Behav Ecol Sociobiol (2005) 59: 222-233
DOI 10.1007/s00265-005-0028-5

ORIGINAL ARTICLE

Andrew M. Bouwma - Kenneth J. Howard -
Robert L. Jeanne

Parasitism in a social wasp: effect of gregarines on foraging
behavior, colony productivity, and adult mortality

Received: 12 November 2004 / Revised: 3 June 2005 / Accepted: 3 June 2005 / Published online: 25 August 2005

(© Springer-Verlag 2005

Abstract Behavior in eusocial insects likely reflects a long
history of selection imposed by parasites and pathogens be-
cause the conditions of group living often favor the trans-
mission of infection among nestmates. Yet, relatively few
studies have quantified the effects of parasites on both the
level of individual colony members and of colony success,
making it difficult to assess the relative importance of dif-
ferent parasites to the behavioral ecology of their social in-
sect hosts. Colonies of Polybia occidentalis, a Neotropical
social wasp, are commonly infected by gregarines (Phy-
lum Apicomplexa; Order Eugregarinida) during the wet
season in Guanacaste, Costa Rica. To determine the effect
of gregarine infection on individual workers in P. occiden-
talis, we measured foraging rates of marked wasps from
colonies comprising both infected and uninfected individu-
als. To assess the effect of gregarines on colony success, we
measured productivity and adult mortality rates in colonies
with different levels of infection prevalence (proportion of
adults infected). Foraging rates in marked individuals were
negatively correlated with the intensity of gregarine infec-
tion. Infected colonies with high gregarine prevalence con-
structed nests with fewer brood cells per capita, produced
less brood biomass per capita, and, surprisingly, experi-
enced lower adult mortality rates than did uninfected or
lightly infected colonies. These data strongly suggest that
gregarine infection lowers foraging rates, thus reducing
risk to foragers and, consequently, reducing adult mortal-
ity rates, while at the same time lowering per-capita input
of materials and colony productivity. In infected colonies,
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queen populations were infected with a lower prevalence
than were workers. Intra-colony infection prevalence de-
creased dramatically in the P. occidentalis population dur-
ing the wet season.
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Parasites and pathogens are hypothesized to have sig-
nificant evolutionary effects on their hosts, including
the maintenance of sex (Hamilton 1980; Seger and
Hamilton 1988; Lively 1992), female choice (Hamilton
and Zuk 1982; Moller 1990), and promotion of speciation
(Shoemaker et al. 1999; Bordenstein et al. 2001). Social
insects face especially strong selection from parasites and
pathogens (hereafter referred to as parasites), because the
high intra-colony genetic relatedness, close proximity of
nestmates, and high frequency of interactions associated
with social behavior often favor horizontal transmission
within the colony (reviewed by Schmid Hempel 1998;
Naug and Camazine 2002; Pie et al. 2004; but see Traniello
et al. 2002). Therefore, an understanding of the relation-
ships between social insects and their parasites may be
helpful in elucidating the adaptive value of social behavior
(Schmid-Hempel 1995, 1998, 2001; O’Donnell 1997;
Naug and Camazine 2002; Pie et al. 2004 and references
therein).

Determining the importance of parasite virulence in
coevolution with social insect hosts is often a complex
process. Because selection by parasites acts primarily at
the level of the colony (Schmid Hempel 1998), it is not suf-
ficient to find effects of infection at the level of individual
colony members, since only if there are measurable effects
at the colony level is a parasite likely to affect fitness.
Further, even if deleterious effects are not detectable at
the colony level, examining multiple stages of the host’s
colony cycle may be necessary to rule out strong virulence
for a particular host/parasite relationship, since expression
of parasite virulence in hosts can be colony—stage-specific
(Brown et al. 2000, 2003). Relatively few host/parasite



systems have been investigated for colony-level effects of
parasite virulence or for effects in multiple colony stages
(reviewed by Schmid Hempel 1998), although several
recent studies have begun to close this gap (honey bees
[Tarpy 2003], bumble bees [Imhoof and Schmid-Hempel
1999; Brown et al. 2000, 2003], wood ants [Wenseleers
et al. 2002] and dampwood termites [Rosengaus et al.
1998; Pie et al. 20041]).

Polybia occidentalis (Olivier) is a common social wasp
of the American tropics that has been the subject of in-
tensive research at both the level of individual behavior
(task performance, age polyethism, dominance) and the
colony (productivity, colony foraging rates, adult mortal-
ity rates, regulation of nest construction) (Jeanne 1991a,
b, 1996, 1999; Jeanne and Nordheim 1996; O’Donnell
and Jeanne 1992, 1995; O’Donnell 2001; Bouwma et al.
2003a, b; Howard and Jeanne 2004, 2005). Parasites are
common in this species (Richards and Richards 1951;
Parfin 1958; Richards 1978; Dejean and Canard 1990;
London and Jeanne 1998), but little is known about their
effects on individual behavior or colony success. Re-
cent studies report that infection in P. occidentalis by an
undescribed species of gregarine (Phylum Apicomplexa;
Subclass Gregarinasina; Order Eugregarinida; Suborder
Aseptatina) is associated with slower brood development
(Howard and Jeanne 2004) and an increased proportion
of empty brood cells in young nests (Howard and Jeanne
2005).

Gregarines are common and diverse protozoans that are
exclusively parasitic on invertebrates, especially arthropods
(Levine 1988; Roberts and Janovy 2000). In solitary in-
sects, gregarines may be harmless commensals (Weiser
and Briggs 1971) or debilitating but non-lethal parasites
(reviewed by Zuk 1987a, b, 1988; Thomas et al. 1999;
Aliabadi and Juliano 2002). Gregarines have been found
in all of the four major groups of social insects: ter-
mites (Huger and Lenz 1976), ants (Jouvenaz and Anthony
1979; Crosland 1988; Kleespies et al. 1997; Buschinger
and Kleespies 1999), bees (Stejskal 1955; Liu et al. 1974;
Lipa and Triggiani 1992, 1996; Durrer and Schmid-Hempel
1995), and wasps (Richards and Richards 1951; Richards
1978; Rodrigues and Moraes 1981; Howard and Jeanne
2004, 2005; Kudd et al. 2004).

The goal of this study was to quantify the effects of gre-
garines at both the individual and colony level in the wasp
P. occidentalis, and this is the first study to do so for a so-
cial insect. We tested for an effect of infection on behavior
in individual workers by measuring foraging rates of both
infected and uninfected marked foragers during nest con-
struction. We tested for an effect of infection on colonies by
measuring per-capita productivity and adult mortality rates
of colonies with different levels of infection prevalence. We
also tested for differences in infection prevalence between
queen and worker populations within infected colonies and
for changes in infection prevalence in colonies at our field
site throughout the wet season.
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Methods
Location

We conducted the field work at Finca Las Pumas (adjacent
to the property formerly known as Centro Ecolégico La
Pacifica), located 5 km west of Canas, Guanacaste, Costa
Rica (10°25'N, 85°7'W). Caiias is located in the tropical
dry forest (moist province transition) life zone (Tosi 1969).
This region is marked by strong wet—dry seasonality, with
the wet season extending from May into November. Mean
annual rainfall at the site is 1430 mm (1921-1999; W
Hagnauer, personal communication). Native vegetation
is tropical dry forest, but at our site this has been
widely replaced with pasture and cropland. Colonies of
P. occidentalis commonly nest in shrubs and trees in
pastures, hedgerows, and along roadsides. We conducted
the foraging-rate study from July through August of 2002,
the productivity and mortality study from June through
September of 1998, 1999, and 2000, and the intra-colony
infection prevalence study from June through December
of 1999 and 2000.

Foraging-rate study

We located gregarine-infected colonies with a sampling
procedure in which we placed a plastic bag over the
entrance of the nest, and then alarmed the colony by lightly
tapping the supporting twig until approximately 50 wasps
flew from the nest into the bag. We sacrificed these
individuals with ethyl acetate and then dissected them
under a dissecting microscope to determine infection status
(see below). After allowing the sampled colonies at least
2 weeks to recover from the loss of adults, we moved four
infected colonies (colony 02108 = total 302 adults, 02101=
174 adults, 02102=424 adults, 02107=533 adults) after
dark to observation stands in order to facilitate observation
and manipulation (O’Donnell 2001). We gave colonies at
least 1 day to acclimate to the new nest site before further
manipulation.

A few minutes before sunrise (approximately 05:30 h),
we enclosed the nest in a plastic bag containing ether-
soaked cotton in a film canister with a screen cap. The
film canister prevented the wasps from touching the ether.
The ether alarmed the colonies and the individuals that ex-
ited in response became lightly etherized in the bag. We
then removed the bag from the nest and transferred it to
the laboratory, where we divided the captured wasps into
groups of 20 and stored them in a refrigerator. We lightly
etherized each group a second time and marked the individ-
uals on the thorax for individual recognition (DecoColor
Opaque Paint Markers) using a color-coded numbering sys-
tem. While the wasps were recovering from etherization,
we gently dropped them back into the nest entrance with
forceps. Occasionally the wasps did not remain sufficiently
anesthetized after marking for reintroduction into the nest,
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and in these cases we briefly chilled them in the refrigerator
first. Marking each colony took 7—12 h to complete, but we
returned all individuals to their nest before nightfall.

We removed the lower envelope from the nests of the
observation colonies during the afternoon of the day after
marking. Envelope removal usually induces nest repair in
P. occidentalis, facilitating observation of nest construction
(Jeanne 1996). However, two of the four colonies (colonies
02108 and 02101) did not repair their damaged envelopes
during 2 days of observation. In order to compel these
colonies to engage in nest construction, we induced them to
form absconding swarms by dismantling their nests (Jeanne
1991a; Jeanne and Nordheim 1996; Bouwma et al. 2000,
2003a, b). We then followed the swarms to their new nest
sites and observed them as they constructed their new nests.
(Swarm-founding species such as P. occidentalis initiate
colonies as a swarm of queens and workers and emigrate
and renest as a swarm when their nest is destroyed [Jeanne
1991a].) Nest construction behavior by founding swarms
resembles behavior during nest repair in nearly every dis-
cernable way (Jeanne 1996).

We observed the four focal colonies during the morning
and the afternoon for 2—-3 days. Morning sessions ranged
from 45 min to 3 h, and afternoon sessions ranged from 1
to 2 h, depending on weather. We did not observe colonies
in the rain. P. occidentalis forages for nest materials (pulp
or water) or food (nectar or prey) (O’Donnell and Jeanne
1990). We recorded the type of foraging trip and the num-
ber of trips for all marked foragers. In order to increase the
number of marked foragers for colony 02107, we marked
eight unmarked foragers (without anesthetization) by re-
moving them from the nest envelope with reverse-grip for-
ceps between observation periods. We then discontinued
observations for at least 1 h after marking. In the evening
of the final day of observations, we collected each colony
with its nest. Escapees and any foragers that spent the night
away from the nest clustered at the nest site the next morn-
ing and we added them to the collection.

Colony-productivity/adult-mortality study

We selected colonies for this study while blind to infec-
tion status. We located most of them on Finca Las Pumas
property, but moved some there from Rancho Rey, approx-
imately 5 km WNW of our site. In order to reset the colony
cycle to the founding stage, we induced colonies to form
absconding swarms by dismantling their nests. Resetting
the colony cycle allowed us to remove the potentially con-
founding effect of differences in colony ontogeny on pro-
ductivity (Jeanne and Nordheim 1996) and thus focus on
the potential effect of parasites. We dismantled nests ap-
proximately 2 h before sunset, which allowed enough time
for all the wasps to evacuate the nest and form a cluster, but
not enough time for them to select a new site and emigrate
before dark. We then censused the swarms the next day at
dawn (see Bouwma et al. 2003a and b for census methods
and a description of swarm emigration). After the census,
we monitored the swarms until they emigrated later in the

day and began building their new nests. If swarms departed
the old nest site before 14:00 h on the day of swarm emigra-
tion, we counted that day as day 1 of colony development.
If swarms moved after 14:00 h, we counted the next day as
day 1.

In 1998 (N=13) and 1999 (N=41) we allowed each
swarm to construct a nest at the new site and rear brood
undisturbed for 25 days. In 2000 (N=12), we used the
swarms in a concurrent study requiring a slightly longer
developmental period for some colonies (mean collection
date = 27 days, range = 25-29). Since swarms of this
species complete the nest within 1-3 weeks (Forsyth 1978;
Jeanne and Bouwma 2004), we assumed there was no bias
in brood-cell number due to the extra developmental time
allotted colonies in 2000. Because brood growth does con-
tinue after day 25, however, we did not include data from
2000 in the analysis of brood weight.

On the evening of the final day of growth allotted each
colony, we collected the colony with its nest. We collected
escapees and any foragers that spent the night away from
the nest from the cluster they formed at the nest site the
next morning. We counted the combs and the cells in each
comb and removed the immature stages (eggs, larvae, and
pupae) from all brood cells and preserved them in Kahle’s
fixative. Because none of the colonies had pupae in the lat-
est stage of development when collected, we are confident
that no adult offspring had yet eclosed, and, therefore that
the producers (adults) remained distinct from the results
of their efforts (nest and brood). We later vacuum-filtered
each colony’s brood on pre-weighed, oven-dried filter pa-
per over a Biichner funnel to remove excess liquid. We then
desiccated the brood and filter paper to uniform dryness in
a vacuum oven at 60 °C and weighed them to the nearest
0.1 mg. We were not able to obtain brood weight data for
one of the colonies in 1999 because the heat from a nearby
light bulb killed the brood 1 day before collection.

Gregarine infection

To determine infection status for the foraging-rate study,
we dissected all of the marked adults (N=546) under a
dissecting microscope while still fresh. We identified gre-
garine infections by searching for the large, opaque spheres
(gametocysts) that occur exclusively in the hemocoel of the
gaster of infected wasps (AMB, personal observation). To
provide a measure of the intensity of infection (number
of parasites per individual) we counted the gametocysts
in infected individuals, but because counting all game-
tocysts was extremely time consuming, we stopped after
reaching 100. In order to determine the naturally occur-
ring upper limit to infection intensity in infected wasps,
we counted all of the gametocysts from random samples of
infected individuals from colonies 99211, 99213, 99224,
and 99331 (colony-productivity/adult-mortality study) in
1999 and from colony 02107 (foraging-rate study) in 2002
(N=112 individuals).

For the colony-productivity/adult-mortality study, we
counted all adults in each colony and then dissected a



random sample of at least 10% to determine infection
status and reproductive condition. In 1999 and 2000, we
dissected still-fresh females, while in 1998 we preserved
the specimens in Kahle’s fixative and dissected them later.
We defined queens as those individuals having at least one
opaque egg (egg with yolk) per ovary and sperm in the
spermatheca, and determined insemination by visually in-
specting the spermatheca under a dissecting microscope.
Because of the difficulty of finding the spermatheca in pre-
served specimens, we did not verify insemination in 1998.
We used the proportion of infected individuals in the sam-
ple we dissected as an estimate of intra-colony infection
prevalence, the proportion of the adults (queens and work-
ers) in the colony with at least one gregarine gametocyst.
We did not measure infection intensity for each individual
because the often large numbers of gametocysts present
(100+) made this too time consuming.

Seasonal effects

In addition to the colonies that were used in the colony-
productivity/adult-mortality study, we destructively sam-
pled colonies throughout the wet season in 1999 (total
N=54) and 2000 (total N=29) to test for population-level
changes in intra-colony gregarine prevalence during the
wet season at Finca Las Pumas. We dissected a sample
of the adults from these colonies to estimate intra-colony
prevalence as described above. We did not attempt to mea-
sure inter-colony gregarine prevalence (the proportion of
colonies in the population containing at least one infected
individual); therefore, all references to gregarine preva-
lence refer to intra-colony prevalence. For this study, we
excluded colonies that were moved to Finca Las Pumas
from Rancho Rey (two in 1998, four in 1999, none in
2000), because no Rancho Rey colonies were found to be
infected during the period of high prevalence at Finca Las
Pumas, suggesting that the Rancho Rey population was
uninfected.

Analysis
Foraging rates

The observation colonies were not always engaged in nest
construction during observation periods, but for the analy-
sis we included data only from observation periods during
which there was nest construction (27 total hours). The
data for each marked wasp comprised one dependent vari-
able (number of foraging trips) and three independent vari-
ables (number of gametocysts, colony ID, and observation
time). We used Poisson rate regression analysis to test the
null hypothesis of no effect of gametocyst number on for-
aging rates using PROC GENMOD in SAS version 8.2.
The Poisson regression model allows hypothesis-testing in
skewed distributions of count data (McCullagh and Nelder
1983). Since trips for pulp and water (nest materials) take
much less time than trips for nectar and prey (food mate-
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rials), and foragers tend to specialize on one of these two
classes of materials (O’Donnell and Jeanne 1990; AMB,
personal observation), we analyzed foraging trips for nest
materials separately from trips for food materials to de-
termine if gregarines had different effects on foraging for
these two classes of materials. We also pooled the data
from both classes of foraging trips and analyzed them
together.

We fitted the tallies of trips for nest materials (N; pulp
or water), trips for food (F; nectar or prey), and all for-
aging trips (T; pulp, water, nectar, and prey) recorded
for marked individuals to separate Poisson rate regression
models. For each model, we included the number of game-
tocysts (Ggam), a class variable for colony (C), and an offset
of the log of hours of observation. For the N and F models,
we also included a class variable for material specializa-
tion (S), with a value of 1 for individuals observed foraging
at least once for the opposite class of materials, and O for
all others. The offset of the log of observation time con-
trolled for the different lengths of observation periods for
different marked wasps. The colony variable controlled for
the potential effect of colony differences on foraging rates.
The material-specialization variable controlled for the pos-
sibility that individuals would be less likely to be observed
foraging for one class of materials because they had spe-
cialized on the other class of materials. We determined the
significance of independent variables using a backwards
elimination procedure. Preliminary models indicated that
the data were overdispersed for Poisson analysis, so we cor-
rected for this by scaling the standard errors and hypothesis
tests by the fitted deviance.

Colony productivity

We used the number of brood cells built by the swarm
as a measure of nest size and the dry weight of brood as
a measure of brood productivity (Michener 1964; Jeanne
and Nordheim 1996). We divided the two response vari-
ables, cell number and dry brood weight (mg), by the total
number of adults on day 25 to yield per-capita measures of
nest size and brood productivity. Nine colonies from 2000
developed for more than 25 days. For these, we used the
daily hazard rates measured over their entire growth period
to estimate the slightly larger adult population on day 25 of
their development in order to calculate cells per capita (see
Bouwma et al. 2003b for methods). The collection-date
variable was the number of days between 30 June, the date
of the earliest collection for the 3 years, and each colony’s
collection date.

In a multiple weighted regression, using a backwards
elimination procedure, we fitted cells per capita (Cp.) on
infection prevalence (Gprey), total adults in the colony on
day 25 (A) (weighted by A squared), the proportion of
queens in the colony (Q), infection prevalence in queens
(Qprev), collection date (D), a class variable for year (Y)
and interaction terms (Gprey XY, AXY, OXY, Qprey XY, and
DxY) (N=13 for 1998, 41 for 1999, and 12 for 2000).
We weighted the adults term because inspection of residual
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plots indicated greater variance in Cp. for small values of
A (Chatterjee et al. 2000).

In a second multiple regression, we fitted brood weight
(mg) per capita (B),.) on the aforementioned independent
variables (N=13 for 1998, 40 for 1999, and 0 for 2000). We
did not weight the adults term for this model because vari-
ance was constant. We used PROC GLM in SAS version
8.2 for all multiple regression analyses.

Adult mortality rates

An emigration and its concomitant mortality always fol-
lowed our censuses (Bouwma et al. 2003a). Because we
were interested in adult mortality rates beginning with the
arrival of the swarm at its new nest site, we corrected swarm
size for losses accrued during the emigration day using
methods detailed in Bouwma et al. (2003b). We calculated
daily hazard rate (Hg; the average daily probability that
a colony member will die) from the total losses of adults
between the first census and the census at colony collec-
tion, less estimated losses during the day of emigration (see
Bouwma et al. 2003b for methods).

We fitted daily hazard rate (Hy) on infection prevalence
(Gprev), colony size after emigration (Np), the proportion
of infected queens in the colony (Qpry), collection date
(D), a class variable for year (Y), and interaction terms for
Gprev XY, No XY, Qprey XY, and D x Y in multiple regression
using a backwards elimination procedure (N=13 for 1998,
41 for 1999, and 12 for 2000).

Intra-colony infection prevalence in queens
versus workers

We tested for a difference in infection prevalence between
the queen and worker populations of infected colonies col-
lected during a period of high gregarine prevalence (June
through August of 1999 and 2000). We performed a paired
analysis by calculating the difference in prevalence between
the queens (Qprev) and workers (Wpey) from each colony
(N =59 colonies) and then performing a Wilcoxon sign-
rank test (Ho: Qprey—Wprev=0) using PROC UNIVARIATE
in SAS version 8.2.

Seasonal effects

We used regression analysis to determine whether intra-
colony infection prevalence in the population changed
throughout the wet season. Collection-date variables (D)
for each colony were as described above, except that we
used a different day O for each of the 2 years (6 July for
1999 and 30 June for 2000). We fitted the proportion of
infected adults in each colony (Gprey) to regression models
separately for 1999 and 2000, because the 2000 data ap-
peared curvilinear on inspection of residual plots, while the
1999 data fit the assumptions of a simple linear model. We
fitted the 1999 data to a multiple regression with D and a

class variable for a putative outlier colony (O) (see Jeanne
and Nordheim 1996 for a description of the outlier test),
and the 2000 data to a multiple regression model with D
and a quadratic term, D?.

Results
Infection intensity

In the 112 infected wasps that we dissected and counted
all gametocysts, the mean number of gametocysts was
48.4448.5 SD and the range was 1-264 (Fig. 1). Wasps
with approximately 70 gametocysts or more had noticeably
distended gasters so that gametocysts were visible through
the inter-segmental membranes (under a dissecting micro-
scope).

Foraging rates

In colony 02108, 68 out of the 177 (0.38) marked individu-
als were infected with at least one gametocyst in the hemo-
coel, colony 02101, 8 out of 65 (0.12), colony 02102, 21 out
of 78 (0.27), and colony 02107, 59 out of 226 (0.26). In the
Poisson rate regression model for nest-material foraging,
the rate of foraging for pulp and water correlated negatively
with the number of gametocysts (Ggam) (P <0.01) in marked
individuals from these colonies (Table la; Fig. 2a). The
significant class variable for colony (C) (P=0.04) allowed
for different intercepts for different observation colonies.
The significant class variable for material specialization ()
(P<0.01) allowed for a larger intercept for the group of in-
dividuals that had been observed foraging at least once for
food materials. In a separate Poisson rate regression model
for food foraging, the rate of foraging for nectar and prey
also correlated negatively with the number of gametocysts
(Ggam) (P<0.001) (Table 1b; Fig. 2b). However, neither the
colony variable (C) (P=0.12) nor the specialization vari-
able (S) were significant (P=0.70). Not surprisingly, the
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Fig.1 Frequency distribution of gregarine infection intensity (num-
ber of gregarine gametocysts in the gaster) in infected P. occidentalis
adults from five colonies in 1999 and 2002 (N=112)
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Table 1~ Trips during (a) Pulp and water trips (N)

observation periods by

individual marked wasps (N Parameter df Estimate Standard error ~ 95% confidence interval ~ Chi-square P
=5i46,) ff%ftftl gour P.occidentalis  [nercept 1 0.989 0.323 0.355,1.622 9.34 0.0022
colonies €d on gregarine
infection intensity (number of C (02108) 1 0.173 0.333 —0.479, 0.826 0.27 0.6029
gametocysts in each worker; C (02101) 1 0.735 0.364 0.021, 1.449 4.07 0.0436
Ggam) in Poisson rate regression € (02102) 1 0.078 0.328 —0.564, 0.720 0.06 0.8119
models including an offset of C(02107) 0 0 _ _ _
hours of observation time.
Separate models were fitted for ~ 5=0 1 —0.576  0.216 —0.999, —0.153 7.10 0.0077
(a) pulp and water trips (N), b) S=1 0 0 - _ _
nefl:tar and prey trips ((l;)’ and (€) Gy 1 —0.034  0.011 —0.056, —0.011 8.68 0.0032
pulp, water, nectar and prey _ _ _
trips (T). The scale parameter Scale 0 4494
corrected for overdispersion. (b) Nectar and prey trips (F)
For the N model, colony Intercept 1 —1.085  0.093 —1.268, —0.902 134.98 <0.0001
identification (C) and whether 5 1 —0.033 0010 —0.052, —0.014 1145 0.0007
individuals were observed 8
foraging for food (S) were Scale 0 1.697 - - -
(silgmﬁcan; ?las(si variables. df = () Pulp, water, nectar, and prey trips (T)
cerees of freedom Intercept | 0.893 0.092 0.712, 1.074 93.95 <0.0001
Ggam 1 —0.037 0.011 —0.058, —0.016 12.22 0.0005
Scale 0 4.484 - - -
5 Poisson rate regression model for the pooled data followed
% 1.25 4 390 35 a the same pattern as for N and F (Table 1c). Foraging rates
g for all materials (T) correlated negatively with gametocysts
2 1.00 1 (Ggam) (P<0.001), but there was not a significant colony
E effect (C) (P =0.08).
8 0.75 1
<
3 " . .
:% 0.50 1 Colony productivity
= 69 , ,
2 025 - Gregarine prevalence (Gpey), year (¥) and collection date
g 20 5 27 (D) were significant predictors of brood cells per capita and
ﬁ 0.00 - ° ° ° gave a model with an adjusted R’ of 0.57 (Table 2a). All
0 20 40 60 %0 100 terms were §1gn1ﬁcant at alpha:Q.Ol, b}lt infection preva-
0.20 lence explained most of the variance in brood cells per
$— . . . .
2 b capita. The model included different intercepts, but the
= same slope for the 3 years. Gregarine prevalence (Gprey),
a 0.15 - 390 year (¥), a Gpey XY interaction, and collection date (D)
a were significant predictors of brood weight (mg) per capita,
£ g P g 2)p P
i 60 giving a model with an adjusted R? of 0.51 (Table 2b).
£ 0.10 - As for cells per capita, all terms were significant at al-
5 ha =0.01, but infection prevalence explained most of the
2 P P P
s 27 variance. The model included different intercepts and dif-
£ 0.05 A 35 ferent slopes for the 2 years. For both models (brood cells
2 and brood weight), gregarine infection and collection date
g 20 5 reduced per-capita productivity.
S 0.00 A ° °
0 20 40 60 80 100

Number of gametocysts (Gum)

Fig. 2 Mean foraging trips per hour made by marked P. oc-
cidentalis workers from four different colonies as a function of
gregarine infection intensity (number of gregarine gametocysts
in the gaster). O=uninfected, 20=1—20 gametocysts, 40=21—40,
60=41-60, 80=61—80, 100=81—100+. Error bars indicate one
standard error of the mean. Numbers above error bars indicate sam-
ple sizes (total N=546). a Mean pulp and water trips per hour. b
Mean nectar and prey trips per hour

Adult mortality rates

In multiple regression, the proportion of the colony infected
by gregarines (Gprey), year (Y), the total adults in the colony
on day 1 (Ny), and collection date (D) were significant
predictors of daily hazard rate and gave a model with an
adjusted R? of 0.38 (Table 3). As with brood weight and
cell number, while all terms were significant (alpha =0.05)
gregarine infection explained most of the variance. The
model included different intercepts, but the same slope for
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Table 2 Effects of gregarine infection prevalence (G ), year
(Y), Gpry by year, and date (D) on per-capita productivity of P.
occidentalis colonies in multiple regression models. Separate models
were fitted for (a) brood cells per capita (Cy,.), and (b) brood weight
(mg) per capita (By). df = degrees of freedom, Type III SS = type
three sum of squares, F' = F statistic

Table 3  Effects of gregarine infection prevalence (G ), year
(Y), adults on day 1 (Ny), and date (D) on daily hazard rate (Hg;
daily probability that an individual adult will die) in P. occidentalis
colonies in a multiple regression model (N=66, adjusted R*=0.38,
F=9.00, P=<0.0001). df = degrees of freedom, Type III SS =
type three sum of squares, F' = F statistic

(a) Cpe: N=66, adjusted R?=0.57, F=22.36, P=<0.0001 Source df Type III SS F P
Source df Type III SS F P Gorev 1 0.00127 2507 <0.0001
Gprev 1 69.66 63.78 <0.001 Y 2 0.00032 3.18 0.0489
Y 2 22.87 10.47 <0.001 No 1 0.00026 5.02 0.0287
D 1 20.77 19.01 0.0001 D 1 0.00046 8.95 0.0040
Parameter Estimate Standard error ¢ value P Parameter Estimate Standard error ¢ value P
Intercept 6.344 0.497 12.76 <0.0001 Intercept  0.043299 0.003636 11.91 <0.0001
Gprev —3.784 0474 —-7.99  <0.0001 Gprev —0.016180 0.003232 —-5.01 <0.0001
Y (1998) 1.199 0.427 2.81 0.0067 Y (1998)  0.000514 0.003085 0.17 0.8682
Y (1999) —0.388  0.348 —1.11  0.2695 Y (1999) —0.004461 0.002393 —1.86 0.0671
Y (2000) 0 - - - Y (20000 O - - -
D —-0.031  0.007 —4.36  <0.0001 No —0.000003  0.000001 —2.24 0.0287
(b) Bye: N=53, adjusted R*=0.51, F=15.27, P=<0.0001 D —0.000148  0.000050 —299 0.0040
Source df Type III SS F P
Gprev 1 399.76 49.02 <0.0001 =
Y 1 143.66 17.62  0.0001 o 1.0 .®
Gprev X ¥ 1 57.79 709 0.0105 by s a
D 1 73.50 9.01 0.0042 %
Parameter Estimate Standard Error ¢ value P ":“
Intercept 10.904 2.044 5.34 <0.0001 g
Gprev —7.491  2.042 -3.67  0.0006 .5
Y (1998) 8.489 2.022 4.20 0.0001 g
Y (1999) 0 - - - E
Gorew X Y (1998) —8.484  3.187 —2.66 0.0105 2
Gprev X ¥ (1999) 0 - - - <
D —0.0868 0.029 —3.00 0.0042 i

=
each of the 3 years. Gregarine infection prevalence, colony ~ __ 0 20 40 60 8O 100 120 140 160 180
size, and collection date all reduced adult mortality rates. Og

Fl
Infection of queens versus workers é

>
In infected colonies, the mean infection prevalence was )
higher for workers (0.68+£0.24 SD) than for queens §
(0.18+0.31 SD). We rejected the null model of no dif- §
ference between the paired infection prevalence of queens 5
and workers within infected colonies (Wilcoxon sign-rank %
test; S=770, P<0.0001). %

?

g
Seasonal effects = 20 40 60 80 100 120 140 160 180

Intra-colony infection prevalence in 1999 declined from
the early rainy season to the final sampling period in mid-
November (late wet season) (first-order model, adjusted R’
=0.79; Table 4a; Fig. 3a). Residual plots showed colony
99322 to be a potential outlier. We collected this colony
on 9 November when it had a much higher gregarine
prevalence (0.67) than predicted by the model. The outlier
test was significant, yielding a P-value of 0.016 with

Collection date

Fig. 3 a For 1999 gregarine infection prevalence in P. occidentalis
colonies (N=54) as a function of their collection date (D; the number
of days since the collection of the first colony from the sample, 6 July
1999). Colony 99322 was an outlier in the analysis and was excluded
from the regression model. b For 2000 gregarine infection prevalence
in P. occidentalis colonies (N=29) as a function of their collection
date (D; the number of days since 30 June 2000) and collection date
squared (D?)



Table 4 Effect of sampling
date (D) on gregarine infection
prevalence in colonies of P.
occidentalis in regression
models. Separate models were
fitted for (a) 1999, and (b) 2000.
For 1999, we included a term
for a putative outlier (O) in the
model. For 2000, we included a
quadratic term in the model
(D?). df = degrees of freedom,
Type III SS = type three sum of
squares, F' = F statistic
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(a) 1999: N=54, adjusted R?>=0.79 with outlier term, adjusted R?=0.73 without outlier term,

F=103.55, P=<0.0001

Source df Type III SS F P

D 1 4.74 205.85 <0.0001
Outlier 1 0.35 15.30 0.0160
Parameter Estimate Standard error t value P
Intercept 1.4849 0.1620 9.17 <0.0001
D —0.0062 0.0004 —14.35 <0.0001
Outlier 0 —0.6109 0.1562 —3.91 0.0160
Outlier (colony 99322) 0 - - -

(b) 2000: N=29, adjusted R>=0.56, F=19.85, P=<0.0001

Source DF Type III SS F P

D 1 0.67 14.41 0.0008
D? 1 1.11 23.97 <0.0001
Parameter Estimate Standard error t value P
Intercept 0.241459 0.110650 2.18 0.0383
D 0.011658 0.003071 3.80 0.0008
D? —0.000085 0.000017 —4.90 <0.0001

Bonferroni correction for selection bias. Removing colony
99322 improved the adjusted R? from 0.73 to 0.79, but had
no qualitative effect on the model. In 2000, intra-colony
infection prevalence began the rainy season low, increased
in mid-wet season, then declined in the late wet season
(second-order model with D and D2, adjusted R? =0.56;
Table 4b; Fig. 3b).

Discussion
Foraging rates

Foraging rates by marked wasps were negatively correlated
with the intensity of their gregarine infections, and the result
was the same whether the data were pooled or analyzed sep-
arately for food trips and nest-material trips. Independent
of the effect of gregarines, wasps from colony 02101 for-
aged at higher rates for nest materials than did wasps from
colony 02107 (the reference colony in the Poisson model),
while nest-material-foraging rates in colonies 02108 and
02102 were not significantly different from colony 02107.
The cause of this difference is not known, but it may re-
late to colony 02101 having been engaged in the construc-
tion of a new nest while colony 02107 was repairing its
nest. Individuals that had been observed making at least
one trip for food materials, foraged for nest materials at
higher rates than those that had not been observed foraging
for food. This result was the opposite of what we antici-
pated, since O’Donnell and Jeanne (1990) observed very
high rates of specialization by P. occidentalis foragers on
one of these two classes of materials. However, switch-
ing between classes of materials does occur at low rates
(O’Donnell and Jeanne 1990), and in our study marked
wasps switched between classes of materials enough for
the specialization term to be significant as a negative
coefficient.

The lower foraging rates observed for infected individu-
als coupled with the lower adult mortality rates in colonies
with high gregarine prevalence suggest that gregarine in-
fection disrupts the progression of individuals through the
age polyethism (a process in which individuals switch from
nest work to foraging as they age), so that infected wasps
are less likely to become foragers, which reduces their risk
of dying. An alternative explanation for the lack of forag-
ing behavior in infected wasps is that it is an artifact of age
polyethism rather than due to parasite infection. This would
be possible if the younger individuals (not yet forager age)
harbor gregarines and the older individuals, the foragers,
lose them. However, this explanation is implausible since
it is highly unlikely that any insect could rid itself of large
gregarine gametocysts from the hemocoel, such as those
observed in P. occidentalis (J. Janovy Jr, personal commu-
nication). It is not known whether the gregarine-infected
adults that did not forage remained entirely idle or actively
engaged in other tasks inside the nest.

The reduced foraging in infected wasps is clearly an ex-
ample of a parasite-induced change in behavior, while the
exact fitness consequences for the parasite and host are less
clear. For any parasite-induced change in behavior there are
three basic possibilities: (i) The change in behavior could
provide a benefit to the parasite, (ii) it could be a defensive
response and thus benefit the host, or (iii) it could be an inci-
dental byproduct of pathology and benefit neither (Combes
2001; Moore 2002). In order to determine if altered forag-
ing behavior in P. occidentalis benefits either the parasite or
host, we need to identify the mode of parasite transmission,
which is not known for wasp gregarines. Gregarines have
direct life cycles and are not transmitted vertically (Roberts
and Janovy 2000). Therefore, if foraging less and spending
more time in the nest by P. occidentalis benefited the gre-
garines it would have to come through increased horizontal
transmission. However, it is unlikely that transmission oc-
curs from living wasps since the gametocysts are found
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exclusively in the hemocoel and thus can escape into the
environment only through the death and dismemberment of
the host (J. Janovy Jr, personal communication). Further,
there is little evidence that P. occidentalis adults die in the
nest (AMB, personal observation; RLJ, personal observa-
tion). While we will need to know the mode of gregarine
transmission in order to fully understand this host/parasite
relationship, the parsimonious explanation for the reduced
foraging we observed in infected P. occidentalis workers is
that it occurs as a byproduct of parasite-induced pathology
and, while detrimental to host fitness, it neither benefits nor
inhibits parasite transmission.

Colony productivity and adult mortality

Infection prevalence, year, and collection date all had sig-
nificant effects on brood cells per capita constructed by
swarms. Since low individual foraging rates for nest ma-
terials are correlated with gregarine infection, the negative
effect of gregarines is likely due to colonies with high infec-
tion prevalence making fewer foraging trips per capita for
nest materials during nest construction, and thus produc-
ing smaller nests (fewer brood cells per capita) relative to
lightly infected and uninfected colonies. The result that for-
aging rates of marked individuals in the foraging-rate study
were significantly correlated with the number of parasites
per individual also suggests that, had we been able to collect
those data, incorporating a measure of average infection in-
tensity in colonies into the models for per-capita productiv-
ity and adult mortality could have reduced the unexplained
variance. The significance of the year term indicates that,
after accounting for the effect of gregarines, colonies built
the smallest nests per capita in 1999 and the largest nests
per capita in 1998. The negative collection date term indi-
cates that colonies also constructed slightly smaller nests
per capita later in the sampling period. The causes for the
year and collection date effects are unknown, but it is clear
that these effects were small relative to the effect of gre-
garines. The lack of a significant colony-size effect is at
odds with Michener’s (1964) finding for some social in-
sects of decreasing per-capita productivity with increasing
colony size, and with the positive colony-size effect ob-
served by Jeanne and Nordheim (1996) for P. occidentalis.

The per-capita dry weight of the brood reared in nests
constructed by the swarms showed a significant relation-
ship with infection prevalence, year, infection prevalence
X year interaction, and collection date. Infection preva-
lence was the most important factor affecting colony brood
productivity, but the mechanism for lower per-capita brood
productivity with increasing gregarine infection is unclear.
Infected workers forage for nectar and prey (prey is fed to
the larvae) at lower rates than uninfected workers, suggest-
ing that reduced per-capita brood output in colonies with
high infection prevalence was due to lower provisioning
rates per larva. However, Howard and Jeanne (2005) found
that colony-wide foraging rates per larva did not corre-
late with gregarine infection. This suggests that per-capita
brood output in colonies with high gregarine prevalence

was more constrained by the smaller nests they constructed
in which to rear their brood, than by lower per-larva food
foraging rates.

As was true for cells per capita, colonies reared greater
brood biomass per capita in 1998 than in 1999. The signifi-
cant interaction term indicates that the negative effect of in-
fection prevalence on per-capita brood output was stronger
in 1998 than 1999. Colonies also reared smaller brood pop-
ulations per capita later in the field period. As for cells per
capita, the cause of the year and collection date effects
on brood weight are unknown, but may relate to year-to-
year and seasonal variance in food availability. Just as for
cells per capita, colony size had no effect on brood weight
per capita, which does not support either the Michener
(1964) pattern or Jeanne and Nordheim (1996) findings for
P. occidentalis.

Colonies that had higher gregarine prevalence, larger
colonies, and colonies collected later in the season, experi-
enced the lowest adult mortality rates. The year effects for
adult mortality were the same as for per-capita productiv-
ity: independent of gregarine infection, colonies collected
in 1998 experienced the highest mortality rates and colonies
collected in 1999 had the lowest mortality rates. The mecha-
nisms for the colony-size, year, and collection-date effects
on mortality rates are unknown. As discussed above, the
unexpected result of lower mortality rates in colonies with
more infected individuals, coupled with the lower foraging
rates observed for infected individuals, strongly suggests
that colonies with high gregarine prevalence simply make
fewer foraging trips per capita. Because foraging is the
riskiest task (O’Donnell and Jeanne 1992), this results in
lower adult mortality rates relative to colonies with lower
gregarine prevalence.

Seasonal effects

Gregarine intra-colony infection prevalence was not con-
stant throughout the wet season in the Finca Las Pumas
population of P. occidentalis during 1999 or 2000. In 1999,
infection prevalence started high in July (day 0=6 July)
and then decreased by November (late wet season) when
some colonies yielded population samples without a single
infected adult. We started sampling 6 days earlier in 2000
(day 0=30 June) and found infection prevalence to be low.
Prevalence then increased to high levels by the end of July,
similar to those observed in 1999, and again decreased
substantially by late-November. The pattern of infection
prevalence in the dry season (January—April) is not known.

Because the mode of transmission is not known, there are
no data bearing directly on the mechanism for the observed
change in infection prevalence over the wet season. The
fact that in both 1999 and 2000 all colonies collected in
August were infected, while by November infection preva-
lence was universally low, argues against the possibility that
colonies with high gregarine prevalence are not surviving
to the end of the wet season. Rather, the decline in infec-
tion prevalence with season appears to be an intra-colony
phenomenon.



In Polybia paulista, Kudo et al. (2004) found that adults
infected by gregarines were larger than uninfected adults,
indicating that those wasps became infected as larvae. In P.
occidentalis, we have observed gametocysts in pupae and
newly emerged adults early in the wet season; however,
dissection data suggest that larvae do not become infected
during the mid-wet season (July and August; AMB, unpub-
lished data). The observed decline in intra-colony preva-
lence could be produced if larvae became infected only
at the end of the dry season and/or beginning of the wet
season. As adults these individuals would be more likely
to remain in the nest, thus reducing their risk of mortal-
ity due to predation relative to uninfected nestmates, and
colony infection prevalence would decline during the wet
season due to the slow attrition of these infected wasps
without recruitment of new infections into the worker
population.

Colony 99322 was an outlier in the regression model
for 1999 with high infection prevalence (0.67) on
9 November when all of the other colonies collected had
either low prevalence or were uninfected. The colony ap-
peared to be close to failure, comprising only 23 workers,
4 queens, and almost no brood. Only scattered cells con-
tained meconia (larval feces), indicating that relatively few
adults had been produced. The colony probably remained
with a high prevalence late in the wet season because its
rate of production of adults (uninfected) was so low.

An interesting outcome of the seasonal decrease in gre-
garine prevalence is that colonies are infected at much
lower levels when they reproduce at the end of the wet
season (Forsyth 1978). However, heavy infections early in
the season still must have a negative effect on fitness via
smaller mature colony size as a consequence of reduced
productivity and retarded growth. Such colonies would
produce smaller and/or fewer reproductive swarms rela-
tive to colonies that remained uninfected or lightly infected
through their growth cycle and thus achieved larger mature
colony sizes.

Gregarine prevalence was significantly lower in queen
populations than in their worker nestmates. The proximate
cause for this difference is unknown, but one possibility
is that infected queens are eliminated by the workers. In
swarm-founding wasps the workers reduce queen number
throughout the colony cycle by challenging queens, pre-
sumably selecting the least fecund and eliminating them
(West-Eberhard 1978). If gregarines in queens cause re-
duced fecundity as do microsporidia in honey bee and fire
ant queens (Bailey and Ball 1991; Williams et al. 1999) it
is possible that infected queens are eliminated at a higher
rate during this queen selection process. Alternatively, gre-
garine prevalence may differ between queens and workers
simply because they are produced at different times of the
year. Queens in colonies collected during the early to mid-
wet season were mostly produced in the late wet season the
previous year (Forsyth 1978), when gregarine prevalence is
low. The workers have a 3- to 4-week lifespan (O’Donnell
and Jeanne 1992); therefore those in our samples were
produced much closer to the collection date than were
queens.
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Conclusions

In P. occidentalis, foraging rates in individual workers are
negatively correlated with the intensity of their gregarine
infections, and this likely induces the colony-level
effects of reduced per-capita productivity and lower adult
mortality rates observed in colonies with high infection
prevalence. Howard and Jeanne (2005) showed that
foraging rates at the colony level in young P. occidentalis
colonies are tightly correlated with the number of larvae in
the nest, but that foraging rates per larva did not correlate
with gregarine prevalence. This suggests that even colonies
with high infection prevalence are able to sufficiently pro-
vision the larvae that they produce. One possible scenario
is that in response to demand from larvae, uninfected
workers in parasitized colonies increase foraging rates,
thus compensating for low foraging rates in their infected
nestmates. If so, the negative effect of gregarines on
per-capita brood production may be a more direct result
of low foraging rates during initial nest construction than
of low foraging rates per larva. One likely mechanism is
that, by packing the gaster with gametocysts, gregarine
infections reduce crop volumes of pulp and water foragers
such that their water loads are small. Therefore, colonies
with high gregarine prevalence may build smaller nests per
capita during the initial nest construction because they have
a lower proportion of competent foragers. Per-capita brood
production would thus be limited from then on by the size
of the nest. Through colony development, these colonies
could maintain normal foraging rates per larva, but low for-
aging rates per capita, resulting in low adult mortality rates.
Additionally, Howard and Jeanne (2005) found a greater
proportion of empty brood cells in colonies with high gre-
garine prevalence, which suggests that gregarine infection
may also reduce productivity by reducing oviposition rates
and/or increasing the consumption of eggs by workers.
Notwithstanding the marked decrease in infection preva-
lence before colony reproduction, the reduction in colony
productivity associated with high infection prevalence
probably results in colonies’ producing smaller and/or
fewer reproductive swarms and having reduced fitness. To
the best of our knowledge, this is the only social insect
in which both significant individual- and colony-level
effects from gregarine infection have been demonstrated.
As has been hypothesized for the microsporidia in fire
ants and honey bees (Schmid Hempel 1998; Naug and
Camazine 2002), trypanosomes in bumble bees (Shykoff
and Schmid-Hempel 1991; Brown et al. 2000, 2003)
and for entomopathogenic fungi in dampwood termites
(Traniello et al. 2002), our data suggest that gregarines
may be an important source of selection in the behavioral
ecology and life history of P. occidentalis. Since gregarines
have been observed in four other genera of social wasps
(Richards and Richards 1951; Richards 1978; AMB,
unpublished data), it is likely other social wasp species are
similarly affected. Clearly, any future studies measuring
foraging, mortality, colony productivity, or fitness in social
wasps must consider the potential influence of gregarines.
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