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Summary

A major threat to eusocial colonies is predation (Starr, 1990) since these colonies place their entire
reproductive investment into a single nest (Hansell, 1996). The vertebrate predator is probably the
most destructive type of predator in that it can remove the entire nest and thereby destroy all of
the investment made by the colony.

In this study I considered how the paper wasp, Polistes fuscatus, changes its defensive behavior
over the colony cycle. The colonies were presented with a model of an adult Red-winged Black-
bird and a speaker that vibrated the comb. The simulated attack was designed to give each colony
the same experience. 

The colonies of Polistes fuscatus became more aggressive over the colony cycle. After the
emergence of the gynes, the colony showed no aggression towards a vertebrate predator. The
aggression levels of the colony were positively correlated with the number of reproductive-destin-
ed brood (but not worker-destined brood) in the nest. This suggests that the brood representing
direct reproductive investment (reproductive brood) affects the level of defense in the colony and
not the indirect reproductive investment (worker brood).

Introduction

The nest has played a central role in the life histories of many animals (Andersson,
1984). By having a nest, an individual is able to centralize the location of its brood,
thus providing a more efficient way to care for its offspring. A major cost to having
all of one’s reproductive investment in one place is that anything destroying the
nest, such as a predator, can eliminate an individual’s ability to reproduce in that
season (Starr, 1985; Kukuk et al., 1989; Starr, 1990). Therefore nesting species have
evolved mechanisms for defending the nest from potential predators (Starr, 1990). 

Since the defense of a nest is costly (Oster and Wilson, 1978), the level of defense
exhibited by an animal should reflect its level of investment. Nesting vertebrates
such as birds will defend or abandon their nests depending on the age of the brood
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(Winkler, 1992). Similarly social insects can vary the number of soldiers as a 
function of the number of reproductives present in the nest (Oster and Wilson,
1978). 

Annual social insect colonies, colonies in which only the reproductive females
overwinter, differ from perennial colonies in that perennial colonies also have to
maintain a work force capable of sustaining the colony through the rest of the year.
Although both types of colonies have many individuals contributing to the defense
of the colony, annual colonies, as a whole, could be predicted to behave similar to
nesting vertebrates such as birds. As with vertebrates, the only concern of the
colony is its reproductive output for that season. After the young leave, the nest
itself is worthless. The level of defense made by the colony should directly reflect
the level of reproductive investment represented by its nest.

Polistes is an excellent model system to investigate the changes in colony behav-
ior over the colony cycle. Polistes colonies invest all their resources into a single nest
(Hansell, 1996; Andersson, 1984; Evans, 1977) and over the course of a summer the
amount invested in the nest by the colony increases. Although this is also true 
for perennial colonies, the investment patterns of Polistes colonies are not compli-
cated by the needs of the colony for overwintering or future reproduction. Thus 
within-season investment for this species is synonymous with fundamental life
history allocation. 

During early spring, a foundress or set of foundresses, initiates a nest (Reeve,
1991). At this stage of the colony cycle there are only a few eggs in the nest, and there-
fore the reproductive investment represented by the nest is minimal. Queens first
produce a brood of workers who in turn help raise the reproductives. In Polistes
wasps these reproductives emerge in late summer and reside on the nest until they
depart to go into diapause in early fall (West-Eberhard, 1969; Reeve, 1991). Once
all of the males and gynes (reproductive females) emerge, however, the reproduc-
tive value (Fisher, 1930) of the nest itself drops to zero. The level of reproductive
investment represented by the nest should reflect how a Polistes colony would
respond to a serious threat to the nest, such as an attack by a vertebrate predator. 

Vertebrate predators are an important source of mortality for Polistes colonies
(Turillazzi, 1984; Starr, 1985). Mammals such as foxes (Yamane and Kawamichi,
1975) and rodents (Reed and Vinson, 1979) have been seen attacking and eating
Polistes colonies. Birds such as the Red-winged Blackbird, the Baltimore Oriole,
and the Cardinal have all been noted to attack Polistes colonies in North America
(Gibo, 1978). A single attack from a vertebrate can completely destroy the colony,
reducing its occupants’ fitness to zero. Therefore, defense mechanisms against
vertebrates have evolved (Starr, 1985; Hermann, 1984). 

While a few studies on social wasps looked for a division of labor in the defense
against a vertebrate predator (Polybia occidentalis: Jeanne, 1992; Parachartergus
fraternus: Jeanne 1991; Parachartergus colobopterus: Strassmann et al., 1990,
Polistes fuscatus: Fishwild, 1991, Polistes fuscatus: Judd, 1996), little information
exists on changes in the defensive behavior of a colony over a colony cycle. In this
study, I examined the response of Polistes fuscatus colonies to a simulated verte-
brate predator. I used a consistent and repeatable simulated vertebrate stimulus in
order to insure the same attack experience was provided to each colony throughout
the colony cycle. Using this simulated vertebrate predator, I examined how the
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overall aggressiveness of the colony changed throughout the colony cycle and
related those responses to the colony’s demography.

Methods

Study sites

Study Site 1 is located at Oakland University, Rochester, Michigan (USA) in a
natural area on campus. Study Site 2 is located in Metamora, Michigan on private
property at the northeast corner of Kile Road and Baldwin Road. The colonies at
Site 2 were developmentally about a week behind those of the colonies at Site 1. 

Both study sites consisted of an open field surrounded by trees. I set out nest-
boxes along the tree line facing the open field. Nestboxes were 15 cm ¥ 12.5 cm ¥
11.25 cm, and were constructed of wood with a 1.27 cm2 mesh wire screen in front
so the wasps could get through but larger animals (such as birds) could not. The
bottoms of the nestboxes were hinged so they could be opened allowing one to
mark the wasps or examine the comb. The nestboxes were suspended by wire from
a wooden cross piece bolted to a metal post. The posts were located 10 m apart.
These nestboxes were readily colonized by foundresses and all data below were
gathered from colonies in these nestboxes.

Procedures

The wasps were marked for individual identification with Testors® model paint. 
A small dot of paint was applied to the thorax of the wasps using very thin paint
brushes. The foundresses were marked at sunrise on 25 May (Site 1) and 8 June (Site
2) 1995. Workers were first marked for individual identification on 7–8 July (Site 1)
and 13–14 July (Site 2), and again on 30–31 July (Site 1) and 2–3 August (Site 2).
There was a total of 30 colonies nesting in nestboxes at both study sites. Of these
colonies, 13 were single-foundress colonies and 17 were multiple foundress colonies.

Each colony was presented with the simulated vertebrate predator at four dif-
ferent periods of the colony cycle:

Period 1 – Pre-worker emergence: only foundresses were present.
Period 2 – First worker emergence: approximately 5–7 days after the first workers

emerged; all pupae were worker destined.
Period 3 – Late worker emergence: approximately 2–3 weeks after the first workers

emerged; most pupae were reproductive destined.
Period 4 – Reproductive phase: predominantly reproductives were on the nest; few,

if any, pupae left in the nest.

These phases, discussed in greater detail in Reeve (1991) and Judd (1996), are
shown in Figure 1.

The simulated vertebrate predator consisted of both visual and vibrational
stimuli, since wasps are highly sensitive to nest vibrations (Jeanne, 1982). The visual
stimulus was a three dimensional, life sized, model of a male Red-winged Blackbird.
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The bird model was made of black cloth with red wing markings and mounted on 
a stick. The vibrational stimulus was provided by a speaker (10 cm diameter, fre-
quency response 55–5000 Hz, efficiency 84 dB, impedance 8 ohms) temporarily
mounted on the nestbox by using two brass rods running through two eyelets that
were screwed into the top of the nestbox. This allowed me to add or remove the
speaker without disturbing the nests. A bass beat was played through the speaker
at 160 beats per minute from a small cassette recorder that had a switch allowing me
to operate the model and to control sound production. 

Before the presentation of the visual and vibrational stimuli, I recorded the iden-
tity of all individuals present on the nest. During the presentation, I moved the bird
model towards and away from the nest at the same frequency as the beat in the
speaker. The bird was presented 15 cm from the nest together with the vibration
stimulus for 20 seconds. In a natural situation this would represent a bird trying to
peck and knock the nest down. 

While I conducted the simulation, the response of each individual on the nest to
the simulated attack was recorded on audio tape and later transcribed. I attacked
the colonies only once for each of the four time periods (Fig. 1) to minimize the
possibility that the wasps would habituate to the simulation. There was at least a ten
minute interval between presentations at different nests, minimizing any possible
effects of an alarm pheromone on the model affecting wasps at the next colony
(Post et al., 1984; Matthews and Matthews, 1988).

After the simulated attacks during periods 2 and 3, I counted the number of cells,
eggs, larvae, and pupae in colony. The number of pupae was used as a measure of
the reproductive value of the colony. At the pupal stage, the colony has completed
all its investment into pupae short of defending them from predation. In Period 2,
the brood is worker-destined, while in Period 3 the brood is reproductive-destined.

Assays of aggression and data analysis 

The simulated attack elicited five different responses from the wasps. The responses
were ranked subjectively in accordance with my impression of the level of aggres-
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Figure 1. The colony cycle of Polistes fuscatus. The bars show the period of time each caste is found on the nest
during the colony cycle (After Gamboa et al. 1991). The gray areas represent the presence of the pupae of that
caste and the stripes indicate the presence of the adults of that caste. The ■ depicts the observation periods in
which the colonies were presented with the simulated vertebrate predator



sion they represented. These behaviors have been categorized in a similar fashion
by Starr (1990):

1) Wasps abandoned the nest 
2) Wasps remained immobile or oriented towards the bird model
3) Wasps waved front legs or displayed wing flipping (wing buzzing) 
4) Wasps left the nest and circled the bird model
5) Wasps left the nest and stung the model

These behavioral responses were ranked from the least aggressive (1) to the most
aggressive (5) response creating an Aggression Index (AI ). They also reflected my
impression of the levels of risk involved for an individual. Each wasp present during
the simulated attack was assigned a numerical value of 1 to 5 based on its behavioral
response to the simulated vertebrate attack and the median of all occupants was
used to determine the AI of the colony.

The proportion of wasps (PW) coming off the nest aggressively was used as an
additional assay to measure the level of aggression of a colony. This gave a measure
of colony aggression that ranged from 0.0 to 1.0.

Unless noted otherwise, all correlations were done using the Spearman’s Cor-
relation and all inter-observation period analyses were done using the Friedman
Test and Multiple Comparisons Procedure. Since there was no difference detected,
data from both study sites (p > 0.05, Mann-Whitney U test) and data from multiple-
foundress and single-foundress colonies (p > 0.05, Mann-Whitney U test) were
combined. Changes in distributions were compared using the multi-response
permutation procedure (MRPP)(Reich et al., 1990; Reich et al., 1991). The MRPP
analysis allowed me to analyze the distributions without relying on the means. In
this case the MRPP acted in the same fashion as a Chi Square contingency table but
allowed me to use a smaller sample size (Reich et al., 1990).

Results

The means of the colony aggression indices did not differ significantly among the
first three observation periods, but decreased significantly in Period 4 to 1.0 
(p = 0.005; Fig. 2a). In Period 4, virtually all of the gynes flew away and did not
defend their nest in response to a vertebrate predator. After completing the simulat-
ed attacks in Period 4, I looked among the branches of nearby trees and bushes and
found the gynes sitting there. These gynes returned to the nest about an hour later.

When examining the distribution of aggression indices of the colonies (Fig. 2b),
I noted that the distribution of AI’s changed over the colony cycle. These changes
were found to be significant (p < 0.0001; MRPP). Although the mean aggression
indices did not change significantly over the first three periods (Fig. 2a), there was
a significant change in the distribution of aggression indices in each observation
period. I tested the distribution of AI’s across the first three periods with the MRPP
procedure and this was significant as well (p < 0.0001).

The proportion of wasps coming off the nest aggressively (PW) increased signi-
ficantly from Period 1 to Period 2 and again from Period 2 to Period 3 (p = 0.0002;
Fig. 3). In Period 4 however the PW’s for all the nests dropped to almost 0.0.
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In Period 2 there was no significant correlation between the number of wasps on
the comb and the aggression level of the colony (Table 1). Therefore, during the ear-
ly stages of post-worker emergence (7–10 days after worker emergence), there was
no evidence that the number of wasps on the nest was associated with the aggres-
sion level of the colony. However, in Period 3 there was a strong positive correlation
between the number of wasps on the nests and the aggressive index of the colony
(p = 0.008, Table 1). In the final stages of post-worker emergence, the number of
wasps present on the nest was positively associated with the aggressiveness of the
colony.

The relation between aggression and the number of pupae in the colony

In Period 2, the AI of the colony (Table 1) and the proportion of wasps coming off
the nest aggressively (Table 1) were not significantly correlated with the number of
pupae in the nest. In Period 3, however, there was a significant positive correlation
between the AI of the colony and the number of pupae in the nest (p = 0.05) as well
as a significant positive correlation between the proportion of wasps coming off 
the nest aggressively and the number of pupae (p = 0.008). After a table wide
sequential Bonferroni test (at a = 0.05; Rice, 1989) was performed on Table 1, the
relationship between the colony AI and pupae number (Table 1) was found to be
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Figure 2. (a) The mean Aggression Indices (AI) of all of the colonies for the four observation periods. (b) Dis-
tribution of the Aggression Indices (AI) for the four observation periods

a

b



insignificant. Thus colony aggression of a colony and the number of pupae were
strongly correlated when reproductive brood were present in the comb, but not
when only worker brood were present.

Discussion

In many life history studies, the amount of reproductive investment plays a role in
determining aggression. Vertebrate nesting species such as birds show an increase
in aggression over a nesting period. Male birds are found to be increasingly more
aggressive over the nesting cycle (Tree Swallows, Winkler, 1992; Willow Tit,
Rytkönen, 1995; Eastern Kingbird, Siderius, 1994; Great Skuas, Hamer and Furness,
1993). Parents of the convict cichlid, Cichlasoma nigrofasciatum, also increase their
level of defense with age of the young (Lavery, 1993). The level of investment will
determine the level of defense the individuals are willing to take. The colonies of 
P. fuscatus in this study showed a similar pattern over the colony cycle. As the
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Figure 3. Proportion of wasps coming off the nest aggressively (PW) for the colonies of Polistes fuscatus over
the four observation periods. The values at each observation period are significantly different (Friedman’s Test
and the Multiple-Comparison Test Procedure)

Table 1. Correlations of the measures of colony aggressiveness (AI) and (PW) to the number of workers pre-
sent and the number of pupae present on the nest during a simulated vertebrate attack. The table indicates the
results of a Spearman’s Correlation. The number of colonies is given in parentheses

Period 2 Period 3

AI-Worker # 0.18 (11) 0.51 (11)
p = 0.34 p= 0.008*

AI-Pupae # 0.02 (22) 0.50 (16)
p = 0.92 p = 0.05

PW-Pupae # 0.29 (22) 0.59 (16)
p = 0.20 p = 0.008*

* indicates values which are significant at a = 0.05 after a table wide sequential Bonferroni test was
performed (Rice, 1989).



colony cycle approached the emergence of the reproductives, the colonies became
more aggressive (Fig. 2). The appearance of more colonies with AI’s of 1 in 
Period 3 could explain the lack of change in the mean AI. These may be colonies
that have reached the final stages of colony development faster than other colonies.
The increase in the percentage of aggressive colonies from periods 1 to 3, plus the
increase in the PW of the colonies, suggests that the colonies are indeed becoming
more aggressive from early to late in the summer. There was a sudden drop in
aggression from Period 3 to Period 4 that was associated with gynes and males that
fled the nest instead of staying to confront a vertebrate predator. At Period 4 of the
colony cycle, the nest no longer contained any brood. In short, there was nothing
left to defend so the most adaptive response appeared to be to abandon the nest and
return later when the threat has passed.

The increase in the PW suggests that more individuals are participating in 
the defense of the colony against a vertebrate attack and at the same time some
individuals are not participating in colony defense. This is consistent with the 
temporal polyethism in defensive behavior seen at the individual level (Judd, 
1996).

Perhaps colonies with a greater number of individuals, are more aggressive 
as seen in some perennial colonies such as honey bees (Schneider and McNally,
1992). In perennial colonies that produce soldier castes, the larger colonies are 
able to produce more defenders than smaller colonies (Tschinkel, 1993). These
colonies could withstand more individual fatalities and still be able to survive. In
this study, I found that there was a correlation with size and aggressiveness of 
P. fuscatus colonies only in Period 3. However, colony size per se does not explain
aggression at other times. In particular, Period 4 had the lowest aggression indices,
although the greatest number of wasps were on the nest at this time. I ascribe 
this drop in aggression to the fact that Polistes colonies don’t last for more than one
season and don’t have to invest in individuals to keep the colony alive during the
winter.

Brood composition differed strongly between the observation periods. In 
Period 2, the brood was made up entirely of worker-destined larvae and pupae,
whereas in Period 3, the larvae and pupae consisted of reproductive-destined 
brood. The lack of correlation between aggressiveness and pupal number in 
Period 2 and a strong correlation in Period 3 suggests that the colony changes its
defensive response to vertebrate predators based primarily on the reproductive
investment in the colony rather than on total investment (i.e., worker brood and
reproductive brood). This is a marked difference from many birds which do 
not adjust their aggressiveness depending on the brood size (Parus montanus,
Rytkönen, 1995; Falco tinnunculus; Tolonen and Korpimäki, 1995; water fowl,
Forbes et al., 1994; Lagopus lagopus, Martin and Horn, 1993; Turdus pilaris, Hog-
stad, 1992). However, a few studies suggest that certain fish (Coleman et al., 1985)
and Redwinged Blackbirds (Robertson and Biermann, 1979) may increase their
defense intensity with brood size. Goldfinches with larger broods will spend more
time leading potential predators away from their nests (Knight and Temple, 1986).
The fact that some birds show a relationship with brood size and some birds 
do not suggests that there might be a similar variation between different species of
wasps as well.
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Colonies with specialized soldiers such as the bamboo aphid Pseudoregma
bambucicola (Sunose et al., 1991), the fire ant Solenopsis invicta (Tschinkel, 
1993), and many species of termites (Macrotermes michaelseni: Darlington, 1986,
Cubitermes subcrenulatus: Bodot, 1969, Odontotermes redemannu: Banerjee, 1966;
Haverty, 1977, and Cubitermes predorianus: Ferrar, 1982) adjust the number of
defenders during the colony cycle to coincide with reproduction. The soldier pop-
ulation increases as the colony approaches the production of alates and peaks just
before these individuals disperse from the colony. After this, the production of
soldiers dramatically decreases. Similarly, P. fuscatus colonies appeared to vary the
number of individuals that defend the colony depending on how much has been
invested into the production of the reproductives (Table 1). Strassmann et al. (1990)
found that Parachartergus colobopterus did not attack when their nest was disturb-
ed. They attributed this lack of aggression to the low levels of relatedness within a
nest. It may have been related to the type of brood (either worker or reproductive
brood) in the nest, although the exact time in the colony cycle the nest was attacked
was not specified. Jeanne and Keeping (1995) found that P. colobopterus not only
have an alarm signal but will spray their venom at an intruder attacking the nest.
This suggests that P. colobopterus will show aggression towards an attacker during
at least part of their colony cycle.

In my study, there were positive correlations between the number of reproduc-
tive brood and the aggressiveness of the Polistes fuscatus colony. Polistes has a life
cycle where worker production is gradually replaced by the production of repro-
ductives (Noonan, 1979; Reeve, 1991). The Polistes fuscatus colonies showed
changes in aggression that reflected the level of reproductive investment represent-
ed by the nest. In advanced eusocial societies this temporally separated production
of workers and reproductives is lost (Wilson, 1971). In addition, the chances of
successfully reinitiating a nest also decreases. By the time the reproductive brood is
in the comb there is very little chance of starting over if the nest is destroyed. This
combined with the type of brood in the comb will enhance the reproductive value
represented by the nest. 

As we move across the social spectrum from species producing annual nests to
producing perennial nests, colonies no longer produce a single reproductive brood
but also produce subsequent broods as well. As a result, the direct correlation be-
tween investment and aggression is closely tied to the age and size of a colony and
the amount of resources available to the colony. Perennial colonies are generally
larger, longer lived, and have a more defined caste structure. These colonies only
need to vary the proportion of defenders present in the nest. Perennial colonies
would have to regulate their response based on the amount of resources available
to them rather than the amount of reproductive brood they have (Oster and Wilson,
1978). Reproductive investment may have played an important role in shaping 
the behavioral structure of the colony in the initial stages of the development of
eusociality. Once the colonies evolved into systems that produce more than one
reproductive brood, the direct effects of reproductive investment on the response
of a colony may have become less apparent and replaced by the direct effects of the
age, size and resource availability.
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Erratum

Figure 3. Proportion of wasps coming off the nest aggressively (PW) for the colonies of Polistes fuscatus over
the four observation periods. The values at each observation period are significantly different (Friedman’s Test
and the Multiple-Comparison Test Procedure)


