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EOSCIENCE

A year in an ant’s life: Opportunism and seasonal
variation in the foraging ecology of
Aphaenogaster senilis!

Stephane CAUT?2, 3, Angel BARROSO?, Xim CERDA & Fernando AMOR, Estacion Biologica de Dofiana,
Avenida Americo Vespucio s/n, 41092 Sevilla, Spain, e-mail: stephanecaut@gmail.com

Raphaél R. BOULAY, Estacién Biolégica de Dofiana, Avenida Americo Vespucio s/n, 41092 Sevilla, Spain,
and Departamento de Zoologia, Universidad de Granada, Campus Fuentenueva, 18010 Granada, Spain.

Abstract: Ants are important consumers in most terrestrial ecosystems. They show a great diversity of diets and foraging
strategies. Here, we analyzed how circannual variation in resource use by the Mediterranean species Aphaenogaster senilis
is related to colony life cycle and resource availability. In southwestern Spain, this species is active almost year-round, but
foraging intensity decreases 10-fold between March and November, following larval production. In the summer, ants refrain
from foraging at midday to avoid high temperatures. We hypothesized that diet and foraging plasticity could also explain the
ecological success of this species. There are several techniques for assessing the diet of ants. Combining isotope analyses
with conventional methods can provide better taxonomic resolution of resource utilization. Using a combination of classic
and isotopic analyses, we found that 1) the proportion of plant and animal-derived items collected by foragers did not vary
significantly from March to November, and 2) isotope analyses indicated a decrease in the trophic level of 4. senilis between
June and September, suggesting a difference between collected material and items assimilated. Interestingly, most animal
prey were collected by individual ants, and many were retrieved alive. Therefore, 4. senilis is not only a scavenger, but also
a non-negligible predator, particularly of aphids. The abundance of the most common animal-derived items in the diet was
proportional to their abundance in the study area. We conclude that A. senilis is an opportunistic species that is able to feed
on a variety of resources, which may be key to its ecological success.

Keywords: ant, diet item, Formicidae, stable isotope, trophic ecology.

Résumé: Les fourmis sont des consommateurs importants dans la plupart des écosystémes terrestres. Elles montrent une
grande diversité de stratégies de recherche de nourriture et de régimes alimentaires. Nous avons analysé comment la
variation circannuelle de I'utilisation des ressources par l'espéce méditerranéenne Aphaenogaster senilis est reliée au cycle
de vie de la colonie et a la disponibilité des ressources. Au sud-ouest de I'Espagne, cette espece est active presque toute
I'année, mais l'intensité de sa quéte alimentaire est réduite d'un facteur 10 entre mars et novembre apres la production de
larves. En été, les fourmis s'abstiennent de fourrager au milieu de la journée pour éviter les températures trop ¢élevées. Nous
avons formulé I'hypothése que la plasticité du régime et de la quéte alimentaires pourrait aussi expliquer le succes écologique
de cette espeéce. Il y a plusieurs techniques pour déterminer le régime alimentaire des fourmis; la combinaison d'analyses
isotopiques et de méthodes classiques peut fournir une meilleure résolution taxonomique de l'utilisation des ressources. En
combinant des analyses classiques et isotopiques, nous avons trouvé: 1) que la proportion de plantes et d'éléments d'origine
animale récoltés par les fourmis fourrageuses ne variait pas significativement entre mars et novembre; et 2) les analyses
isotopiques ont indiqué une diminution du niveau trophique de A. senilis entre juin et septembre, suggérant qu'il y avait
une différence entre ce qui était récolté et ce qui était assimilé. Un résultat intéressant est que la plupart des proies animales
ont été récoltées par des fourmis individuelles et plusieurs ont été retrouvées vivantes. Ainsi, 4. senilis n'est pas seulement
détritivore, mais est également un prédateur non négligeable, particulierement d'aphidés. L'abondance des éléments
d'origine animale les plus communs dans le régime alimentaire était proportionnelle a leur abondance dans l'aire d'étude.
Nous concluons donc que A. senilis est une espéce opportuniste capable de se nourrir d'une variété de ressources, ceci étant
peut-étre la clé de son succes écologique.

Mots-clés: composante du régime alimentaire, écologie trophique, Formicidae, fourmi, isotope stable.

Nomenclature: Gomez & Espalader, online; Monnin et al., 2013.

Introduction

Gathering food for survival and reproduction is an
essential activity for most animals. Foraging is costly,
because it requires time and energy that cannot be allo-
cated to other activities and because it increases the risk of
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predation and parasite exposure. As a consequence, animals
face behavioural trade-offs to which they are expected to
respond by optimizing when, where, and on what kind
of food they forage (Stephens & Krebs, 1986). In recent
decades, numerous experimental and theoretical studies
have addressed important questions regarding the evolu-
tion of animal foraging behaviour (Stephens, Brown &
Ydenberg, 2007). Yet, basic studies on the feeding habits of
wild animals are still needed, particularly for non-specialist
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consumers that may vary their food intake as a function of
environmental conditions.

Ants show a great diversity of foraging strategies,
including consumption of different resource types and
differing levels of cooperation during food collection
(Holldobler & Wilson, 1990). Because ants are abundant in
most terrestrial habitats, their foraging decisions may have
important consequences at the ecosystem level. Ant fora-
ging activity patterns may vary both on spatial and temporal
(seasonal and daily) scales, depending on environmental
conditions (Cook ef al., 2011). For example, temperature,
humidity, and light intensity are abiotic factors that limit or
trigger ant foraging activity (Cerda, Retana & Cros, 1998a;
Chong & Lee, 2009; Narendra, Reid & Hemmi, 2010;
Amor et al., 2011; van Oudenhove et al., 2012). Moreover,
biotic factors such as colony composition (Judd, 2005;
Abril, Oliveras & Gomez, 2007; Dussutour & Simpson,
2009), interspecific competition (Carroll & Janzen, 1973),
resource availability (Briese & Macauley, 1980), and the
presence of predators and parasites (Orr & Seike, 1998)
determine both foraging behaviour and the quality of col-
lected resources.

So far, most studies have analyzed ant diet using direct
observations of retrieved food items. Some species show
a clear consistency in food choice that is independent of
temporal and spatial variation in food source abundance.
This is the case for many specialist hunters that are behav-
iourally and morphologically adapted to capture a certain
kind of prey (e.g., Holldobler, 1982; Dejean ef al., 1999).
Other species, in contrast, show remarkable variability
in food source utilization. Temporal dietary changes may
result from important plasticity that enables opportunis-
tic ants to adjust their feeding choices so as to consume
the most abundant and/or profitable items (Mooney &
Tillberg, 2005). However, they may also be due to varia-
tions in internal demand stemming from circannual demo-
graphic changes. For example, in temperate habitats,
interseasonal variation in the number of larvae may affect
the relative need for proteins and carbohydrates (Cassill
& Tschinkel, 1999; Judd, 2005; Abril, Oliveras & Goémez,
2007; Dussutour & Simpson, 2009; Cook ef al., 2011).
Furthermore, foragers given access to only a single food
type demonstrate a subsequent preference for rare, alterna-
tive resources, which helps them maintain a balanced diet
(Edwards & Abraham, 1990; Kay 2002; 2004).

The study of ant trophic ecology is complicated by
several aspects of ant life history, including their sociality
and caste system. Moreover, only a fraction of the items
returned to the nest may be consumed and assimilated,
while the remainder may be used for other functions, such
as nest construction (Holldobler & Wilson, 1990). Stable
isotope analysis offers a powerful complementary approach
to traditional observational analyses to study animal diet
(Kelly, 2000; Caut, Angulo & Courchamp, 2009). This
method is based on the fact that an organism’s nitrogen and
carbon isotope ratios (813C and §!5N) reflect assimilated
resources (see Post, 2002 for review). The former typically
increases by 3—4%o for each trophic level, while the latter is
useful in distinguishing between different sources of carbon
(e.g., Cy versus C, plants). The use of stable isotopes in
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ant trophic ecology is still in its infancy when compared to
other study systems (Feldhaar, Gebauer & Bluthgen, 2010).
However, such analyses have proved to be useful in identi-
fying spatial and temporal variations in ant trophic position
(Bliithgen, Gebauer & Fiedler, 2003; Mooney & Tillberg,
2005; Menke et al., 2010; Gibb & Cunningham, 2011)
and in highlighting dietary differences among nestmates
(Smith et al., 2008; Smith & Suarez, 2010). It has been sug-
gested that combining isotope analyses with conventional
methods would provide better taxonomic resolution of
resource utilization (Caut, Angulo & Courchamp, 2008).
Isotopic interpretations are very helpful in providing indices
of food item contributions in a consumer’s diet, but they
require prior classical diet analyses in order to identify the
correct potential resource items by comparing their isotopic
values with those of the consumers. Yet, so far we are not
aware of any study undertaken on ants that combined iso-
tope analyses with conventional data on food item retrieval.

The ant Aphaenogaster senilis is a common species in
the Iberian Peninsula that performs important ecosystem
functions, such as the dispersal of many myrmecochorous
plants (Espadaler & Goémez, 1997; Boulay ef al., 2005;
2007a; Bas, Oliveras & Goémez, 2009). Previous studies
have shown that the ecological success of this behaviourally
subordinate species partly stems from its relative tolerance
to high ground temperatures in contrast to dominant, less
thermoresistant competitors (e.g., Tapinoma nigerrimum;
van Oudenhove ef al., 2012). Moreover, A. senilis col-
onies are able to rapidly mobilize important worker forces
through chemical recruitment in order to efficiently retrieve
large food items (Cerda et al., 2009). Here, we hypothesized
that diet and foraging plasticity could also explain the eco-
logical success of this species. We first analyzed the ants’
foraging rate and daily pattern of activity and predicted
that they would vary in relation to larval production and
environmental conditions. Second, we analyzed retrieved
food items and compared the abundance of the different
insect prey that were harvested with their abundance in
the study area throughout the year. We expected 4. senilis
trophic opportunism to be evidenced by a strong correla-
tion between a prey’s abundance in nature and its retrieval.
Finally, we combined classic and isotopic analyses in order
to detect circannual variation in nutrient intake.

Methods

STUDY SITE AND SPECIES

The study was conducted at La Algaida, near the town
of Sanlucar-de-Barrameda, SW Spain (36°51'N, 6°19'w).
The study area consists of a sandy strip approximately
200 m wide and several kilometres long located between a
marshland and a pine forest. The vegetation is composed
of grasses and numerous Pistacea lentiscus and Phyllirea
angustifolia shrubs.

The climate is Mediterranean with an oceanic influ-
ence. Summers are dry and hot, with almost no precipitation
from June to August, and the average daily temperature
exceeds 25 °C (the maximum daily temperature exceeds
35 °C in July). Winters are relatively mild and humid, with
most precipitation occurring between October and April.



Data were collected over a period of 7 y, from 2003 to
2009. Climatic data collected at the Jerez-de-la-Frontera
airport (about 21 km away) indicate that the period of
2003-2006 was relatively dry compared to the average,
while greater than average precipitation occurred during the
last 3 y of the study (Electronic Appendix EA1).

Aphaenogaster senilis is a monogynous and monan-
drous species (1 singly mated queen per colony). Colonies
contain between 120 and 3000 monomorphic workers
(Boulay et al., 2007b). They form new societies through
the fission of adult colonies into 2 or more colonies. Each
new colony is headed by a daughter of the mother queen.
This mode of colony founding is relatively secure, and the
production of only a few queens is sufficient to guarantee
the colony’s reproductive success. However, mother col-
onies lose an important fraction of their worker force during
each fission event. Therefore, in species with colony fission,
female investment includes the production of numerous
workers each year. Only large colonies are able to fission,
and they only produce a few queens (up to 5) at each fission
event, which mostly occur in summer. Males, which are
able to fly and disperse over long distances, are produced in
large numbers from May to December, with a peak in May—
June (Boulay et al., 2009).

CIRCANNUAL VARIATION IN COLONY PRODUCTIVITY AND
FORAGING ACTIVITY

To assess seasonal variation in colony productivity,
a total of 65 nests were excavated at La Algaida between
December 2002 and November 2009 (range 2—18 nests
per month). Each colony was brought to the laboratory
so that we could count the workers and weigh total larval
fresh biomass.

Aphaenogaster senilis foraging activity was estimated
by observing focal nests during 10-min sessions held every
hour from sunrise to sunset. During each session, all out-
going and incoming ants were recorded. Among incoming
ants, we differentiated between those carrying a food item
and those returning without food (this species has lost the
capacity of trophallaxis and is not known to consume liquid
sugars like plant nectars or aphid honeydew; we therefore
assume that all food was carried in the mandibles and not
in the crop). Measurements of foraging activity were con-
ducted over 23 d and on 58 nests between March 2003 and
November 2009. Four nests were observed 8 times in 2006,
with 1-month intervals between observation days. All the
other nests were observed on 1 single day.

ANALYSIS OF RETRIEVED ITEMS

Circannual variation in the composition of items
retrieved by A. senilis workers was analyzed using data
collected over a total of 10 d throughout the year 2009
(February to November) and in April 2006. For 3—4 nests
per day, all items transported by the ants were collected
as foragers were returning during the hourly 10-min
observation sessions. The nests used in this experiment
(total n = 37) were different from those used previously to
quantify foraging activity and larval production. Each item
was preserved in alcohol until its identification in the lab-
oratory. Plant material was identified to the genus or species
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level. Animal material was identified to the order level.
Animal prey length was measured to the nearest millimetre.

In order to estimate variation in the availability of ani-
mal prey, 3 sets of 7 pitfall traps (4-cm-wide, 7-cm-deep
plastic cups filled with water and soap) were installed along
a 50-m transect and run for 24 h at the same time and in
the same area as for the food retrieval analysis. However,
the pitfall traps were sufficiently distant from the observed
nests to ensure that there was no interference between the
2 samplings. Within sets, pitfall traps were arranged in
2 rhombuses (5-m diagonal) united by 1 of their corners.
The biological material collected was pooled by set and
kept in 70% alcohol until further identification and isotopic
analyses could take place. Pitfall traps were installed soon
after prey collection, on a day with similar weather.

[SOTOPIC ANALYSES

Isotopic analyses were conducted on 30 samples of
A. senilis workers (3 per month) collected in pitfall traps
throughout the year (April 2006 and February, March,
and May to November 2009). In order to reduce con-
tamination of ant tissues by recently ingested food, the
analyses were conducted exclusively on the thorax and
legs, excluding the abdomen, which contains the gut and
stomach. We also analyzed items retrieved by the ants
(n = 54). All samples were dried at 60 °C for 48 h, ground
to a fine powder, weighed in tin capsules, and stored in
a dessicator until isotope measurement. For adult ants,
each sample consisted of thoraces and legs to provide
sufficient mass (ca 1 mg) for an accurate determination
of isotope ratios. Abdomens were excluded to prevent
contamination by recent food residuals. Comparisons of
stable isotope values between heads and thoraces have
indicated that no significant differences between these
tissues exist (Tillberg et al., 2006). The collected food
items were processed individually or pooled to obtain suf-
ficient material. Isotopic analyses were performed using
a mass spectrometer (Optima, Micromass, Manchester,
UK) coupled to a C-N-S elemental analyser (Carlo Erba,
Milan, Italy). 813C values were not used because all the
plants present in the area use the same mode of carbon
fixation. 8!5N values (%o) were expressed relative to atmos-
pheric N2: 815N = [(Rsample/Rstandard) — 1] x 1000,
where R is SN/1“N. The reference material was IAEA-N1
(+ 0.4%0). One hundred replicate assays of internal labora-
tory standards indicate measurement errors (SD) did not
exceed £ 0.15%o for nitrogen isotopes.

DATA ANALYSES

Data were analyzed using R (R Development Core
Team, online). Seasonal variation in larval fresh weight
(log-transformed) was analyzed by fitting a general linear
model (GLM) using the nlme package. The month and year
of excavation were considered fixed and random effects,
respectively. A Bayesian approach was then used to reduce
the number of non-significant levels within the explana-
tory variable. To that end, the 2 consecutive months with
the most similar average larval weights were merged to a
new unique factor level. A second model was then fitted and
compared to the initial full model using the anova command
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based on the Bayesian Information Criteria (Schwarz,
1978). This operation was repeated several times until all
consecutive factor levels were significant. Note that the use
of standard time series analysis to detect seasonal variations
would have required many more years of study.

To assess seasonal variation in foraging activity, the
square-root transformed numbers of outgoing ants per day
(the sum of all the hourly 10-min sessions multiplied by
6 = sum of outgoing ants per day) were compared between
months using a GLM in which the year and the colony
were considered random factors (nlme package for R). The
number of factors within the variable Month was reduced
using a Bayesian approach as explained above. Variation
in the number of items collected per day was assessed with
the same procedure and using the number of incoming ants
carrying loads as the response variable.

In order to determine changes in the daily pattern of
activity throughout the year, we first normalized the num-
ber of outgoing ants per hour. To that end, the number of
outgoing ants observed during each session was divided
by its maximum for that day and nest. We then tested the
correlation between the average normalized numbers of out-
going ants per hour between pairs of consecutive months. In
this correlation, each data point was the mean normalized
activity for different nests during 2 consecutive months. If
the correlation was significant, the 2 months were pooled
and the average was recalculated; the operation was then
repeated with subsequent consecutive time periods. Lack of
a significant correlation between consecutive periods was
taken to indicate a change in the daily pattern of activity.

Seasonal variation in the proportion of animal-derived
items collected by foragers was assessed by fitting a linear
model (LM) with the month included as a fixed factor.
Variation in the proportion of the 4 main insect orders
found in the diet was tested in a similar way. We used a
Bonferroni procedure to reduce the a threshold and cope
with the non-independence of these percentage data (minor
groups were removed, so the sum of percentages did not
equal 100%, maintaining degrees of freedom in the analy-
sis; Cisneros & Rosenheim, 1998). A Pearson correlation
test was employed to test the relationship between the
average abundance of an animal order in the study area
(obtained from the pitfall traps) and its average representa-
tion in the ant diet (obtained from collected items).

LMs were fitted to test seasonal variation in A. senilis
815N values. Finally, 4. senilis §'°N values were com-
pared to those of the most commonly collected food items
by means of GLMs in which the month of collection
was included as a random factor. Values are reported as
mean + SE.

Results

LARVAL PRODUCTION AND FORAGING ACTIVITY

Colonies of A. senilis collected at La Algaida con-
tained larvae throughout the year. However, larval bio-
mass varied greatly between months, showing a clear
annual cycle with 2 main seasons. Larval biomass was
relatively high in the winter—spring (December-May) and
significantly lower in the summer—fall (June-November;
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Figure la; GLM: F,| 54 = 43.60, P < 0.0001). Seasonal
variation in foraging act1v1ty followed a similar pattern:
activity was elevated in spring (Figure la; March to June;
767 + 61 trips-d~!) but decreased significantly in the
summer and fall (July to February: 237 + 22 trips-d!;
GLM: F| ;5= 88.04, P <0. 0001) However, in contrast to
larval biomass, which started to increase in the winter, fora-
ging remained very low from December to February. The
number of prey retrieved per day also followed the same
trend (GLM: F} ;. =90.50, P < 0.0001). It decreased from
548 + 47 items-d | in March—June to 133 + 15 items-d"! in
July—February.

The daily pattern of foraging activity also varied
greatly throughout the year. Pairwise correlations between
the normalized activity in consecutive months revealed
3 periods. In March and April (Figure 1b), the activity fol-
lowed a unimodal pattern with a peak at midday. Similarly,
the hourly activity in September, October, and November
(Figure 1b) was unimodal. In contrast, in the summer
(Figure 1b; May—August), ants forgo foraging during the
middle of the day (14:00), giving rise to a bimodal pat-
tern of activity with peaks at 10:00 and 17:00. The dras-
tic changes of rhythm that occurred between the spring
and summer and between the summer and fall were evi-
denced by the lack of correlation between normalized
activity at the same hour of the day (Pearson correla-
tion: » = 0.001, = 0.01, P = 0.99 and » = 0.25, ¢t = 0.88,
P =0.39, respectively).

RETRIEVED ITEMS

A total of 1074 prey items were collected and identi-
fied, 62 + 4% of which were of animal origin; the remain-
der came from plants. The proportion of animal items that
ants collected varied significantly throughout the year
(LM: Fy ,; = 2.72, P = 0.021): a higher proportion of
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FIGURE 1. a) Circannual variation in foraging activity (dashed line) and
larval biomass (solid line). b) Variation in the daily rhythm of foraging
activity between spring (F, M, A), summer (M, J, JL, A), and fall (S, O, N).
All values are means + SE.



animal-derived items were retrieved in February than dur-
ing the rest of the year (Figure 2a; 88 + 4% for February
versus 58 + 3% for the rest of the year; t = —3.853,
P < 0.001). Most items were small (<3 mm) and were
brought to the nest by individual ants (Figure 3).
Nevertheless, a few unusually large prey items (e.g., an
earthworm 45 mm long) were retrieved cooperatively.
Overall, the number of items of a given size class found in
the diet was proportional to the number of captures of that
item in the pitfall traps (Pearson y2¢, = 72, P = 0.2303).

Plant items were mostly composed of fruits (29%),
flowers or petals (25%), and seeds (17%) of several species,
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FIGURE 2. a) Proportion of animal items collected by Aphaenogaster
senilis across the year. The number of nests is indicated inside each bar.
b) Variation in worker nitrogen isotope values across the year. Horizontal
lines and grey polygons indicate the values of the 3 main resource cat-
egories (plants, dipterans, and other insects [coleopterans, hemipterans,
and hymenopterans]). Nitrogen isotope values were corrected using a dis-
crimination factor of 3%o (Feldhaar, Gebauer & Bluthgen, 2010). All values
are means *+ SE.
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FIGURE 3. Percentage of animal-derived items of different size classes

(mm) in the ant diet (black bars, n = 884) versus pitfall traps (grey bars,
n=4929).
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including Phyllirea angustifolia, Pistacea lentiscus, and
Arum italicum (EA2). Twenty-four invertebrate orders
were represented in the animal-derived items. The majority
were dipterans (mostly mosquitoes), hemipterans (mostly
aphids), coleopterans, and hymenopterans. The proportion
of dipterans, hemipterans, and coleopterans did not vary
significantly across the year (23 = 8%, LM: Fy ,; = 2.05,
P =0.05; 14 + 4%, LM: F ), =224, P = 0.07; 10 + 2%,
LM: Fy ,; = 0.45, P = 0.89, respectively; 0.015 after
Bonferroni correction; Figure 4). The proportion of hymen-
opterans (mostly other ants) was significantly higher in
June—July (74 £+ 30%) than during the rest of year (14 £+ 2%;
LM: F| 35=72.2, P <0.001). Although many retrieved ani-
mal items were dead or dying when collected, aphids, mos-
quitoes, small insect larvae, and some small coleopterans
were clearly captured alive. On some occasions, even large
living animals (caterpillars, earthworms, and large coleop-
terans) were transported cooperatively.

There was a significant correlation between the abun-
dance of an animal order in the area of study and its rep-
resentation in the 4. senilis diet (Figure 4 and EA3; Pearson
correlation: ¢ = 6.19, P < 0.0001, RZ = 0.62). The hem-
ipterans were an outlier, but mostly because pitfall traps
are not suited for estimating their abundance. Removing
them from the analysis increased R% to 0.74 (¢ = 8.54,
P <0.0001).

ISOTOPIC ANALYSES

The 85N values of 4. senilis workers varied signifi-
cantly throughout the year (LM: Fy 59 =19.6, P <0.0001),
with a clear distinction seen between seasons (Figure 2b).
Hence, 8'9N values decreased significantly between
the spring (February—May: 8.92 + 0.1) and the summer
(June—September: 7.52 + 0.05; !(spring—summer) — -12.56,
P < 0.0001). In the fall (Octoberprovember), %1 N values
increased again to a value intermediate to those of the sum-
mer and spring (8.34 £ 0.12; ¢, .. fall) = -4.23, P=0.0002
and figummer sy = 625, P < 0.0001).

Isotopic analyses of A. senilis’ main food resources
indicated that coleopterans, hymenopterans, and hemip-
terans formed a homogenous group with low §!5N values.
Their §!5N values (Figure 2b: 5.56 = 0.35) were signifi-
cantly higher than those of plants (3.74 + 0.46; ¢ = 8.08,
P < 0.0001) and significantly lower than those of dipterans
(10.37 £ 0.89; t = -4.99, P < 0.0001). Aphaenogaster
senilis 315N values were in-between those of granivores
and dipterans (t(A' senilis -5.52, P < 0.0001;

—herbivores) =

2.23, P=0.029)

t(A. senilis—dipterans) =

Discussion

In this study, we have shown an important plasticity in
A. senilis foraging rate, daily activity patterns, and diet in
southern Spain. Results show that colonies are active almost
throughout the year, but larval biomass production and fora-
ging activity occur primarily in the spring. The daily pattern
of activity changes greatly between seasons, probably as
a consequence of temperature constraints. By combining
observation of retrieved food items with isotopic analyses,
we found that colonies are omnivorous, feeding on a wide
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array of food resources, including insects (dead and alive)
and plant material. Direct observation of retrieved food

W Diet
] Pitfall

1004 3 =&

80
70
60
50
40
30
20
10

0-

100 b)M

90
80
70
60
50
40
30
20
10

0

aN
40

30
20

10
0

50 d)%
40

30
20

10 7
0-

Percentage of items

F M A M ]
Winter Spring

JL A S O N
Summer Fall
Time of the year
FIGURE 4. Percentage (mean + SE) of the 4 most important insect
taxonomic groups [Diptera (a), Formicidae (b), Coleoptera (c), and

Hemiptera (d)] collected across the year by ants (black bars) versus cap-
tured in the pitfall traps (white bars).

24

items did not reveal a major shift in A. senilis alimentation
throughout the year. However, isotopic analyses of work-
ers suggested reduced consumption of animal protein in
the summer.

Like most animal species in temperate and
Mediterranean habitats (Wyndham, 1986; Levey & Stiles,
1992), A. senilis displays a clear annual cycle of brood
growth and foraging activity. Larvae mostly develop in
the spring, and there is a major corresponding increase in
foraging activity. Although there is an evident relationship
between colony-level food intake and larval growth, the
causal chain relating the 2 phenomena may be mediated by
other factors. For example, larval growth and worker fora-
ging behaviour may be constrained by the same environ-
mental variables, such as temperature and humidity (e.g.,
Cerda, Retana & Cros, 1998b; Cerda, Retana & Manzaneda,
1998; Kipyatkov ef al., 2004; Kipyatkov, Lopatina &
Imamgaliev, 2005; Boulay ef al., 2009; Cerda et al., 2012;
van Oudenhove et al., 2012). In particular, cold winter and
hot summer temperatures may respectively limit foraging
and larval growth. In contrast, spring weather conditions
may stimulate foraging and increase food retrieval, thus
favouring larval growth. Another factor that may potentially
increase foraging rate is the colony members’ state of hun-
ger. Larval hunger state is known to stimulate worker fora-
ging in some ant species (Brian & Abbott, 1977; Dussutour
& Simpson, 2009). It is therefore possible that the progres-
sive increase in the number of small larvae in February—
March triggers adult foraging behaviour. However, in July,
the number of incoming, loaded 4. senilis ants per day was
still relatively high, while larval biomass was already close
to zero, suggesting larval presence was not the only fac-
tor stimulating foraging. The hunger state of young adult
workers and sexuals may also affect ant foraging decisions,
as suggested by Cassill and Tschinkel (1999) and Judd
(2005). Finally, demography and age-dependent division of
labour may also influence seasonal variation in the foraging
rate: in the spring, colonies are composed of relatively old
workers that were born before the winter and that may be
more prone to forage than younger ones (Robinson, 1992;
Muscedere & Traniello, 2012).

We found a major shift in the daily pattern of activity
of A. senilis between the spring, summer, and fall. While
colonies were mostly active midday in the spring and fall,
activity decreased drastically during these hours in the
summer, probably because ants sought to escape extremely
hot ground temperatures. Ground temperature in the study
area may approach 70 °C during these hours, which is well
above the lethal limit for A. senilis (critical thermal limit:
46 °C; lethal temperature: 50 °C; Cerda ef al., 1998). In
Mediterranean habitats, elevated ground temperature has
been widely reported to constrain ant activity (Cros, Cerda
& Retana, 1997; van Oudenhove ef al., 2011), and many ant
species exhibit a shift in their daily rhythm between the hot
and cold seasons (Amor ef al., 2011; van Oudenhove et al.,
2012). In addition to increasing the risk of mortality, a
hot ground surface may interfere with ant chemical com-
munication by reducing the stability of trail markers and



preventing nestmate recruitment (Ruano, Tinaut & Soler,
2000; van Oudenhove et al., 2012).

Observations of retrieved items suggest 4. senilis is
an omnivorous species with a low feeding specificity.
Most food items were sufficiently small to be transported
by individual ants. However, on rare occasions, the ants
retrieved extremely large prey, which required the cooper-
ation of several individuals. Given that most available prey
items are small, the value of such rare, large prey to the
colony is probably high. Cerda et al. (1998) found that the
largest 12% of prey retrieved by A. senilis represented up
to 72% of transported biomass. The proportion of the vari-
ous insect taxa in the 4. senilis diet was well predicted by
their abundance in the area of study as measured with pitfall
traps. We observed 2 important and consecutive resource
categories in 4. senilis: Dipterans in winter and spring fol-
lowed by Formicidae in summer, especially Mesor sp. This
finding highlights the relative opportunism of 4. senilis and
its capacity to use a large array of prey. Aphids represented
an outlier in the relationship between insect abundance in
nature and their occurrence in the A. senilis diet. This is
because aphids are sessile animals that are not well sampled
using pitfall traps. Like many ants in Mediterranean habitats
(Fellers & Fellers, 1982; Retana, Cerda & Espadaler, 1991;
Angulo, Caut & Cerda, 2012), A. senilis behaved as a scav-
enger, retrieving dead or moribund prey. It also predated on
a number of living prey, including caterpillars, coleopter-
ans, and numerous aphids. However, in contrast to many
species, such as Tapinoma and Lasius, that may be both
mutualistic and predaceous, A. senilis does not tend aphids
in order to get liquid honeydew (Bristow, 1984; Matsuura &
Yashiro, 2006). Therefore, 4. senilis may indirectly have a
net positive effect on plants by reducing herbivory.

In addition to insects, 4. senilis retrieved relatively
large numbers of seeds and fruits from several plant spe-
cies. Previous studies have shown that in the south of the
Iberian Peninsula, A. senilis and the congeneric species
A. iberica contribute disproportionately to the dispersal
of various myrmecochores (Espadaler & Gémez, 1997,
Boulay et al., 2005; 2007a; Bas, Oliveras & Gomez, 2009).
Similarly, the genus Aphaenogaster is a keystone disperser
of myrmecochores in North American temperate wood-
lands (Ness, Morin & Giladi, 2009). However, none of the
diaspores removed by A. senilis at our study site had an
elaiosome. Phyllirea angustifolia, Pistacea lentiscus, and
Arum italicum were among the most frequently exploited
plant species. The first 2 are bird-dispersed, while the last
has no known legitimate disperser. Our results thus confirm
the potential importance of 4. senilis in the redistribution
of numerous seeds adapted to other modes of dispersal
(Traveset, 1994; Hulme, 1997). Further studies should
investigate the survival and germination rates of seeds
transported by Aphaenogaster.

Direct observations of the food items retrieved showed
a significant difference in the proportion of animal-derived
items between February and the rest of the year. However,
in February, A. senilis has a very low activity level, and
the result for this month should be interpreted with cau-
tion. In contrast, ant §!°N values decreased between June
and September, suggesting an important dietary shift
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towards plant-derived materials. Nevertheless, the import-
ant shift in prey items during summer between dipterans
and Formicidae could partly explain this decrease in 8'°N
(nitrogen isotopic values of Formicidae were lower than
dipterans, Figure 2b). The apparent incongruity between
the isotopic and observational data may be due to high
variability between nests for the 2 types of data. Moreover,
although the number of retrieved fruits and seeds did not
change, their dietary contribution in terms of biomass
may be much higher in the summer than in the spring.
Large fruits, like those of A. italicum, P. angustifolia, and
P, lentiscus, were mostly collected from June to November.
The consumption of plant liquids by 4. senilis is very rare
and is unlikely to account for the different isotopic and
observational data. In general, ant larvae are the major
consumers of proteins, while adult workers rely on carbo-
hydrates (Vinson, 1968). The reduction of larval biomass
between the spring and the summer could therefore result
in a reduced need for insect prey and therefore harvesting
patterns that favour plant-derived carbohydrates. Such
seasonal changes in food preference have been reported in
Solenopsis invicta (Stein, Thorvilson & Johnson, 1990),
Pheidole ceres (Judd, 2005), and Linepithema humile
(Abril, Oliveras & Goémez, 2007), to name a few examples.

Our results exemplify the ability of isotopic analyses
to capture differences in ant diet that are difficult to observe
from analysis of retrieved items alone. More generally,
animal diets determined by foraging observations alone are
sometimes difficult to interpret because they only provide
information about what an animal has eaten during a recent,
brief time window. Stable isotopes offer advantages over
these methods by providing time-integrated information
on assimilated foods (Boutton, Arshad & Tieszen, 1983).
However, one difficulty in using stable isotope analysis to
evaluate resource incorporation is that consumer metabolic
processes may discriminate between different isotopes,
causing the isotopic ratio of the consumer to differ slightly
from that of the food resource. This difference is called
the discrimination factor. Using controlled feeding experi-
ments on Camponotus floridanus, Feldhaar, Gebauer, and
Bluthgen (2010) found a discrimination factor for isotopic
nitrogen of about 3%o.. This level of enrichment is consistent
with the difference between the A. senilis isotopic values
we observed in the field and values we found in their diet
(Figure 2¢). However, studies to determine the turnover rate
in ants (the time it takes for the isotope to be assimilated
into the consumer’s tissue) are lacking. It is important to
determine whether the isotope signature of workers repre-
sents their most recent diet or also reflects their larval food.

Overall, our results suggest that the foraging rate of
A. senilis varies throughout the year in accordance with
larval biomass and environmental constraints. Foragers
appeared to be opportunistic and transported a large variety
of food items to the nest, although food selection may occur
within the colony as a function of the internal demand. This
apparent plasticity in foraging activity and resource use may
be key to the ecological success of this otherwise behav-
iourally subordinate species. Further studies are needed to
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better understand ant feeding ecology in natural conditions
in relation to colony life cycle. Observational data and
isotopic analyses are complementary tools that together
can provide a finely tuned picture of food selection at
different scales.
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