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Introduction

Phenotypic variation is essential for recognizing and

differentiating between social partners. Recognition

occurs when one individual, the receiver, discriminates

between other individuals, the senders, using cues or

signals produced by the senders (Sherman et al., 1997;

Mateo, 2004). There are many different types of recog-

nition, including species, kin, nestmate and individual.

Individual recognition (IR) is the most precise form of

social recognition, because it requires receivers to

uniquely identify each social partner (Beecher, 1989;

Tibbetts & Dale, 2007).

Selection may act on the senders and ⁄ or the receivers

during recognition system evolution. As a result, IR can

evolve through two nonexclusive paths: (i) receiver

cognition and perception may evolve so receivers

can discriminate between individual conspecifics using

neutral variation or (ii) the phenotypes of senders may

evolve so that senders have distinctive, highly variable

features that permit easy individual identification

(Johnstone, 1997; Dale et al., 2001).

To date, most of the research on recognition systems

has documented the extent of recognition, whereas less is

known about the evolution of recognition systems and

how selection has acted on sender phenotypes (Tibbetts

& Dale, 2007). A method for testing whether recognition

selects for the evolution of phenotypic variation is to

assess the legacy of selection by comparing recognition

abilities with the extent of phenotypic variation in a

group of closely related species. If species with IR have

more variable phenotypes than species lacking IR, the

elevated phenotypic variation in taxa with IR may have

evolved to facilitate accurate recognition. For example,

swallow species with IR have more variable calls than

species lacking IR, suggesting that selection has favoured

call diversification in swallow species with IR (Beecher

et al., 1986; Medvin & Beecher, 1986; Medvin et al.,

1993).

Alternatively, selection may act on receiver cognition

and perception alone, rather than the phenotypic

variation in senders. For example, Pachycondyla spp.

ants use distinctive chemical signatures for IR (D’Ettorre

& Heinze, 2005; Dreier et al., 2007), although their
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Abstract

Individual recognition (IR) requires individuals to uniquely identify their

social partners based on phenotypic variation. Because IR is so specific,

distinctive phenotypes that stand out from the crowd facilitate efficient

recognition. Over time, the benefits of unique appearances are predicted to

produce a correlation between IR and phenotypic variation. Here, we test

whether there is an association between elevated phenotypic polymorphism

and IR in paper wasps. Previous work has shown that Polistes fuscatus use

variable colour patterns for IR. We test whether two less variable wasp species,

Polistes dominulus and Polistes metricus, are capable of IR. As predicted, neither

species is capable of IR, suggesting that highly variable colour patterns are

confined to Polistes species with IR. This association suggests that elevated

phenotypic variation in taxa with IR may be the result of selection for identity

signals rather than neutral processes. Given that IR is widespread among social

taxa, selection for identity signalling may be an underappreciated mechanism

for the origin and maintenance of polymorphism.

doi:10.1111/j.1420-9101.2009.01923.x



chemical profiles are not more diverse than species that

lack IR (Dreier & D’Ettorre, 2009). Thus, IR may select for

receivers that can differentiate between individuals based

on otherwise neutral phenotypic variation. Selection for

efficient IR systems can affect both sender and receiver

phenotypes. Examining the associations between recog-

nition abilities and phenotypic polymorphism can differ-

entiate between these two processes.

Polistes paper wasps provide a good model for testing

whether there is an association between the specificity

of recognition and the extent of phenotypic variation

within a species. The amount of phenotypic variation is

dramatic across paper wasps (Enteman, 1904; Tibbetts,

2004). Some species such as Polistes fuscatus have

extremely variable colour patterns, whereas other spe-

cies such as Polistes dominulus and Polistes metricus have

less variable colour patterns (Fig. 1). Less is known

about Polistes recognition behaviour. In at least one

species, P. fuscatus, the variable colour patterns are used

for visual IR (Fig. 1, top row) (Tibbetts, 2002; Sheehan

& Tibbetts, 2008), but P. fuscatus is the only wasp

species where IR has been tested. Wasp species that

appear to be less variable may be able to recognize

individuals through two means. First, receiver percep-

tion may have evolved such that receivers can discrim-

inate between individuals based on apparently minor

colour variation. Second, wasps may use other sensory

modalities, such as variable chemical signatures, to

recognize individuals. As a result, it is important to test

whether wasp species that lack variable visual features

also lack IR abilities.

Here, we test the relationship between IR and pheno-

typic variation in three species of paper wasps (P. fuscatus,

P. dominulus and P. metricus). First, we quantify the levels

of intraspecific colour pattern polymorphism in the

species. Then, we experimentally test their ability to

individually recognize conspecifics by comparing the

response to familiar and unfamiliar individuals. If selec-

tion for IR in Polistes promotes and maintains highly

variable colour patterns (Tibbetts, 2004), then species

with low marking variability, such as P. dominulus and

P. metricus, are not predicted to individually recognize

conspecifics.

Methods

Colour pattern analysis

We describe the relative variation in colour patterns

between species by assessing the distribution of colours

on five different regions of the face (Fig. 2). Adobe

Photoshop CS3 was used to measure the fraction of pixels

in each of the five areas that were black, yellow or

brown. These colour categories provide good estimates of

the colour variability in P. dominulus and P. metricus.

Polistes fuscatus have a wider range of brown colours, so

any colour that was not black or yellow was classified as

brown. This categorization underestimates the variability

of P. fuscatus, so it provides a conservative method of

scoring colouration with respect to our hypothesis. We

collected wasps from nests at a number of sites in

Michigan throughout the year. For colour analysis, 20

additional individuals from each species, all from differ-

ent nests, were randomly chosen, freeze-killed and

stored in a freezer at )20 �C to ensure that colour

patterns did not fade. All wasps were measured by a

student with no knowledge of the specific experimental

predictions.

Fig. 1 Portraits showing the colour pattern

variation within each of the three species

in this study. Polistes fuscatus (top row) have

variable colouration in numerous regions of

the face. Note that there is also a wide range

of colour including numerous shades of

brown. Polistes dominulus (middle row) has

species-typical yellow markings on its face

that show low levels of variability, although

the black mark in the middle of the clypeus

(the badge of status) is variable. Polistes

metricus has some invariant colour regions

(clypeus and inner eyes), but the species-

typical markings on the frons and eyebrow

show some variability in the extent of

brown colouration. (See online publication

at www.interscience.wiley.com for colour

version of this figure.)
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Behavioural assessment of recognition abilities

We assessed the recognition abilities of P. dominulus and

P. metricus by scoring the intensity of aggressive inter-

actions between foundresses with and without prior

social experiences with each other. Wasps of both

species were collected near Ann Arbor, MI, in the early

spring of 2008. We used 26 focal P. dominulus and 28

focal P. metricus foundresses in our trials. Immediately

before the experiment, all individuals were housed

individually and kept in social isolation. Previously,

the P. dominulus foundresses had participated in choice

experiments similar to those described elsewhere

(Tibbetts, 2008; Tibbetts & Lindsay, 2008), in which

they interacted with model wasps. We previously used

methods similar to those described in the following

paragraph to demonstrate that P. fuscatus can recognize

individuals (Sheehan & Tibbetts, 2008), so we did not

test this species again.

Our experimental design measured the abilities of both

P. dominulus and P. metricus to remember individual

social partners regardless of sensory modality. To ensure

that foundresses had not encountered each other previ-

ously, all interactions were staged between foundresses

collected from sites at least 2 km apart. In the first trial

(day 0), two foundresses were introduced to each other

in a small, sterile container and their interactions were

filmed. After filming, they were housed together until

the next day (day 1) at which point they were separated

and returned to their initial solitary housing. One day

later, the same two wasps were filmed interacting again

(day 2). To ensure that any changes in aggression

between days 0 and 2 were a result of IR and not of

decreases in motivation over time, we paired the wasps

with other unfamiliar social partners on the day before

and after (days 1 and 3). On day 1, wasps were housed

individually for approximately 5 h between separation

from their initial partner and meeting a new partner. If

the wasps are able to recognize and remember social

partners, they should be least aggressive when they

interact with a known individual (day 2). Species capable

of IR behave differently towards individuals with whom

they share a history of prior interactions (Karavanich &

Atema, 1998; D’Ettorre & Heinze, 2005; Dreier et al.,

2007; Sheehan & Tibbetts, 2008; Tibbetts et al., 2008;

Dreier & D’Ettorre, 2009). In this case, species with IR are

predicted to be less aggressive towards the individual

they have previously encountered (day 2) than towards

individuals they are encountering for the first time (days

0, 1 and 3).

All of the behavioural trials lasted 2 h. Trials were

videotaped and the first half hour of each trial was

scored by an observer who was blind to the identity of

wasps and the day the trial took place. Wasps engage in

a range of aggressive and affiliative behaviours. Behav-

iours were rated on a scale of 0–4 with higher scores,

indicating more intense aggression: (0) nonaggressive

physical contact, (1) darts, (2) darting while snapping

mandibles, (3) bites and (4) mounting or grappling. To

compare the levels of aggression between trials, we

calculated three measures: an intensity index, the

number of nonaggressive interactions and an overall

aggression index. The intensity index measured how

intense aggressive interactions were and was calculated

by summing the scores of aggressive interactions and

dividing by the number of aggressive acts. The number

of nonaggressive interactions was calculated by tallying

the number of discreet nonaggressive interactions that

took place. The overall aggression index took into

account both aggressive and affiliative acts. The aggres-

sion index was calculated using the same method as the

intensity index with the addition of the number of

nonaggressive interactions in the denominator (Dreier

et al., 2007; Sheehan & Tibbetts, 2008). The indices and

number of nonaggressive contacts were compared

between days using Friedman’s ANOVAANOVA and multiple

comparisons (Sokal & Rohlf, 1995). Post hoc power tests

were carried out using G*Power.

Results

Intraspecific colour pattern variation

Polistes fuscatus have far more variable colour patterns

than either P. dominulus or P. metricus, and the differences

in variation across species are obvious after examining a

few pictures of each species (Fig. 1). The greater vari-

ability in the colour patterns of P. fuscatus arises from a

combination of two factors. First, P. fuscatus have large

amounts of variation in each area of the face (Fig. 3),

whereas the variation in P. dominulus and P. metricus is

limited to small areas of the face (clypeus in P. dominulus

and antennal region in P. metricus). Second, there are

more potential variants for each face region in P. fuscatus

Fig. 2 Schematic of the regions of the wasp face considered

in this study. (1) the clypeus, (2) the upper frons or ‘eyebrow’,

(3) the frons, (4) the right inner eye and (5) the left inner

eye. For the frons (region 3), the antennal sockets were not

included in the total area.
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than P. metricus or P. dominulus. For example, the clypeus

in P. fuscatus can contain a huge range of yellow, black

and brown colour patterns (Fig. 1, top row). In contrast,

the variation in P. dominulus is largely restricted to the

size and shape of black clypeal spots, which previous

research has shown acts as a signal of fighting ability

(Tibbetts & Dale, 2004). Variation in P. metricus is

restricted to the brown vs. black pigment in the eyebrow

and frons areas. The variation in P. metricus is likely to be

less visually apparent than the variation in P. fuscatus and

P. dominulus, as the differences in colouration are quite

subtle, and this area is typically obscured by the antennae

during social interactions.

Behavioural recognition experiments

Polistes dominulus
There is no evidence of IR in P. dominulus. Aggressive

encounters between wasps with prior histories of social

interactions were just as intense as encounters between

wasps that had not previously met (Fig. 4a. Friedman’s

ANOVAANOVA, F(3, n = 26) = 1.51, P = 0.68; post hoc power anal-

ysis, Power = 0.95). Additionally, the number of non-

aggressive contacts did not differ between trials (Fig. 4b.

Friedman’s ANOVAANOVA, F(3, n = 26) = 3.79, P = 0.29; post hoc

power analysis, Power = 1.00). Finally, the overall

aggression index, which accounts for both aggressive

and nonaggressive interactions, did not differ between

trials (Fig. 4c. Friedman’s ANOVAANOVA, F(3, n = 26) = 5.67,

P = 0.13; post hoc power analysis, Power = 0.91).

Polistes metricus
There is no evidence of IR in P. metricus. The intensity

of aggression declined after the first encounter in P. met-

ricus (Fig. 5a. Friedman’s ANOVAANOVA, F(3, n = 28) = 18.06, P <

0.0001; post hoc power analysis, Power = 0.95). However,

there were no differences in the intensity of aggression

after the first encounter. Aggressive intensity was similar

among pairs of individuals with and without prior social

histories (Fig. 5a). There were also a similar number of

nonaggressive contacts across all trials (Fig. 5b. Fried-

man’s ANOVAANOVA, F(3, n = 28) = 1.72, P = 0.63; post hoc power

analysis, Power = 1.00). The overall aggression index,

which incorporates both aggressive and nonaggressive

interactions, was highest during the initial trial and lower

in subsequent trials (Friedman’s ANOVAANOVA, F(3, n = 28) =

13.76, P = 0.003; post hoc power analysis, Power = 0.95).

Although aggression indices declined between a pair’s

first (day 0) and second (day 2) encounters [Nonpara-

metric Tukey’s HSD (Honestly significant difference), P <

0.05], there was no difference in aggression between the

unfamiliar pairs on days 1 and 3 and the familiar pair on

day 2 (Nonparametric Tukey’s HSD, P > 0.2). In sum,

there was no difference in the intensity of aggressive or

nonaggressive interactions between wasp pairs that had

interacted previously vs. pairs that lacked a prior history

of social interactions.

Discussion

Paper wasp species differ markedly in their relative levels

of intraspecific colour pattern variation. As predicted, the

extent of colour variation is associated with recognition

abilities in the three species tested. Polistes fuscatus are far

more variable than P. metricus or P. dominulus and have

robust long-term memories of individual conspecifics

(Sheehan & Tibbetts, 2008). In contrast, P. dominulus and

P. metricus have little variation in colour patterns. In both

species, aggressive and affiliative behaviours did not vary

with social history, indicating that neither species recog-

nizes individual social partners.
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Fig. 3 Polistes fuscatus is by far the most variable of the three

species. For each region, the percentage covered by each of the three

colours is shown by the box plots. Black is at the top, yellow is in

the middle and brown is at the bottom. Note that P. fuscatus shows

variability in all of the regions and that the clypeus shows a wide

of colouration patterns.
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Fig. 4 Polistes dominulus show no evidence of individual recognition.

Individuals with whom they have interacted previously (day 2)

receive similar amounts of aggression as individuals they have

never encountered (days 0, 1 and 3). The overall aggression indices

(a), the number of nonaggressive contacts (b) and the intensity of

aggressive acts (c) towards individual they have interacted with

previously as individuals they have never encountered before

does not differ. Days that are significantly different (Nonparametric

Tukey’s HSD, P < 0.05) are designated with different letters.

Box plots show medians and quartiles.
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Fig. 5 Levels of aggression among Polistes metricus decline over time

and do not show evidence of individual recognition. Interactions

are the most aggressive during the first encounter and are less

aggressive in subsequent encounters. When wasps re-encounter

their social partner from days 0 to 2, they are less aggressive (a, c).

However, they are similarly less aggressive to other new social

partners on days 1 and 3, suggesting that motivation for aggression

declines over time. Additionally, there are no differences in affilia-

tive behaviours across trials (b). Days that are significantly different

(Nonparametric Tukey’s HSD, P < 0.05) are designated with

different letters. Box plots show medians and quartiles.
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The pattern of aggression across trials was slightly

different in P. metricus than P. dominulus. Polistes metricus

were more aggressive during their first encounter with a

conspecific than during subsequent social encounters,

whereas P. dominulus were similarly aggressive across all

social encounters. The pattern of aggression in P. metricus

is not evidence of IR, as aggression did not vary with

individual social experience. Further, other species that

lack IR show similar patterns of declining aggression over

subsequent encounters (Dreier & D’Ettorre, 2009).

Instead, the pattern of aggression may reflect differences

in the social behaviour of the species. For example,

P. metricus are less likely to form co-operative foundresses

associations than P. dominulus or P. fuscatus and have

extremely high rates of nest usurpation (Gamboa, 1978;

Gamboa et al., 2004). As a result, P. metricus may have a

stronger initial aggressive response to conspecifics than

P. dominulus or P. fuscatus.

The results of this study support a key prediction of the

hypothesis that selection for efficient IR promotes and

maintains phenotypic polymorphism. Selection for effi-

cient social recognition has been hypothesized to favour

the evolution of variable, distinctive phenotypes, thus

promoting and maintaining polymorphism within pop-

ulations (Dale et al., 2001; Dale, 2006; Sheehan &

Tibbetts, 2009). Over time, we expect selection for

identity signalling to produce numerous phenotypes,

such as those seen in P. fuscatus (Fig. 1, top row). In

contrast, individuals in species lacking IR are not under

selection to advertise their identity with unique pheno-

types. Therefore, species without IR are predicted to have

less variable phenotypes than those with IR, as we found

in Polistes. A similar relationship between variation and

recognition has been found in a few other species,

suggesting that evolution can adaptively shape sender

phenotypes to facilitate accurate recognition [e.g. com-

parative studies call variation in swallows (Beecher et al.,

1986; Medvin et al., 1993) and penguins (Jouventin

et al., 1999; Jouventin & Aubin, 2002)].

An alternative hypothesis for the relationship between

IR and phenotypic variation is that pre-existing variation

is required to allow the evolution of IR. That is, pre-

existing variation may be co-opted to allow IR rather

than IR selecting for phenotypic variation. If pre-existing

variation has been co-opted for recognition in the wasps,

variation is predicted to be more strongly associated with

a species’ evolutionary history than its social behaviour.

In fact, variable colour patterns in the Polistes are

significantly associated with a species’ social behaviour

rather than its evolutionary history, suggesting that the

benefits of social recognition have selected for pheno-

typic variation in certain taxa (Tibbetts, 2004). For

example, P. metricus and P. fuscatus are sister species, yet

foundresses of each species have different social behav-

iour and different patterns of phenotypic variation.

Further, recent behavioural work has illustrated the

mechanism that could drive the evolution of phenotypic

variation. Wasps with unique phenotypes receive less

aggression during dominance contests than individuals

with a common appearance, indicating that phenotypic

variation provides benefits by facilitating recognition

(Sheehan & Tibbetts, 2009). Although inferring the

direction of evolutionary change can be difficult, current

evidence suggests that IR selects for phenotypic variation

rather than standing variation being co-opted for recog-

nition behaviour in paper wasps. Future behavioural

analysis on additional Polistes species with and without

phenotypic variation will be important to confirm this

pattern.

Data on chemical communication also suggest that IR

has selected for variation rather than vice versa. In Polistes,

variable cuticular hydrocarbon profiles have been found

in all species examined to date (Gamboa, 2004). Both

P. dominulus and P. metricus pay attention to the variation

and use hydrocarbons to communicate nest membership

(Singer & Espelie, 1996; Cini et al., 2009) and individual

fertility (Izzo et al., in press). However, the results of this

study demonstrate that neither P. dominulus nor P. met-

ricus recognize individuals based on their variable hydro-

carbon profiles. Therefore, pre-existing variation is not

sufficient to allow the evolution of IR. Perhaps, the

evolution of IR using chemical information is difficult in

Polistes, because cuticular hydrocarbons already convey

information about nestmate identity and fertility. Evolv-

ing a novel signal in a different modality may be easier

than modifying chemical information to convey multi-

ple, different kinds of information. Examining whether

the presence of a pre-existing communication system

constrains the evolution of other types of recognition

within the same sensory modality presents an exciting

possibility for future research. Overall, most evidence

suggests that IR has been selected for variable visual

features in P. fuscatus.

Mechanisms other than identity signalling may also

maintain colour polymorphism in a population, includ-

ing apostatic selection, mate choice for heterozygosity

and alternative behavioural strategies. However, these

alternatives are unlikely to explain the pattern of

polymorphism in P. fuscatus. Apostatic selection favours

phenotypic variation that is visually apparent to preda-

tors (Bond & Kamil, 2002). However, variation in

P. fuscatus is primarily confined to the face (Tibbetts,

2002), which is useful during face-to-face social inter-

actions but is not noticeable from a distance. Therefore,

it is unlikely that variation in paper wasps has evolved

to avoid detection by predators. Polymorphic colour

patterns can also evolve via sexual selection when mates

are chosen for novelty or mate heterozygosity (Farr,

1977; Eakley & Houde, 2004). This hypothesis predicts

that the sex under strong sexual selection will be

polymorphic. However, facial pattern polymorphism in

Polistes is confined to females, even though males are

lekking and experience strong sexual selection (Post &

Jeanne, 1983; Matthessears & Alcock, 1986; Beani &
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Turillazzi, 1988; Polak, 1993). Finally, phenotypic poly-

morphism is often associated with alternative social or

mating strategies (Sinervo et al., 2001; Svensson et al.,

2005). However, the colour pattern variation in P. fusc-

atus is not related to behavioural strategies such as

founding strategy, dominance or social caste (Tibbetts,

2002). Therefore, although numerous mechanisms can

maintain phenotypic polymorphism, most of these

mechanisms are unlikely to be relevant to the variation

in Polistes colour patterns. Instead, this study and other

published work suggest that selection for identity signals

is likely to have driven the evolution of the highly

variable colour patterns in the paper wasps (Sheehan &

Tibbetts, 2009).

Identity vs. quality signalling

The results of this study confirm that P. fuscatus and

P. dominulus rely on different communication systems.

Polistes fuscatus use IR (Tibbetts, 2002; Sheehan &

Tibbetts, 2008), whereas P. dominulus are incapable of

IR, relying instead on a visual signal of quality (Tibbetts,

2004; Tibbetts & Lindsay, 2008; Tibbetts et al., in press).

Despite the differences in communication behaviour,

these species have very similar social systems. Both

species display complex, flexible founding strategies,

where queens may initiate a nest either alone or in

co-operative groups. When multiple queens co-operate,

they form a linear dominance hierarchy that influ-

ences work, reproduction and aggression (Roseler, 1991;

Gamboa et al., 2004). Foundress associations remain

flexible for weeks, so foundresses of both species engage

in aggressive contests with numerous familiar and

unfamiliar individuals (West Eberhard, 1969; Reeve,

1991; Zanette & Field, 2009).

Given the similar social systems of P. dominulus and

P. fuscatus, what accounts for the differences in the

species’ signalling systems? One possibility is that their

social systems differ in subtle ways that have influenced

signal evolution. Signals of fighting ability are expected

to evolve when individuals compete with many unfa-

miliar rivals (Tibbetts & Safran, 2009), while identity

signals are more important in smaller, stable groups

(Tibbetts & Dale, 2007). Empirical data indicate that the

quality signals in P. dominulus may be used primarily

during interactions with non-nestmates (i.e. during early

spring dominance contests before nesting groups

are established or during attempted nest usurpation)

(Tibbetts & Shorter, 2009; Zanette & Field, 2009).

Identity signals in P. fuscatus are important during dom-

inance interactions within established nests (Tibbetts,

2002). Therefore, identity and quality signals may reflect

solutions to different types of social problems faced by

Polistes wasps – non-nestmate interactions during colony

foundation vs. linear dominance hierarchies among

queens. Although communication researchers sometimes

considers signal evolution to be a deterministic process,

with a set of social conditions leading to a certain type of

signalling system, historical contingency may also play an

important role in signal evolution.

Conclusions

IR requires receivers to distinguish between many indi-

vidual social partners on the basis of unique cues

(Tibbetts et al., 2008). Recognition systems may evolve

via two paths: (i) receivers may be favoured to pay

attention to pre-existing phenotypic variation and (ii)

senders may be favoured to advertise their identities with

variable phenotypes. Distinguishing between these two

non–mutually exclusive alternatives is challenging,

although studies examining the relationship between

phenotypic variation and recognition behaviour can

provide insight into the dynamics of recognition system

evolution. The results of this study demonstrate that two

Polistes species without variable phenotypes lack IR,

supporting the hypothesis that sender phenotypes have

evolved to facilitate accurate recognition. Together with

other published results (Tibbetts, 2004; Sheehan &

Tibbetts, 2009), the current study provides evidence that

the variable colour patterns in P. fuscatus have evolved

via selection for easily recognizable identity signals rather

than neutral processes.
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