higher metabolism of summer
ants may be inferred through increased food collection (Cook et al.,
2011), and consumption of large quantities of carbohydrate when
abundant. A colony’s workforce creates its engine, which for

summer colonies appears at ‘high rev’ primed to take advantage
of increased foraging opportunities and resource availability dur-
ing those months. For insects, high mass-specific metabolic rate
can lead to elevated oxidative stress (De Block and Stoks, 2008),
which could shorten longevity (Hulbert et al., 2007; Shik et al.,
2012), which for ant colonies, could result in reduced total colony
size (Bockoven et al., 2015; Gillooly et al., 2010; Shik et al., 2012).
In ants however, consumption of excess carbohydrate confers pos-
itive effects on worker longevity (Cook et al., 2010; Dussutour and
Simpson, 2009; Konrad et al., 2009), perhaps conferred indirectly
via other physiological pathways affected by high carbohydrate
consumption (Corona et al., 2007; Vafopoulou, 2014). Our results
show this for the first week, but over time mortality rose sharply.
As for summer ants feeding on the p57:c19 food, their mortality
was trending higher than others, but perhaps if our experiment
continued for an additional two weeks we might have seen signif-
icantly higher mortality in colonies feeding on this food (Cook
et al., 2010; Dussutour and Simpson, 2009, 2012). The finding that
all ants that have so far been studied with respect to protein-
carbohydrate regulation demonstrate carbohydrate-biased intakes
(Cook and Behmer, 2010; Cook et al., 2010, 2011; Dussutour and
Simpson, 2009, 2012) suggests there is a strong functional
significance to individual ants limiting their protein intake.

Interestingly, despite having much higher worker mortality,
summer lab colonies on average maintained their initial biomass,
which after five weeks was not significantly different than that of
fall colonies. In other words, summer colonies had a high rate of
worker turnover, with the queen’s reproductive output matching
losses to mortality in many cases. Brood biomass was significantly
greater in summer colonies, corresponding with bursts in colony
somatic growth and production of sexual alates in many natural
colonies of resident ant species (Borgesen, 2000; Ricks and
Vinson, 1972; Tschinkel, 1993, 1999), suggesting a high metabolic
output of colonies as a whole during summer. In our study, high
variability in brood mass of summer colonies from no-choice
experiment precluded insights to how fire ant queens might
respond physiologically to variable food macronutrient content.
For all no-choice foods, queens of some replicate lab summer colo-
nies were highly fecund, but others were not. This high variability
may be reflective of the wide range of persistent growth potentials
observed in field-collected fire ant source colonies (Bockoven et al.,
2015). Through a more active mechanism, some data suggest that
an influx of weakly or non-inseminated fire ant queens can occur
during spring and early summer seasons, and by fall and into win-
ter seasons, the number of these queens dwindles (Glancey and
Lofgren, 1988; Goodisman and Ross, 1999). This may explain the
much higher and lower variability in brood masses of summer
and fall lab colony replicates, respectively Moreover, a higher
reproductive output of summer over fall fire ant queens may be
explained by an endogenous, seasonal cycle of egg production
(Ricklefs and Wikelski, 2002), similar to that observed for queens
of several other temperate ant species (Kipyatkov and Lopatina,
20009).

As fall approaches it makes evolutionary sense that long-lived
social insect colonies, similar to solitary animals, halt reproduction
and slow growth in favor of sequestration of resources, making
them available when the environment is lacking. In our study,
hoarding by lab colonies likely represents foods in different stages
of processing rather than true food hoarding/stashing. However,
aside from external food storage, several ant species can sequester
excess ingested carbohydrates as lipid reserves (Cook et al., 2010;
Hahn, 2006), and for social insects generally, seasonal nutrient
storage is a central characteristic of colony life history (Bergesen,
2000; Hunt and Nalepa, 1994; Tschinkel, 1993, 1999). In contrast
to storage, during period of carbohydrate dearth stored lipids
may be mobilized and used as an energy source via lipolysis
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Fig. 6. Manipulation of macronutrient content of choice food-pairings. (A) Mean (+ s.e.m.) amounts of hoarded food (unconsumed food piled inside of nests), (B) mean (+ s.e.
m.) amounts of discarded foods (unconsumed food kept piled outside the nest), (C) mean (+ s.e.m.) protein-carbohydrate (p:c) ratio of hoarded foods, and (D) mean (+ s.e.m.)
p:c ratio of discarded food. Summer collected (open columns) and fall collected (filled columns) ants were kept for 5 weeks on diets with different protein-carbohydrate (p:c)
ratios (e.g., p19:c57 =19% protein and 57% carbohydrate); total macronutrient content was similar across the diets (72-76%). For reference, the p:c ratio for each

experimental food is shown as a horizontal line.

(Arrese and Soulages, 2010). Summer ants feeding on more
protein-biased no-choice foods appeared to use large amounts of
lipids stores for this purpose, while some summer ants feeding
on carbohydrate-rich no-choice foods gained lipid mass. In con-
trast fall ants feeding even on protein-rich no-choice foods gained
lipid mass, suggesting that lipogenic processes are favored in fall
fire ant colonies, or that lower metabolic rate of these ants favored
lipid gain, even on low carbohydrate foods. High variability in the
change of summer ant lipid content precluded a significantly dif-
ferent physiological response across no-choice treatments. What
underlying mechanisms could help explain this observation? Sim-
ilar to honeybees (Toth et al., 2005; Toth and Robinson, 2005) but
not some bumblebees (Couvillon et al., 2011), ant species show a
decrease in worker lipid content during behavioral ontogeny in
the social context; younger, more corpulent ‘nurse’ ants are located
near brood underground (Blanchard et al., 2000; Tschinkel, 1987),

and likely have different physiologies (Holldobler and Willson,
1990). Mixed-aged members of summer lab colonies may have
responded differently to nutrient excesses/deficits. Fall ants did
not show this trend; perhaps fall colonies during sequestration,
are comprised of a similarly aged cohort of long-lived workers,
similar to what is observed for ‘winter’ honeybees (Amdam and
Ombholt, 2002; Mattila et al., 2001), or all workers reduce foraging
activities, compelled by underlying physiological mechanisms
(Ricklefs and Wikelski, 2002).

A striking observation for fall lab colonies reported in our previ-
ous study (Cook et al., 2011) was that they collected very similar
amounts of no-choice foods, not compensating behaviorally like
summer lab colonies to food variable macronutrient content. All
foods had the same amount of lipids; perhaps fall colonies were
regulating intake of lipids rather than protein and carbohydrates.
A mechanism used by diapausing insects to overwinter involves
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Table 6

Manipulation of macronutrient content of choice food-pairings. Results from two-
way ANOVA testing the effects of season and food p:c ratio on quantities of hoarded
and discarded foods, and P:C ratio of hoarded and discarded food, after five weeks.

Variable Source df  Fratio  P-value

Amount of hoarded food Season 1 0.06 0.807
Food pairing 2 0.72 0.493
Season-by-Food p:c 2 1.43 0.255
ratio

Amount of discarded food  Season 1 16.10 <0.001
Food pairing 2 2.23 0.125
Season-by-Food p:c 2 0.54 0589
ratio

P:C ratio of hoarded food Season 1 1.85 0.194
Food pairing 2 4.44 0.032
Season-by-Food p:c 2 0.30 0.404
ratio

P:C ratio of discarded Season 1 0.30 0.587

food Food pairing 2 3.90 0.036

Season-by-Food p:c 2 0.19 0.829
ratio

active substitution of saturated lipid components into cellular
membranes (Kostal and Simek, 1998). This inherently lowers
metabolic rate and oxidative tissue damage, thereby aiding
increased longevity (Hulbert et al., 2007; Jemielity et al., 2005;
Keller and Genoud, 1997). Lipids in experimental diets were con-
stituents of whole egg powder, which contains both abundant sat-
urated and unsaturated fatty acids.

Finally, protocols having standardized environmental condi-
tions and foods allowed our experiments to disentangle the sepa-
rate effects of environmental cues and macronutrient availability
on fire ant seasonal behavior and physiology. It is clear through
this and our previous study (Cook et al., 2010) that the behavioral
responses of summer and fall fire ants are driven by underlying
physiologies running at different times on an endogenous, circan-
nual biological clock. Macronutrient availability had only transient
effects on measured responses, except for elevated worker lipids
and amounts of discarded foods, both of which were related to
increased carbohydrate consumption (Vuarin et al., 2015). Interest-
ingly, Solenopsis invicta is native to South America, as are other
highly motile ant species (e.g., Linepithema humile, the Argentine
ant) (McGlynn, 1999), and has become ecologically dominant in
invasive habitats and regions of the Northern Hemisphere
(Holway, 1999; Porter and Savignano, 1990). A feature of fire ant
colonies in their invasive range is the production of an early batch
of winter brood, which may aid their ecological dominance
(Tschinkel, 2006). Interestingly, summer and winter collected fire
ant queens were similar in some aspects of their physiology, both
contrasting with those of spring and fall collected queens (authors’
unpubl. data). Conducting studies similar to those described herein
with fire ants in their native range would be of importance for
understanding the relative strengths of proximate and ultimate
forces shaping circannual behavior and physiology.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jinsphys.2016.02.
001.
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