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a b s t r a c t

An age-independent division of labor can develop in both the reproductive (queen) and non-reproductive
(worker) castes of Pogonomyrmex californicus harvester ants, and individuals develop biases for in-nest
activities or external foraging. Additionally, ant ovaries normally atrophy in foragers compared to nest-
biased workers (nurses). However, it is not clear whether these ovarian changes are due to changes in
behavior or age, since foragers are typically older individuals. Here, we clarify this relationship in P. cal-
ifornicus queens and workers by comparing ovarian activity in same-aged ants that exhibit divergent
behavioral biases. We found that foraging individuals had significantly reduced ovarian activity com-
pared to their nest-biased counterparts, thereby linking changes in the ants’ reproductive system to social
task performance rather than to age. The general finding that ovarian physiology is associated with social
insect behaviors is consistent with the hypothesis that reproductive physiology may have played an
important role in the evolution of social insect behavior.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In most eusocial insect species, the success of the colony hinges
on the completion of a variety of tasks, including food acquisition,
brood care, and nest maintenance. These tasks are completed by a
cooperative division of labor within the predominantly sterile
worker caste. This division in task performance is age-based, with
younger workers performing mostly in-nest tasks, like brood care,
and older workers foraging for food or defending the nest (Hölldo-
bler and Wilson, 2009). Since the ability of workers to switch be-
tween different tasks is an important component of the
widespread ecological success of eusocial insects (Wilson, 1971),
investigating the underlying physiology behind behavior helps us
understand both how insect societies are regulated and how they
evolved.

The proximate basis of temporal polyethism has been most
heavily investigated in the honey bee, Apis mellifera (Ben-Shahar
et al., 2002; Amdam et al., 2004, 2006; Rueppell et al., 2004; Hunt
et al., 2007; Wang et al., 2010). Despite the fact that honey bee
workers do not normally reproduce, regulators normally associ-
ated with reproduction, including hormones, (Robinson, 1987; Sul-
livan et al., 2000), yolk proteins (Amdam et al., 2004; Ihle et al.,

2010), and even the whole ovary (Wang et al., 2010; reviewed by
Amdam and Page, 2010), affect behavioral transitions. Thus, work-
er behaviors are hypothesized to have evolved from reproductive
traits exhibited by a solitary ancestor. The reproductive ground
plan hypothesis (RGPH) (West-Eberhard, 1987, 1996; Amdam
et al., 2004; Amdam and Page, 2010) argues that, instead of evolv-
ing a new regulatory infrastructure, regulators of development and
behavior were co-opted from the solitary ancestral state, decou-
pled from reproduction, and utilized to control social behavior in
functionally sterile individuals.

Some of the major components likely co-opted in this transition
are the endocrine regulators of reproductive processes. Juvenile
hormone (JH) and ecdysteroids are the primary hormonal drivers
of reproduction in many insects (Lafont et al., 2005; Raikhel
et al., 2005), but also play an important role in regulating social
behaviors in functionally-sterile social insect workers (Hartfelder,
2000; Bloch et al., 2000; Brent and Vargo, 2003; Brent et al.,
2006; Amdam and Page, 2010). In addition to these systemic hor-
mones, the ovary itself can play a role as a regulator of insect
behavior. In mosquitoes, ovarian factors help control host-seeking
behaviors (Klowden, 1997), while in Drosophila, the ovaries modu-
late sensitivity to stimuli that influence behavior (Flatt et al., 2008).
Similarly, in honey bees, worker ovarian development is robustly
linked to age of foraging onset (Page and Fondrk, 1995; Amdam
et al., 2006; Wang et al., 2009; Amdam and Page, 2010), and plays
a causal role in behavioral development (Wang et al., 2010). The
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ovaries may influence worker behavior through differential pro-
duction of ecdysteroids (Amdam et al., 2010) and expression of
genes coding for hormone receptors and sensory perception (Ve-
larde et al., 2009; Wang et al., 2009, 2010, 2012).

In Pogonomyrmex californicus harvester ants, behavioral biases
occur in both queens and workers. Individuals showing a bias to-
wards foraging behavior exhibit elevated levels of JH relative to
those that stay within the nest (Dolezal et al., 2009, 2012). Forag-
ing-biased workers also have decreased levels of ecdysteroids
(Dolezal et al., 2012). However, the hormonal association appears
to be more correlative than directly causal, suggesting that other
factors may be involved. While a direct link between behavior
and ovarian activity has not been addressed in the ants, ovarian
morphology differs drastically between workers in different task
groups in many species. The ovaries of young, nurse workers are
typically well-developed and active, while those of old foragers
are heavily atrophied. However, it remains unclear whether these
differences are due to the large age differences normally found be-
tween nurses and foragers, or if task performance per se drives
these differences (Hölldobler and Wilson, 1990). Based on the
putative relationship between reproductive physiology, reproduc-
tive hormones and behavioral preference in P. californicus, we
hypothesize that ovarian activity is linked to non-reproductive
behavioral preferences, independent of age. Since ovarian atrophy
is associated with chronological age-based foraging activity in ants
(Hölldobler and Wilson, 1990), and P. californicus workers show
decreasing levels of the ovarian-produced ecdysteroids after forag-
ing initiation, we predict that decreased ovarian activity is linked
to a preference for foraging, even when foraging is precociously
stimulated via colony manipulation.

2. Methods

2.1. P. californicus worker observation and collection

P. californicus single cohort colonies were formed and observed
as described in Dolezal et al. (2012). P. californicus colonies were
partially excavated from field sites in Maricopa County, Arizona
in early November of 2010, and the light-colored callow workers
were collected. Cuticle pigmentation was used as a marker for
worker age (Wilson, 1976; Seid and Traniello, 2006), and only
the lightest colored, and thus youngest, workers were collected.
Workers were brought back to the laboratory, counted, and
approximately 200 were added to each of four experimental colo-
nies by pouring them from a plastic container; no signs of fighting
were observed. Host colonies were 1.5–2.5 years of age, and had
approximately 300 workers each. After 2 days, all of the original,
dark-colored workers were removed, leaving only the queen, eggs,
larvae, and approximately 200 young, same-aged workers. Colo-
nies were then observed 3–7 days per week, 2–3 times per day,
for 5–10 min per observation. Foraging individuals were deter-
mined to be workers observed interacting with food items (seeds
or sugar water-filled test tubes) or water, and were then marked
on the abdomen with small dots from a Sharpie� paint pen. Once
a worker had been observed foraging on three occasions (and thus
had three paint dots), she and an in-nest worker (which had never
been observed foraging) from the same colony were collected to-
gether. These collections continued for the duration of the experi-
ment, and all workers were collected between the ages of 23 and
33 days. The experiment was ended at this time, as the populations
of all colonies had dropped below approximately 25 workers.

To verify that any patterns found in single cohort colonies re-
flected natural phenotypes, workers from unmanipulated field col-
onies were also collected. Age of these workers was unknown, as
all unmanipulated workers possessed fully-darkened cuticles, but

P. californicus workers exhibit age polyethism and typically transi-
tion to foraging as they chronologically age (Dolezal et al., 2012).
Therefore, foragers were presumably older than nest workers. For-
agers were collected at bait traps near mature nests, and in-nest
workers were collected from the brood chambers of four nearby
colonies.

2.2. P. californicus queen collection and observation

P. californicus queens were collected immediately after mating
flights in San Diego County, CA, USA in July 2008. Queens were col-
lected from a population where queens naturally form multiqueen
associations (Johnson, 2004). After collection, they were housed
and observed as described in Dolezal et al. (2009). They were
marked on the abdomen and thorax with one of two colors using
a Sharpie� paint pen; one queen of each color was then introduced
into a soil-filled nest jar. The soil was watered in small quantities
when it became observably dry, and the colonies were fed a re-
stricted quantity of Kentucky blue grass seeds. Associations were
observed for 15 min intervals four times per day for 15 days to
identify behavioral biases. Queens were recorded as foraging when
observed outside of the nest entrance searching for or handling
seeds. Associations were classified as having a division of labor if
10 or more foraging events were observed and more than 80% of
those events were performed by one queen. The queen performing
the majority of the foraging was categorized as foraging-biased,
while the one performing the minority of foraging was categorized
as nest-biased.

3. Ovarian dissection, fixation, and staining

A total of 36 P. californicus queens and 44 workers were col-
lected after observations, kept on ice, and dissected in PTW (1�
PBS; 0.05% Tween-20) using a dissection microscope. The entire
ovary of each individual was fixed in a solution of dimethylsulfox-
ide (DMSO, 20 ll), 4% paraformaldehyde (200 ll) and heptane
(600 ll) for 20 min. After fixation, ovaries were washed three times
in PBT (1� PBS; 0.3% Triton). For long-term storage, ovaries were
then washed in increasingly concentrated methanol:PTW solutions
(30:70, 50:50, 70:30), culminating in pure methanol. After com-
pleting sample collection, ovaries were rehydrated with three
washes of decreasingly concentrated methanol:PTW solutions
(70:30, 50:50, 30:70) culminating in pure PTW (Khila and Abou-
heif, 2008). Samples were then incubated in 1:1000 dilution of
the DNA stain DAPI (40,6-diamidino-2-phenylindole) (Invitrogen,
Carlsbad, CA, USA) for 10 min, washed three times in PTW to re-
move excess stain, and mounted on microscope slides using Vecta-
shield (Vector Labs, Burlingame, CA, USA). The stained and
mounted samples were imaged using a Leica SP2 multiphoton
scanning laser microscope (Leica Microsystems, Buffalo, IL, USA)
and a Nikon Fluphot inverted fluorescent microscope (Nikon
Instruments, Melville, NY, USA).

3.1. Ovarian activity scoring

The insect ovary is made up of multiple tube-like filaments,
called ovarioles, where egg development occurs. As the eggs ma-
ture, they increase in size and move towards the anterior of the
individual (the basal end of the ovariole). After the oocytes reach
a certain size and maturity, the eggs uptake large quantities of yolk
proteins and are termed vitellogenic (reviewed in Raikhel and
Dhadialla, 1992). Therefore, we classified developing oocytes into
one of several types (described below) based on their number,
vitellogenic status, and location in each ovariole in queens and
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workers. The number of ovarioles comprising each ovary was also
noted.

In workers, vitellogenic oocytes were identified by their large
size and opacity; since vitellogenic oocytes are opaque and pre-
vitellogenic oocytes are translucent (Raikhel and Dhadialla,
1992). In queens, vitellogenic oocytes were further classified based
on their size and the status of their accompanying nurse cells.
Large, vitellogenic (V) oocytes with completely degraded nurse
cells were categorized as ‘‘V3’’. Smaller, vitellogenic oocytes with
nurse cell clusters of approximately the same size were catego-
rized as ‘‘V2’’. The smallest vitellogenic oocytes, with nurse cell
clusters larger than the oocyte, were categorized at ‘‘V1’’. Pre-vitel-
logenic (PV) oocytes were categorized sequentially; the most basal
pre-vitellogenic oocyte pre-vitellogenic oocyte was categorized as
‘‘PV1’’, and each subsequent (newer) oocyte was labeled ‘‘PV2’’,
‘‘PV3’’, etc. (Fig. 1A). This approach provides a metric for ovarian
activity, as it shows how many eggs the ovary is producing and
the relative ages of each egg, with V3 being the oldest, and PV3
being the youngest. Differences in oocyte production by the differ-
ent worker groups were much more drastic, so this more specific
technique was abandoned in favor of simplified categories. In
workers, oocytes were categorized simply as vitellogenic (V) or
pre-vitellogenic (PV).

3.2. Statistical analyses

The data for all oocyte counts from P. californicus queens
showed a general lack of normality and did not pass the assump-
tion of homogeneity of variances (Levene’s test; p < 0.05). The

oocyte counts for the workers also failed to meet parametric
assumptions of normality. This required the non-parametric
Mann–Whitney U-tests to compare behavioral groups. A Spearman
rank test was used to determine if correlations existed between
worker age and oocyte number. An alpha value of 0.05 was used
for significance in all tests. Analyses were performed using Statis-
tica 7.0 (Statsoft, Tulsa, OK, USA).

4. Results

4.1. Ovarian activity in P. californicus workers

In workers, ovariole number did not significantly differ between
nest-biased (non-foraging) and foraging-biased individuals from
single cohort colonies (Mann–Whitney U Test; Nn = 20, Nf = 24;
p > 0.05; Meannest = 7.85, Meanforager = 7.58). However, nest-biased
workers had a significantly higher number of total oocytes
(Nn = 20, Nf = 24; p < 0.001), showing elevated numbers of both
pre-vitellogenic (Nn = 20, Nf = 24; p < 0.0001) and vitellogenic
(Nn = 20, Nf = 24; p < 0.0001; Figs. 1E–F and 2) oocytes. No correla-
tion was observed between the worker age and total oocyte num-
ber (Spearman rank correlation: Nn = 20, Nf = 24; q = �0.138;
p > 0.05, Fig. 3).

Unmanipulated workers of unknown age from field colonies
showed a similar pattern, with significantly more pre-vitellogenic
(Mann–Whitney U Test; Nn = 20, Nf = 21; p < 0.0001), vitellogenic
(Nn = 20, Nf = 21; p < 0.0001), and total (Nn = 20, Nf = 21;
p < 0.0001) oocytes in nest-collected workers. In fact, no develop-
ing oocytes were found in any foraging workers. While this pattern

Fig. 1. Scoring regime and examples ovaries of P. californicus queens and workers. (A) Diagram of a single ovariole, showing the categorization regime for queen oocytes. The
black triangle on the left represents the germarium, where new oocytes are produced, at the anterior end of the ovary; the right side is the posterior end of the ovariole.
Vitellogenic oocytes (V) are shown in tan, and are numbered with increasing size (V1, V2, V3) relative to their accessory nurse cells (grey boxes). Pre-vitellogenic oocytes
(PV1, PV2, PV3) are shown in white, and were counted sequentially. (B–F) Oocytes and ovarioles with DAPI-stained DNA. Representative oocyte categories are indicated.
Nurse cells (NC) and sections of the ovariole where no oocytes are produced (X) are also labeled. (B) Collection of connected nest-biased queen ovarioles. (C) Single nest-
biased queen ovariole. (D) Ovariole of a foraging-biased queen. The ovariole is still healthy and intact, but lacks any early-stage (PV) oocytes. (E) Ovariole of a nest-biased
worker, with many well-developed oocytes. (F) Several ovarioles of a foraging-biased worker, showing no oocyte in the ovarioles (X). Scale bars are shown.
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is the same as that found in single cohort colonies, nest-biased sin-
gle cohort workers possessed significantly more total oocytes than
nest-biased workers from field colonies (Nsc = 20, Nfield = 20;
p < 0.0001, Fig. 4).

4.2. Ovarian activity in co-founding P. californicus queens

Similarly to workers, there were no significant differences be-
tween the number of ovarioles in nest-biased (non-foraging) and
foraging-biased queens (Mann–Whitney U Test; Nn = 18, Nf = 18;
p = 0.56; Meannest = 29.6, Meanforager = 29.27). However, as we
found in workers, nest-biased queens had more total oocytes in
their ovaries than did foraging-biased queens (Nn = 18, Nf = 18;
p < 0.001).

Further analysis of the types of categorized oocytes in queen
ovaries shows what types of oocytes drive these differences in
queens. There were no significant differences in the numbers of
the largest, best developed oocytes types: V3 (Nn = 18, Nf = 18;
p = 0.29) or V2 (Nn = 18, Nf = 18; p = 0.18). However, nest-biased
queens had significantly more small V1 oocytes (Nn = 18, Nf = 18;
p < 0.001), as well as PV1 (Nn = 18, Nf = 18; p < 0.001), PV2
(Nn = 18, Nf = 18; p < 0.001), and PV3 (Nn = 18, Nf = 18; p < 0.001;
Figs. 1B–D and 5) pre-vitellogenic oocytes.

5. Discussion

Our results show that ovarian activity, denoted by the number
and developmental stage of oocytes, correlates with task perfor-
mance, independent of chronological age and reproductive caste
in P. californicus ants. In single cohort colonies, the ovary of nest-
biased workers was well-developed and had many oocytes
(Fig. 1E), while the ovary of foraging-biased workers supported
few or no oocytes (Figs. 1F and 2). Workers collected from unma-
nipulated field colonies showed the same pattern, verifying that
these differences are not an artifact of laboratory manipulation.
This pattern concurs with the well-known relationship between
ovarian status and foraging in many ant species, where young
nurses have more developed ovaries than old foragers (reviewed
by Hölldobler and Wilson, 1990). In our study, however, the use
of single cohort colonies removed chronological age as a significant
factor (Fig. 3). Additional evidence that chronological age does not
drive the decreased ovarian activity observed in foragers comes
from the fact that all the workers sampled were relatively young,
approximately 30 days post-emergence, which is much lower than
their age of foraging onset and potential lifespan in the laboratory
(approximately 120 and >300 days, respectively; Dolezal et al.,
2012).

It is notable that, while unmanipulated workers sampled from
field colonies showed the same pattern of elevated ovarian activity
in nest workers compared to foragers, unmanipulated nest workers

Fig. 2. Oocyte numbers found in foraging- and nest-biased P. californicus workers
from single cohort colonies. Mean ± SE; pre-vitellogenic (PV), vitellogenic (V), and
total (T) oocytes found in nest-biased (white bars) and foraging-biased (black bars)
single cohort workers. Asterisks denote significant differences (p < 0.05).

Fig. 3. Oocyte number as a function of age (days) of single-cohort P. californicus
workers that were nest- (N) or foraging-biased (F).

Fig. 4. Oocyte numbers of unmanipulated (field collected) and single-cohort nest-
biased workers. Mean ± SE total oocytes found in field collected nest workers (FN)
and single cohort nest workers (SCN). The groups differed significantly (p < 0.05).

Fig. 5. Oocyte numbers found in foraging- and nest-biased P. californicus founding
queens. Mean ± SE pre-vitellogenic 3, 2, 1 (PV3, PV2, PV1), vitellogenic 1, 2, 3 (V1,
V2, V3), and total oocytes (T) found in nest-biased (white bars) and foraging-biased
(black bars) P. californicus founding queens. Asterisks denote significant differences
between the number of oocytes in nest-biased and foraging-biased queens
(p < 0.05).
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from the field had, on average, fewer total oocytes than those from
single cohort colonies (Fig. 4). This discrepancy may be due to dif-
ferences in sampling technique. Collection is much more precise
for the ants in laboratory colonies. Only the lightest-colored callow
workers were collected for use in single cohort colonies, prevent-
ing age variation between our source individuals. Once in the lab-
oratory colonies, nest workers were sampled as they tended brood
in observable laboratory nests, and had never been observed forag-
ing, while single cohort foragers had been observed handling food
on multiple occasions. In unmanipulated field colonies, however,
nests were excavated, and fully-darkened nest workers were col-
lected from inside brood chambers. The fact that both nest workers
and foragers were of identical visual appearance, coupled with the
disorder of excavation, may have led to the collection of workers in
the transition from nest to foraging tasks. It is also possible that the
ants collected from the field were much older that than the single
cohort ants, and that age may still cause some impairment of ovar-
ian function regardless of behavioral phenotype. Lastly, field colo-
nies are much larger, and likely have many more resource
demands on the workers compared to the laboratory colonies that
were fed ad libitum. Thus, field workers may have fewer resources
to devote to oocyte production.

Part of the resource demands on P. californicus workers are that,
like many other ant species, the young nurses produce non-viable
eggs to feed to developing brood (Wilson and Eisner, 1957; Hölldo-
bler and Wilson, 1990; Gobin et al., 1998). In contrast, old foragers,
who have ceased nurse tasks, have very little ovarian activity
(Hölldobler and Wilson, 1990) and no longer produce nutritive
eggs. This association between oocyte production and behavior ap-
pears similar to the ‘social-exploitation’ of vitellogenin by honey
bee workers (Amdam and Omholt, 2003). While reproductively ac-
tive individuals normally use the protein to produce eggs (Raikhel
and Dhadialla, 1992), honey bee workers do not normally lay eggs
at all. Instead, nurses have repurposed the yolk protein to supply
the hypopharyngeal gland, located in the head, with nutrients nec-
essary to produce food secretions for feeding brood (Crailsheim
and Stolberg, 1989; Amdam and Omholt, 2003; Seehuus et al.,
2007). The ovaries of P. californicus workers likely operate in a com-
parable manner to accomplish resource-sharing. This function may
be an important component of the pattern described here, if the
behavioral role of the individual affects, or is affected by, the phys-
iological status of the ovary.

The same relationship between task performance and oocyte
quantity found in workers was also observed in behaviorally-
biased founding queens (Fig. 5). However, unlike workers, the
ovary of foraging-biased queens possessed some oocytes. This
may be because, unlike workers, queen foraging behavior does
not represent a terminal life stage. After the emergence of the first
workers, queens cease foraging and then remain inside the nest as
viable, reproductive queens for the remainder of their lives (John-
son, 2004, personal observation). While the ovaries of foraging
queens do not totally lack oocytes, they do appear less active
(Figs. 1E and 5) than those of non-foraging queens. The differences
in total oocyte number between nest- and foraging-biased queens
are driven by differences in the earlier stages of egg development,
implying that, while both groups have some oocytes in their ovary,
foraging-biased queens are producing significantly fewer new
oocytes. Nest-biased queens have many oocytes at all levels of
development: from large, vitellogenic to very small, pre-vitello-
genic oocytes (Fig. 1B–C). However, foraging-biased queens show
significantly lower oocyte production, as they have very few,
young, pre-vitellogenic oocytes (Fig. 1D). The only oocyte quanti-
ties that do not differ between nest- and foraging-biased queens
are the most highly developed (V3 and V2). Possibly, no differences
exist between these oocyte types because they represent the oldest

oocytes, which had begun development before behavioral biases
had emerged.

We also found that nest-biased queens (Fig. 5) possessed fewer
total oocytes than nest workers (Fig. 2), despite the fact that queens
have over three times more ovarioles. This is likely because queens
are nutritionally-limited during this phase of their lives, and are
not able to produce eggs at their highest rate. However, nest-biased
workers are likely not as nutritionally limited, as they emerge into a
colony buffered by stored food resources. Furthermore, queens and
workers face very different demands for their nutritive eggs. Found-
ing queens need to nourish a limited number of brood (Johnson,
2004), whereas workers must supply eggs to feed more brood, other
workers, and the queen (Hölldobler and Wilson, 1990; Gobin et al.,
1998). Therefore, despite the fact that workers have smaller ovaries
than queens, they probably face a higher demand to produce nutri-
tive oocytes than do founding queens.

In conclusion, our finding that ovarian activity is linked to age-
independent behavioral changes in P. californicus workers and
queens. This suggests that the ovary may play a role in the regula-
tion of division of labor in this species, though our results do not
indicate a causal relationship, in either direction, between ovarian
activity and behavior. Despite this, the finding that differences in
ovarian activity are linked to behavior, and not to chronological
age, indicates that ovarian physiology is not simply driven by
aging, but may play an important role in division of labor. While
the causality and the direction of this relationship remains unclear,
these findings are consistent with the RGPH, which argues that the
regulatory infrastructure used by solitary ancestors to control
reproductive behaviors may have been co-opted for use in non-
reproductive social behaviors. Despite this supporting evidence,
additional work will be necessary to clarify the relationship be-
tween ovarian activity and behavioral development, and to identify
any possible regulatory roles of this reproductive organ.
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