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Many animals have ornaments that mediate choice and competition in social and sexual contexts. Individuals with elaborate

sexual ornaments typically have higher fitness than those with less elaborate ornaments, but less is known about whether socially

selected ornaments are associated with fitness. Here, we test the relationship between fitness and facial patterns that are a

socially selected signal of fighting ability in Polistes dominula wasps. We found wasps that signal higher fighting ability have

larger nests, are more likely to survive harsh winters, and obtain higher dominance rank than wasps that signal lower fighting

ability. In comparison, body weight was not associated with fitness. Larger wasps were dominant over smaller wasps, but showed

no difference in nest size or survival. Overall, the positive relationship between wasp facial patterns and fitness indicates that

receivers can obtain diverse information about a signaler’s phenotypic quality by paying attention to socially selected ornaments.

Therefore, there are surprisingly strong parallels between the information conveyed by socially and sexually selected signals.

Similar fitness relationships in social and sexually selected signals may be one reason it can be difficult to distinguish the role of

social versus sexual selection in ornament evolution.

KEY WORDS:

Animals use ornaments to make decisions about potential mates
and rivals. Sexually selected ornaments are used during com-
petition over resources in a mating context, whereas nonsexual
socially selected ornaments (henceforth socially selected orna-
ments) are used during competition over nonmating resources
(West-Eberhard 1983; Lyon and Montgomerie 2012; Tobias et al.
2012). Sexually selected signals are well-studied and include vi-
sual, acoustic, and olfactoral traits across taxa (Andersson 1994,
Johnstone 1995). Socially selected signals have received less at-
tention, though numerous examples have been identified, includ-
ing female ornaments in many taxa (Tobias et al. 2012), black
plumage patches in sparrows (Rohwer 1985; Tibbetts and Safran
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2009), facial patterns in several species of wasps (Tibbetts 2013),
and chameleon color change (Stuart-Fox and Moussalli 2008).
There is some disagreement about whether socially and
sexually selected ornaments are shaped by fundamentally similar
selective pressures or are distinct (Lyon and Montgomerie 2012;
Tobias et al. 2012; West-Eberhard 2014). One way to address
this issue is to compare the relationship between ornaments and
fitness across signal types. In particular, do individuals with
elaborate ornaments have higher fitness than those with less
elaborate ornaments? The alternative is that individuals with
elaborate ornaments may excel in certain situations (e.g., attain
high dominance rank), but perform poorly in other situations

© 2015 The Author(s). Evolution © 2015 The Society for the Study of Evolution.
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Figure 1. Portraits of Polistes dominula, illustrating variation in the facial patterns that signal agonistic ability.

(e.g., lower survival) such that fitness is unrelated to ornament
elaboration.

Extensive research has shown that individuals with elabo-
rate sexual ornaments have higher fitness and are “higher qual-
ity” in diverse ways than those with less elaborate ornaments
(e.g., disease resistance, foraging efficiency, resource defense,
heterozygosity, survival, and reproductive success; Andersson
1994; Moller and Alatalo 1999; Jennions et al. 2001; Maynard
Smith and Harper 2003). The specific relationship between sex-
ual ornaments and fitness varies across species and environments
(Chaine and Lyon 2008). Nevertheless, there is broadly consistent
evidence that individuals with more elaborate sexual ornaments
are higher quality and have higher fitness than those with less
elaborate sexual ornaments.

Less is known about the relationship between socially
selected ornaments and fitness. By definition, socially selected
ornaments must be associated with success during aggressive
competition, but it is not clear whether these ornaments are linked
with overall fitness (Searcy and Nowicki 2005; Lyon and Mont-
gomerie 2012; Tobias et al. 2012; Tibbetts 2013). Individuals
with elaborate ornaments may be generally higher quality than
those with less elaborate ornaments. Alternatively, there may
be trade-offs; for example, individuals with elaborate socially
selected ornaments may win fights but have lower survival than
those with less elaborate ornaments (Stearns 1989). To our
knowledge, there have been no studies testing the relationship
between socially selected ornaments and fitness in the wild.

Here, we test the relationship between a socially selected sig-
nal and fitness in Polistes dominula paper wasps (Fig. 1). Polistes
dominula females have variable black facial patterns that are so-
cially selected agonistic signals. Female wasps use facial patterns
to minimize the costs of competition with other nest-founding
females. Wasps with more broken black facial patterns are more
likely to win fights than individuals with less broken facial patterns
(Tibbetts and Dale 2004; Tibbetts et al. 2011a) and are avoided
by rivals (Tibbetts and Lindsay 2008; Tibbetts et al. 2010). Paper
wasp facial patterns evolved via nonsexual social selection (West-
Eberhard 1983) to minimize the costs of aggressive competition
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over resources (Tibbetts 2013). They are not used during mate
selection. Polistes have mating system where males compete for
access to females and females exhibit strong mate choice (Beani
1996). Unlike females, males do not have variable facial patterns.
Instead, they have abdominal spots that are a sexually selected
signal used during mate choice (Izzo and Tibbetts 2012).

There has been some previous work on the relationship be-
tween P. dominula facial patterns and fitness-linked traits. Green
et al. (2013) studied a Spanish population of P. dominula and
found no relationship between facial patterns and reproductive
success, survival, and dominance rank. However, there is very
low facial pattern variation in Spain and facial patterns may not
function as a signal in this population (Green and Field 2011).
Thus far, there have been no previous tests of the relationship
between fitness and facial patterns in P. dominula populations
where facial patterns are known to function as agonistic signals.
In this study, we tested the link between fitness and facial pat-
tern elaboration in wild populations of P. dominula in Michigan,
where facial patterns are known to function as agonistic signals
(Tibbetts and Lindsay 2008; Tibbetts et al. 2010, 2011a).

Three fitness-linked traits were assessed in this study:
the number of cells in the wasp’s nest, overwinter survival,
and dominance rank. The number of nest cells provides a
good proxy for reproductive success in this population, be-
cause each nest cell produces one offspring and paper wasps
only build one nest during their lifetime (Jandt et al. 2014).
Overwintering survival is a key aspect of fitness because
P. dominula gynes are produced at the end of the season, so
they must successfully overwinter before they reproduce. Some
P. dominula found nests alone, but among individuals that cooper-
ate, dominance rank is associated with reproductive success. The
dominant foundress in multiple foundress groups has higher fit-
ness than subordinate or solitary foundresses, though subordinates
receive some reproduction (Queller et al. 2000; Reeve and Keller
2001). Although nest size, survival, and rank are important aspects
of fitness, it is important to note that fitness is multifaceted, so it
is difficult for a single field study to provide complete measures
of lifetime fitness (Stearns 1989; Hunt et al. 2004).
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In addition to measuring the relationship between agonistic
signals and fitness, we also tested whether body weight is asso-
ciated with fitness. Across a range of species, larger body size
is linked with higher fitness, as larger individuals are often pre-
ferred as mates, are more successful during competition, and have
higher survival and fecundity than smaller individuals (Fairbairn
1997; Nylin and Gotthard 1998). Of course, the large size ad-
vantage is not universal (Blanckenhorn 2000). For example, in
paper wasps, larger foundresses are often dominant over smaller
foundresses (Pardi 1948; Dropkin and Gamboa 1981), but the re-
lationship between dominance rank and body size varies across
studies (reviewed in Jandt et al. 2014). Body size is often linked
with both fighting ability and fitness, so it provides a useful com-
parison with agonistic ornamentation: Is body size more or less
strongly associated with fitness than socially selected agonistic
ornamentation?

Methods
REPRODUCTIVE SUCCESS
Polistes dominula nest-founding queens were collected from sites
around Ann Arbor, MI, during the preworker phase of colony
development, from early May to June in 2011 and 2012. All wasp
nests in an area were collected, without preference for particular
facial patterns. At collection, wasps were weighed on a scale
accurate to 0.001 g and photographed for facial pattern analysis.
Six hundred eleven nests were analyzed over 2 years (2011-2012).
Reproductive success was assessed as the number of nest
cells. In southeastern Michigan, where the nests were collected,
nest construction begins synchronously (within one week) in the
early spring and each nest cell produces one offspring. As a re-
sult, the number of nest cells provides a good proxy for repro-
ductive success when date of collection is accounted for. Larger
spring nests produce more workers and therefore more reproduc-
tive males and females than smaller spring nests. The disadvantage
of measuring nest size in the spring is that a few nests will fail or be
usurped before offspring are produced (Nonacs and Reeve 1995).
Usurpation or nest failure could obscure fitness relationships, but
are unlikely to create new fitness relationships.

WINTER SURVIVAL
We assessed survival by comparing average characteristics of
nest founding queens collected in Ann Arbor, M1, across different
years. Foundresses have an annual life cycle, so different years
reflect different generations. The life cycle of a nest founding
queen involves developing from egg to adult in the summer, over-
wintering, then founding nests the following spring (Jandt et al.
2014).

The small size and frequent dispersal of paper wasps means
that following individual wild wasps over the winter is not pos-

sible. However, we can gain insight into survival by comparing
characteristics of spring foundress population across years. We
measured the face and weight of spring foundresses and com-
pared with (1) temperature during overwintering and (2) tempera-
ture during the summer development period. Wasp facial patterns
do not change during adulthood. Therefore, if there are fewer
wasps with entirely yellow faces after colder winters, it suggests
that individuals with entirely yellow faces are less likely to survive
colder winters. The alternative is that fewer wasps with entirely
yellow faces are produced in the summer before a cold winter.
However, that alternative seems unlikely, as future winter weather
is not predictable.

Weather data for Ann Arbor, MI, were obtained from
the Weather Underground database (http://www.wunderground.
com/). We collated temperatures during foundress larval de-
velopment and overwintering. The average temperature during
foundress larval development was quantified as the average tem-
perature from July 1 to September 1 of the year prior to nest
foundation. The average low temperature during the three coldest
winter months, December 1 to March 1, was used as the average
overwintering low temperature.

The survival analysis includes 4028 individuals measured
across eight years (2006, 2008-2014). Pictures of each foundress
are not available, so facial pattern was measured as the proportion
of wasps with entirely yellow clypeus. Entirely yellow facial pat-
terns signal the lowest fighting ability and are scored as zero facial
pattern brokenness (Tibbetts 2013). The proportion of foundresses
with entirely yellow faces is quite variable across years, from 2 to
18 %. Average weight of foundresses each year was also analyzed.

DOMINANCE RANK

In 2010, the dominance ranks of foundresses on nests that con-
tained MFs were measured by observing aggressive interactions
among individually marked cofoundresses for at least 2 h, longer
if ranks were not immediately apparent. Dominance ranks were
determined by mounting behavior. During a mount, the dominant
positions itself above the subordinate and drums antennae on the
subordinate. The subordinate lowers her antennae when receiving
a mount. Wasps only mount individuals that are subordinate to
them in the dominance hierarchy (West-Eberhard 1969). In a few
cases, it was difficult to distinguish between the rank of lower
ranked foundresses; these wasps were scored as tied. Forty-three
nests from 2010 were included in the dominance analysis. Facial
pattern brokenness and weight were measured for each foundress.

FACIAL PATTERN BROKENNESS ANALYSIS

We assessed the facial pattern of wasps by analyzing a digital pic-
ture of the wasp’s face with Adobe Photoshop. Facial patterns do
not change during a wasp’s lifetime. A wasp’s facial pattern “bro-
kenness” is the best predictor of dominance and takes into account
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the number, size, and shape of black spots on the wasp’s clypeus
(Fig. 1; Tibbetts 2010; Tibbetts et al. 2010, 2011a). To calculate
brokenness, the area of the clypeus containing the population-
wide badge variability was converted into a 30 x 60 pixel bitmap.
Then, the number of pixels containing black pigment within each
vertical column along the horizontal length of the clypeus was
counted. We were interested in the total disruption of the black
facial pattern, so we calculated the SD of the black pigment
deposition from pixels 5 to 55 along the horizontal gradient of the
60-pixel clypeus. We excluded the first and last 5 pixels from the
brokenness analysis because the edges of the clypeus are black.
As aresult, wasps with black in the first and last five pixels have
facial patterns that appear less broken than individuals with black
spots that extend to the edge of the clypeus. The SD of the black
pigment deposition or “brokenness” of a wasp’s face measures
the amount of disruption in the black coloration and a signal of
fighting ability (Tibbetts 2013). Lower values of this index are
associated with lower brokenness and lower advertised quality,
whereas higher values are associated with higher brokenness and
advertised quality. Facial pattern analysis was performed by a
student blind to wasp identity and experimental predictions.

STATISTICAL ANALYSES
All data were analyzed in SPSS version 21.

Reproductive success

The factors associated with reproductive success were analyzed
using a general linear model. The dependent variable was nest
size (number of cells). The independent variables were as follows:
foundress facial pattern brokenness, foundress weight, date nest
size was measured, and whether the nest had a single foundress
(SF) or multiple foundresses (MFs) (categorical). Year was in-
cluded as a categorical random effect in the model to account
for any differences in nest size across years. Six hundred eleven
nests were included in the analysis. The data were also analyzed
separately within SF and MF nests. Within SF nests, an addi-
tional analysis was performed without the three largest nests.
Effect sizes measured as eta squared (n?) are included. Facial pat-
terns and weight are sometimes weakly correlated (Tibbetts et al.
2011c). Correlation of independent variables can reduce model
fit, but the variance inflation factors were less than 1.2 in this
dataset and 10 is the traditional cut-off. Therefore, model fit is not
reduced by collinearity (Zar 2009).

Overwinter survival

Generalized linear models were used to test how foundress char-
acteristics were associated with temperature. Generalized linear
models were used because traditional linear models are not ap-
propriate for data-like proportions that are unlikely to be normally
distributed and are restricted to a small range (0—1). In one anal-
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Table 1. Results of a general linear model analyzing the factors
associated with nest size.

Fi 605 P "’
Facial pattern brokenness 13.1 <0.0001 0.021
SF or MF 73.9 <0.0001 0.11
Time of season 120.7 <0.001 0.17
Year 14.2 <0.0001 0.023
Body weight 041 =0.52 0.001

ysis, the proportion of foundresses with entirely yellow faces in
a given year was the dependent variable. Yellow faces signal the
lowest fighting ability and have zero facial pattern brokenness. In
the other analysis, the mean weight of foundresses in a given year
was the dependent variable. In both analyses, the independent
variables were temperature during the summer larval develop-
ment period and temperature during overwintering. Eight years
of data were analyzed, with each year providing one datapoint.

Dominance rank

The factors associated with dominance rank were analyzed using
a generalized linear model (GEE with ordinal response). The
dependent variable was dominance rank (rank 1, 2, 3, or 4). The
independent variables were facial pattern brokenness, weight, and
the two-way interaction between facial pattern brokenness and
weight. Nest was included as a subject variable in the model. One
hundred twelve individuals across 43 nests were included in the
analysis.

Results

Within the entire dataset, wasps with higher facial pattern
brokenness had larger nests than wasps with lower facial pattern
brokenness (Table 1, Fig. 2, F} 605 = 13.1, P < 0.0001). Although
this relationship is highly significant, the effect size is small
(n? = 0.021). Nest size was also linked with whether nests had
one foundress or MFs; MF groups had larger nests than SFs
(Fy 605 = 73.9, P < 0.0001, n? = 0.11). Not surprisingly, nests
measured later in the season were larger than nests measured
earlier in the season (F;¢ps = 120.7, P < 0.001, 1?2 = 0.17).
Year also had an effect on nest size, with nests growing larger in
some years than others (F g0 = 14.2, P < 0.0001, n? = 0.023).
Finally, body weight was not associated with nest size (F| 605 =
0.41, P =0.52, 1> = 0.001).

The results are similar when the data are analyzed separately
within nests that contained a SF and nests that contained MFs.
Wasps with higher facial pattern brokenness tended to have larger
nests than those with lower facial pattern brokenness (SF, F 500
= 10.6, P = 0.001, n?> = 0.021; MF, F; o, = 3.5, P = 0.06,
n% = 0.034). Nests sampled later in the season were larger than
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Figure 2. Relationship between facial pattern brokenness (log
transformed) and number of nest cells in (A) SF and (B) MF nests.
Foundresses with more broken black facial patterns had larger
nests than those with less broken facial patterns. Statistical signif-
icance is unaffected when the three largest SF nests are excluded
from the analysis. Figure shows nests measured between May 24
and June 24.

those sampled earlier (SF, F 500 = 135.9, P < 0.0001, 12 = 0.04;
MF, F; 101 = 8.7, P = 0.004, 1% = 0.08). Body weight was not
associated with nest size (SF, F 500 = 1.4, P = 0.23, n2 =0.003;
MF, F} 101 = 0.18, P =0.67, n? = 0.002). Nest size varied across
years in SF but not MF nests (SF, F| 500 = 20.6, P < 0.001, n?
= 0.04; MF, F; 01 = 0.11, P = 0.73, n2 = 0.001). The results
are similar if the three largest single foundress nests are excluded
from the analysis, indicating that the results are not driven by a
few datapoints (facial pattern, Fj 497 =7.3, P =0.007, n2 =0.014;
date, F'; 497 = 191, P < 0.001, nz =0.28; year, Fj 497 =169, P <
0.001, 0> = 0.033; weight, F| 497 = 4.1, P = 0.042, 1> = 0.008).
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Figure 3. Relationship between proportion of foundresses in the
population with the entirely yellow faces that signal low fighting
ability and (A) winter and (B) summer temperature (in Fahrenheit).

The proportion of foundresses with the entirely yellow facial
patterns that signal low fighting ability was positively associ-
ated with overwintering temperature (Fig. 3, Wald x> =3.7P =
0.05). There were fewer foundresses with entirely yellow faces
after colder winters than after warmer winters, suggesting that
wasps with entirely yellow faces (signal low agonistic ability) are
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Figure 4. Relationship between average foundress weight and
(A) winter and (B) summer temperature (Fahrenheit). Error bars
are £ SE.

less likely to survive cold winters than wasps with some black on
their faces (signal higher agonistic ability). The average tempera-
ture during foundress larval development was not associated with
foundress facial patterns (Fig. 3, Wald x> = 0.14, P = 0.90).

Average foundress weight in the spring was not associated
with the average minimum temperature during the preceding win-
ter (Fig. 4, Wald y> = 2.7, P = 0.10). Average temperature during
larval development was not associated with spring body weight
(Wald y*> = 0.8, P = 0.37).
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Dominance rank was associated with foundress facial pat-
terns (Fig. 5, Wald xz = 4.1, P = 0.043), body weight (Wald x2
=4.3, P = 0.038), and the interaction between facial patterns and
body weight (Wald x? = 3.7, P = 0.055). Dominant wasps had
more broken facial patterns and larger body weight than subor-
dinate wasps. The interaction occurs because high ranking wasps
with low facial pattern brokenness have relatively higher weights.

Discussion

The facial patterns that signal fighting ability in P. dominula are
linked with three key aspects of fitness: reproductive success, sur-
vival, and dominance rank. Wasps with facial patterns advertising
higher fighting ability have larger nests than wasps with facial
patterns advertising lower fighting ability (Fig. 2). Facial patterns
are also associated with surviving harsh conditions; wasps with
facial patterns that signal low fighting ability are more likely to
die in cold winters than warm winters (Fig. 3). Finally, within wild
cofoundress associations, wasps with facial patterns advertising
higher fighting ability are dominant over individuals with facial
patterns advertising lower fighting ability (Fig. 5), confirming
previous studies on the relationship between facial patterns and
fighting ability in other experimental contexts (Tibbetts and Dale
2004; Tibbetts and Lindsay 2008; Tibbetts et al. 2010; Tibbetts
2013).

Although facial patterns were consistently associated with
fitness, the relationship between body weight and fitness was
more complex. High body weight was positively associated with
dominance rank, but not nest size or survival. A potential critique
of studies with large sample sizes is that they may allow iden-
tification of significant relationships with small effect sizes. For
example, the relationship between facial pattern and nest size is
significant, but weak. Here, the same large sample of wasps was
used to test how facial patterns and body weight are linked with
fitness, but the analyses yielded very different results. Therefore,
the consistent, positive relationship between facial patterns and
aspects of fitness is notable.

The results of this study hint at surprising overlap between
socially and sexually selected signals. Both are positively asso-
ciated with fitness and their bearer’s overall phenotypic and ge-
netic constitution such that individuals with elaborate ornaments
are “better” than those with less elaborate ornaments (Andersson
1994; Moller and Alatalo 1999; Jennions et al. 2001). Therefore,
receivers gain diverse information about the overall quality of
senders by paying attention to signals evolved in the context of
aggressive competition over nonmating resources. Although our
data indicate that receivers could obtain diverse information about
overall quality by assessing socially selected signals, little empir-
ical work has tested whether receivers pay attention to socially
selected signals in noncompetitive contexts. For example, wasps
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Dominant wasps had higher facial pattern brokenness and were larger than subordinate wasps.

could assess the overall quality of potential cooperative partners
via facial patterns and preferentially cooperate with higher quality
social partners.

The similar fitness relationships in social and sexually se-
lected signals may be one reason it is often difficult to categorize
as ornaments as being socially versus sexually selected. If signals
that evolve in the context of aggressive social competition convey
information about overall quality, potential mates could use these
traits to make decisions about mating partners. As aresult, socially
selected signals may often be coopted for mate choice such that
“purely” socially selected signals are rare (Berglund et al. 1996).

Previous work in P. dominula provides additional evidence
that facial patterns are associated with diverse aspects of quality.
Wasps with more broken facial patterns are in better physical

condition (Tibbetts and Curtis 2007; Tibbetts 2010), emerge from
diapause earlier (Tibbetts et al. 2011b), and have higher survival
under artificially increased juvenile hormone titers (a hormone
that mediates aggressive competition in wasps; Tibbetts and 1zzo
2009) than wasps with less broken facial patterns (Tibbetts and
Banan 2010). Of course, fitness is multifaceted and there are
often trade-offs between components of quality (Stearns 1989;
Hunt et al. 2004), so there may be fitness trade-offs associated
with signaling high fighting ability that have not been identified.

Facial pattern brokenness is positively linked with fitness,
so what factors keep the signaling system honest? This study
indicates that the signaling system is not an evolutionarily stable
strategy (ESS), where individuals that signal high and low fighting
ability are pursuing different, but equally fit strategies (Maynard

EVOLUTION NOVEMBER 2015 2923
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Smith and Harper 1988). Instead, only the “best” individuals can
afford to signal high fighting ability, perhaps because individuals
with inaccurate signals suffer social costs that disfavor signal
inaccuracy (Tibbetts and Dale 2004; Tibbetts and Izzo 2010).

Multiple factors may contribute to the relationship between
nest size and facial pattern elaboration. First, wasps with more
broken facial patterns emerge from diapause at cooler tempera-
tures than wasps with less broken facial patterns (Tibbetts et al.
2011b), so they may found nests earlier in the season. Persistent
differences in nest size may be due to facial pattern-linked differ-
ences in fecundity, parental care, or quality of the nesting location.
All these factors have been shown to covary with sexual signal
elaboration in other taxa (review in Moller and Jennions 2001),
but have not been explicitly tested in socially selected signals.

Facial patterns are also associated with overwinter survival.
More foundresses have facial patterns signaling low agonistic
ability after warmer winters than after colder winters (Fig. 3).
Wasp facial patterns do not change during adulthood. As a result,
this relationship suggests that wasps with black spots that signal
high agonistic ability are better able to withstand harsh winters
than wasps with yellow faces that signal low agonistic ability. In-
creased survival may occur because wasps use nutritional stores to
maintain slightly elevated temperatures during the winter (Weiner
et al. 2011) and wasps with black spots are in better nutritional
condition than individuals with yellow faces (Tibbetts and Curtis
2007; Tibbetts 2010). Ability to survive the winter is a key aspect
of fitness; gynes must overwinter before reproducing. Therefore,
wasps with higher facial patterns brokenness experience survival-
linked fitness benefits.

The relationship between overwinter temperatures and
foundress facial patterns matches previous work on geographic
variation in P. dominula facial patterns. Wasps from warmer cli-
mates have lower facial pattern brokenness than wasps from cooler
climates (Tibbetts et al. 2011c), as would be expected if facial
pattern brokenness is linked with the ability to withstand cool
temperatures. At least some of the geographic difference in facial
patterns is due to developmental plasticity, wherein workers and
gynes develop faces with higher brokenness in cooler locations
(Green et al. 2012). Differential survival of individuals that signal
high versus low agonistic ability also is likely to contribute to the
relationship between facial patterns and climate. Insects in cooler
locations often experience thermoregulatory benefits of dark col-
oration (Kingsolver and Huey 1998). However, thermoregulation
is unlikely to play an important role in P. dominula facial patterns,
as a very small amount of black pigment is involved in creating
broken facial patterns. Therefore, facial patterns are unlikely to
be directly responsible for the increase in winter survival. Instead,
facial patterns are associated with overall quality and higher qual-
ity wasps deal with cold temperatures better than lower quality

wasps.
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The results of this study illustrate that facial pattern bro-
kenness is linked with dominance (Fig. 5), matching previous
evidence that facial patterns are signals of fighting ability in the
United States. The relationship between facial pattern and domi-
nance is weak, but consistent across experiments. In staged con-
tests, wasps with more broken facial patterns are more likely to
win fights than those with less broken facial patterns (Tibbetts
and Dale 2004; Tibbetts et al. 2011a). Wasps with broken facial
patterns are also avoided by rivals (Tibbetts and Lindsay 2008;
Tibbetts et al. 2010). In addition, facial pattern brokenness is
correlated with juvenile hormone titer, a key hormone mediating
aggressive competition (Tibbetts et al. 2011a).

GEOGRAPHIC VARIATION IN P. dominula
A previous study of P. dominula in Spain, found that neither body
size nor facial patterns are linked with survival, reproductive
success, or dominance rank. Relationships between dominance
rank and facial patterns and/or body size are common in Polistes
(Pardi 1948; Turillazzi and Pardi 1977; reviewed in Jandt et al.
2014), but Green (Green et al. 2013) found that neither factor was
associated with rank. This may be due, in part, to the unusual,
highly cooperative behavior in Spain. In a recent survey of 13
P. dominula populations, Spain had the highest rate of coopera-
tion (5.2 foundresses per nest), whereas the other 12 populations
averaged 1.4 foundresses per nest. Michigan is slightly lower
than average, at 1.2 foundresses per nest (Sheehan et al., 2015). In
addition, single foundress colonies in Spain typically fail (Green
et al. 2013), whereas solitary nesting is a common, successful
strategy in other U.S. and European P. dominula populations (e.g.,
Nonacs and Reeve 1995; Tibbetts and Reeve 2003). Such differ-
ences in cooperation may dramatically influence the dynamics
of group formation, including the factors that influence rank.
The differences between Green et al. (2013) and this study
may also be due to geographic variation in facial patterns. In Spain,
there is relatively little facial pattern variation; approximately 80%
of foundresses have the entirely yellow facial patterns that signal
low agonistic ability, likely due to the relatively warm climate in
southern Spain (Tibbetts et al. 2011c; Green et al. 2013). Outside
of Spain, P. dominula have higher levels of facial pattern varia-
tion, with Michigan wasps having similar facial pattern variation
as Ukrainian and Hungarian wasps (Tibbetts et al. 2011c). Low
levels of variation reduce statistical power so it is more difficult
to detect whether facial patterns are associated with variation in
fitness in Spain than other populations. Alternatively, there may
be real differences in the role of facial patterns across populations.
The low variation means that facial patterns are less likely to pro-
vide useful information to receivers, so receivers may not pay
attention to variation in facial patterns (Green and Field 2011).
Over time, lack of receiver response is predicted to disrupt the
reliability of the signaling system. In the future, analysis across
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multiple populations will be important, as well as common gar-
den experiments to establish the extent of population divergence
across P. dominula populations.

Overall, the socially selected signal of fighting ability in
P. dominula is positively linked with fitness; wasps that signal
higher fighting ability have higher reproductive success, rank, and
survival than those that signal lower fighting ability. In contrast,
body weight is not consistently associated with fitness. Although
larger wasps are dominant over smaller wasps, large wasps do
not have larger nests or higher survival than smaller wasps. The
relationship between paper wasp facial patterns and fitness indi-
cates that receivers can obtain information about signaler’s pheno-
typic quality by paying attention to signals that evolved via social
selection to mediate intrasexual aggressive competition. There-
fore, there are surprisingly strong parallels between ornaments
that mediate competition and choice in mating and nonmating
contexts

ACKNOWLEDGMENT
This material is based in part upon work supported by the National Science
Foundation under grant number 10S-1146139.

DATA ARCHIVING
The doi for our data is doi: 10.5061/dryad.0398p.

LITERATURE CITED

Andersson, M. 1994. Sexual selection. Princeton Univ. Press, Princeton, NJ.

Beani, L. 1996. Lek-like coursthip in paper wasps: “a prolonged, delicate,
and troublesome affair.” Pp. 113-125 in S. Turillazzi and M. J. West-
Eberhard, ed. Natural history and evolution of paper-wasps. Oxford
Univ. Press, New York.

Berglund, A., A. Bisazza, and A. Pilastro. 1996. Armaments and ornaments:
an evolutionary explanation of traits of dual utility. Biol. J. Linn. Soc.
58:385-399.

Blanckenhorn, W. U. 2000. The evolution of body size: what keeps organisms
small? Q. Rev. Biol. 75:385-407.

Chaine, A. S., and B. E. Lyon. 2008. Intrasexual selection on multiple plumage
ornaments in the lark bunting. Anim. Behav. 76:657-667.

Dropkin, J. A., and G. J. Gamboa. 1981. Physical comparision of foundresses
of the paper wasp, Polistes metricus. Can. Entomol. 113:457—461.
Fairbairn, D. J. 1997. Allometry for sexual size dimorphism: pattern and
process in the coevolution of body size in males and females. Annual

Review of Ecology and Systematics 28:659-687.

Green, J. P, and J. Field. 2011. Interpopulation variation in status signalling
in the paper wasp Polistes dominulus. Anim. Behav. 81:205-209.
Green, J. P., C. Rose, and J. Field. 2012. The role of climatic factors in the
expression of an intrasexual signal in the paper wasp Polistes dominulus.

Ethology 118:766-774.

Green, J. P, E. Leadbeater, J. M. Carruthers, N. S. Rosser, E. R. Lucas, and
J. Field. 2013. Clypeal patterning in the paper wasp Polistes dominulus:
no evidence of adaptive value in the wild. Behav. Ecol. 24:623-633.

Hunt, J., L. F. Bussiere, M. D. Jennions, and R. Brooks. 2004. What is genetic
quality? Trends Ecol. Evol. 19:329-333.

1zzo, A. S., and E. A. Tibbetts. 2012. Spotting the top male: sexually selected
signals in male Polistes dominulus wasps. Anim. Behav. 83:839-845.

Jandt, J. M., E. A. Tibbetts, and A. L. Toth. 2014. Polistes paper wasps: a
model genus for the study of social dominance hierarchies. Insect. Soc.
61:11-27.

Jennions, M. D., A. P. Moller, and M. Petrie. 2001. Sexually selected traits
and adult survival: a meta-analysis. Q Rev. Biol. 76:3-36.

Johnstone, R. A. 1995. Sexual selection, honest advertisement and the hand-
icap principle: reviewing the evidence. Biol. Rev. Camb. Philos. Soc.
70:1-65.

Kingsolver, J. G., and R. B. Huey. 1998. Evolutionary analyses of morpho-
logical and physiological plasticity in thermally variable environments.
Am. Zool. 38:545-560.

Lyon, B. E., and R. Montgomerie. 2012. Sexual selection is a form of social
selection. Philos. Trans. R. Soc. B Biol. Sci. 367:2266-2273.

Maynard Smith, J., and D. Harper. 2003. Animal signals. Oxford Univ. Press,
New York.

Maynard Smith, J. M., and D. G. C. Harper. 1988. The evolution of
aggression—can selection generate variability? Philos. Trans. R. Soc.
Lond. BBiol. Sci. 319:557-570.

Moller, A. P., and R. V. Alatalo. 1999. Good-genes effects in sexual selection.
Proc. R. Soc. B Biol. Sci. 266:85-91.

Moller, A. P, and M. D. Jennions. 2001. How important are direct fitness
benefits of sexual selection? Naturwissenschaften 88:401-415.

Nonacs, P., and H. K. Reeve. 1995. The ecology of cooperation in wasps—
causes and consequences of alternative reproductive decisions. Ecology
76:953-967.

Nylin, S., and K. Gotthard. 1998. Plasticity in life-history traits. Ann. Rev.
Entomol. 43:63-83.

Pardi, L. 1948. Dominance order in Polistes wasps. Physiol. Zool. 21:1-13.

Queller, D. C., E. Zacchi, R. Cervo, S. Turillazzi, M. T. Henshaw, L. A.
Santorelli, and J. E. Strassmann. 2000. Unrelated helpers in a social
insect. Nature 405:784-787.

Reeve, H. K., and L. Keller. 2001. Tests of reproductive-skew models in
social insects. Pp. 347-385 in M. R. Berenbaum, R. T. Carde, and G. E.
Robinson, eds. Annual review of entomology.

Rohwer 1985. Dyed birds achieve higher social status tan controls in Harris’
sparrows. Animal Behavior 33:1325-1331.

Searcy, W. A., and S. Nowicki. 2005. The evolution of animal communication.
Princeton Univ. Press, Princeton, NJ.

Sheehan, M. J., C. A. Botero, T. A. Hendry, B. E. Sedio, J. M. Jandt, S. A.
Weiner, A. L. Toth, and E. A. Tibbetts. 2015. Threshold-like shifts in
social regimes explain macroevolutionary patterns of cooperative nesting
in relation to climate in paper wasps. Ecol. Lett.: 18:1057-1067.

Stearns, S. C. 1989. Trade-offs in life history evolution. Funct. Ecol. 3:259—
268.

Stuart-Fox, D., and A. Moussalli. 2008. Selection for social signalling drives
the evolution of chameleon colour change. Plos Biol. 6:22-29.

Tibbetts, E. A. 2010. The condition-dependence and heritability of signal-
ing and non-signaling color traits in paper wasps. Am. Nat. 175:495—
503.

. 2013. The function, development, and evolutionary stability of con-

ventional signals of fighting ability. Pp. 49-80 in H. J. Brockmann, T.
J. Roper, M. Naguib, J. C. Mitani, L. W. Simmons, and L. Barrett, eds.
Advances in the study of behavior. Vol. 45.

Tibbetts, E. A., and M. Banan. 2010. Advertised quality, caste and food
availability influence the survival cost of juvenile hormone in paper
wasps. Proc. R. Soc. B Biol. Sci. 277:3461-3467.

Tibbetts, E. A., and T. R. Curtis. 2007. Rearing conditions influence quality
signals but not individual identity signals in Polistes wasps. Behav. Ecol.
18:602-607.

Tibbetts, E. A., and J. Dale. 2004. A socially enforced signal of quality in a
paper wasp. Nature 432:218-222.

EVOLUTION NOVEMBER 2015 2925



ELIZABETH. A. TIBBETTS ET AL.

Tibbetts, E. A., and A. 1zzo. 2010. Social punishment of dishonest signalers
caused by mismatch between signal and behavior. Curr. Biol. 20:1637—
1640.

Tibbetts, E. A., and A. S. Izzo. 2009. Endocrine mediated phenotypic plastic-
ity: condition-dependent effects of juvenile hormone on dominance and
fertility of wasp queens. Horm. Behav. 56:527-531.

Tibbetts, E. A., and R. Lindsay. 2008. Visual signals of status and ri-
val assessment in Polistes dominulus paper wasps. Biol. Lett. 4:237—
239.

Tibbetts, E. A., and H. K. Reeve. 2003. Benefits of foundress associa-
tions in the paper wasp Polistes dominulus: increased productivity
and survival, but no assurance of fitness returns. Behav. Ecol. 14:510—
514.

Tibbetts, E. A., and R. J. Safran. 2009. Co-evolution of plumage characteristics
and winter sociality in New and Old World sparrows. J. Evol. Biol.
22:2376-2386.

Tibbetts, E. A., A. Mettler, and S. Levey. 2010. Mutual assessment via
visual status signals in Polistes dominulus wasps. Biol. Lett. 6:
10-13.

Tibbetts, E. A., A. 1zzo, and Z. Y. Huang. 201 1a. Behavioral and physiological
factors associated with juvenile hormone in Polistes wasp foundresses.
Behav. Ecol. Soc. 65:1123-1131.

Tibbetts, E. A., A. 1zzo, and R. M. Tinghitella. 2011b. Juvenile hormone titer
and advertised quality are associated with timing of early spring activity
in Polistes dominulus foundresses. Insect. Soc. 58:473-478.

2926 EVOLUTION NOVEMBER 2015

Tibbetts, E. A., O. Skaldina, V. Zhao, A. L. Toth, M. Skaldin, L. Beani, and
J. Dale. 2011c. Geographic variation in the status signals of Polistes
dominulus paper wasps. Plos One 6e28173.

Tobias, J. A., R. Montgomerie, and B. E. Lyon. 2012. The evolution of female
ornaments and weaponry: social selection, sexual selection and ecolog-
ical competition. Philos. Trans. R. Soc. B Biol. Sci. 367:2274-2293.

Turillazzi, S., and L. Pardi. 1977. Body size and hierarchy in polygynic nests
of Polistes gallicus (Hymenoptera-Vespidae). Monit. Zool. Ital. 11:101—
112.

Weiner, S. A., K. Noble, C. T. Upton, W. A. Woods, and P. T. Starks. 2011. A
role for thermoregulation in the Polistes dominulus invasion: a compar-
ison of the thermoregulatory abilities of the invasive wasp P. dominulus
and the native wasp P. fuscatus. Insect. Soc. 58:185-190.

West-Eberhard, M. J. 1969. The social biology of polistine wasps. Pp. 1-101,
Vol. 140. Miscellaneous Publications of the Museum of Zoology, Univ.
of Michigan, Ann Arbor, MIL.

. 1983. Sexual selection, social competition, and speciation. Q. Rev.

Biol. 58:155-183.

.2014. Darwin’s forgotten idea: the social essence of sexual selection.
Neurosci. Biobehav. Rev. 46:501-508.

Zar, J. H. 2009. Biostatistical analysis. 5th ed. Pearson, New York.

Associate Editor: R. Rodriguez
Handling Editor: J. Conner



