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Introduction

Abstract Females of many species are polyandrous. However, polyandry can give rise
to conflict among individuals within families. We examined the level of polyandry and
paternity skew in the common eastern yellowjacket wasp, Vespula maculifions, in order
to gain a greater understanding of conflict in social insects. We collected 10 colonies of
V. maculifrons and genotyped workers and prereproductive queens at highly variable mi-
crosatellite markers to assign each to a patriline. Genotypic data revealed evidence of sig-
nificant paternity skew among patrilines. In addition, we found that patrilines contributed
differentially to caste production (worker vs. queen), suggesting an important role for re-
productive conflict not previously discovered. We also investigated if patterns of paternity
skew and mate number varied over time. However, we found no evidence of changes in
levels of polyandry when compared to historical data dating back almost 40 years. Finally,
we measured a suite of morphological traits in individuals from the most common and
least common patrilines in each colony to test if males that showed highly skewed re-
productive success also produced offspring that differed in phenotype. Our data revealed
weak correlation between paternity skew and morphological phenotype of offspring sired
by different males, suggesting no evidence of evolutionary tradeoffs at the level investi-
gated. Overall, this study is the first to report significant paternity and caste-associated
skew in ¥ maculifrons, and to investigate the phenotypic consequences of skew in a social
wasp. Our results suggest that polyandry can have important consequences on the genetic
and social structure of insect societies.
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time and energy expended in mating, as well as an in-
creased risk of predation and disease (Boomsma, 2013;
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Many insects are polyandrous (Shuker & Simmons, 2014;
Snook, 2014; Taylor et al., 2014; Boulton ef al., 2018).
That is, females mate with multiple males in a single
reproductive cycle (Boulton & Shuker, 2013). The evo-
lution of polyandry is surprising because multiple mat-
ing has considerable costs to females, such as a loss of
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Pizzari & Wedell, 2013; Snook, 2014). Thus, substantial
research has focused on understanding why some insects
have evolved polyandrous mating systems (Baer, 2014;
Hare & Simmons, 2019; Fromonteil ef al., 2023).

The origin and maintenance of polyandry in highly so-
cial insects (i.e., ants, social bees, social wasps, and ter-
mites) is of particular interest (Boomsma, 2013; Jaffé,
2014; Baer, 2016). Polyandry has potentially far-reaching
evolutionary consequences in insect societies, because
multiple mating by females alters the genetic relation-
ships among colony members, thereby changing the
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(A)

Fig. 1 (A) Vespula maculifrons gyne (left) and worker (right) wasps. (B) A small, mature ¥ maculifrons nest.

costs of cooperation and conflict (Boomsma, 2013; Jaffé,
2014). Changes in colony genetic diversity arising from
multiple mating may ultimately affect decisions by indi-
viduals to cooperate, disperse, and reproduce, thereby af-
fecting the evolution of sociality overall (Seeley & Tarpy,
2007; Boomsma, 2013; Baer, 2016; Dillard & Westneat,
2016; Davies & Gardner, 2018; Saga et al., 2020). No-
tably, however, polyandry is relatively common among
social insects and found in approximately one third of so-
cial insect species (Baer, 2016). Thus, polyandrous social
insects are key taxa to study reproductive conflict aris-
ing from polyandrous mating systems (Boomsma, 2013;
Fromonteil et al., 2023).

The rearing of new queens (hereafter, gynes) is a criti-
cal transition for social insect colonies but may also be an
important source of conflict among subfamilies. Work-
ers within colonies headed by polyandrous queens may
“encourage” closely related, full siblings to develop into
gynes or even intentionally harm unrelated brood. This
nepotism is an example of reproductive competition that
could be selected for in colonies comprised of multiple
subfamilies (Baer, 2016). For example, worker ants in
polygynous Formica fusca colonies can detect and self-
ishly favor the rearing of their close kin (Hannonen &
Sundstrom, 2003). Reproductive competition could also
occur if workers preferentially care for brood from cer-
tain subfamilies. Moreover, sperm competition may oc-
cur among the queen’s male mates within a queen’s re-
productive organs leading to variation in male reproduc-
tive success (Jaffé, 2014; Baer, 2016; Simmons & Wedell,
2020; Degueldre & Aron, 2023). For example, some male
ejaculate contains seminal fluid to kill the sperm of other

males present in the queen sexual tract (den Boer et al.,
2010).

Here, we investigated patterns of reproductive competi-
tion and paternity skew in natural colonies of the polyan-
drous social wasp, Vespula maculifrons (Fig. 1). Vespid
wasps show broad variation in social structure and be-
havior (Hunt & Toth, 2017; Taylor et al., 2018). The so-
cial biology and caste system of Vespula has also been
well-studied (Foster & Ratnieks, 2001), making Vespula
an ideal taxon to study reproductive competition and pa-
ternity skew. Typically, Vespula colonies are headed by
a single, polyandrous queen (Spradbery, 1973; Ross &
Matthews, 1991). The genetic structure of such colonies
allows one to study the effects of polyandry in isola-
tion (Holzer et al., 2006). Vespula colonies also pro-
duce hundreds of new gynes annually, amplifying sam-
ple size and statistical power for the study of repro-
ductive output of each colony (Spradbery, 1973; Dyson
et al., 2021). And, notably, the genetic structure of ¥ ma-
culifrons colonies have been studied in this geographic
area for almost 4 decades (Ross, 1986; Goodisman ef al.,
2007a, 2007b; Kovacs et al., 2010; Dyson et al., 2021).
This historical dataset is a valuable tool to answer ques-
tions about long-term changes in the reproductive biol-
ogy of this species, specifically through the lens of envi-
ronmental change. Such evolutionary or plastic changes
could provide important signals of changes in selective
pressures.

This investigation sought evidence for reproductive
competition and paternity skew in V¥ maculifrons. We
were interested in determining if the different male
mates of individual queens contributed differentially to
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offspring production. Significant skew would indicate
that some males were “winning”, and some “losing”, the
competition for reproduction (Nonacs, 2000; Nonacs &
Hager, 2011; Jaffé et al., 2012). Therefore, skew among
males would represent an important contributor to fitness
differences among males. Further, we examined the
proportion of queen and worker offspring production
by male mates of the queen. Such variation would be
expected if reproductive competition occurred between
males over caste production (Jaffé et al., 2012). Males
should compete to produce gynes rather than worker,
because workers are typically sterile (although V. ma-
culifrons workers can produce male offspring in some
circumstances). Thus, a male that sires more gynes than
workers would experience greater fitness than other
competing males.

We were also interested in the possible effects
of polyandrous mating systems on social phenotypes.
Tradeoff theories predict that “cheating” genotypes are
held at low frequency within natural populations due
to countervailing selective processes (Van Dyken ef al.,
2011). This “kin selection-mutation balance” hypothesis
proposes fitness tradeoffs in male traits but has rarely
been tested empirically. In the present study, we tested
predictions inspired from this hypothesis by examining
if males that were successful in reproductive competi-
tion produced progeny with inferior phenotypes. In this
case, we tested if males that sired a higher proportion of
offspring produced gynes of smaller size, as robust size
is associated with gyne viability and reproductive suc-
cess (Kingsolver & Pfennig, 2004; Kovacs & Goodisman,
2012; Wright et al., 2019). In other words, we explored
if males that managed to “cheat” in reproductive compe-
tition would suffer some counterbalancing costs in other
fitness-related aspects of their genotype.

This investigation thus had 4 specific aims. First, (1)
we determined if males showed differential partition-
ing in reproduction of daughters (i.e., skew). Next, (2)
we determined whether the male mates of queens con-
tributed differentially to the worker and gyne castes
within colonies (i.e., caste-biased paternity skew). (3) We
then examined historical variation in paternity skew in
this species with 4 decades of published data. And fi-
nally, (4) we tested predictions inspired by “kin selection-
mutation balance” theory by examining the phenotypes
of offspring produced by males showing different levels
of paternity skew. Overall, this study advances our under-
standing of the nature and consequences of polyandry in
highly social insect taxa.

Paternity skew in social wasps 3

Materials and methods
Wasp collection

Ten colonies of ¥ maculifrons wasps were collected in
November 2021 and 2022 around Atlanta, Georgia, USA.
Briefly, ~100 mL of ether was poured into the colony’s
entrance hole to anesthetize the resident wasps. The nests
were removed gently using hand trowels. Colonies were
placed in a ventilated plastic container and transported to
the laboratory. Wasps were euthanized via rapid cooling
and stored at —20°C. Worker and gyne wasps were sorted
into sterile microcentrifuge tubes for additional analysis.

Genetic analysis

We genotyped 48.00 & 3.13 gynes and 98.00 £ 3.65
(mean % SD) workers from each colony. Individual wasps
were weighed, and a single posterior leg was removed and
put into a separate sterile tube. We extracted DNA from
the leg of each wasp using the Chelex method (Walsh
et al., 1991). Samples were dipped into liquid nitrogen
and then ground with a sterilized pestle. We then added
250 uL of 5% Chelex solution, vortexed, and heated each
sample to 95 °C for 30 min. DNA samples were stored at
—20 °C and centrifuged before use.

We amplified 6 highly variable microsatellites based on
previous studies via PCR in duplex reactions (Table S1)
(Foster et al., 2001; Daly et al., 2002; Hasegawa & Taka-
hashi, 2002; Dyson et al., 2022). Using the expected het-
erozygosity of each locus, we calculated a non-detection
error of 0.000249. The nondetection error is the probabil-
ity that 2 male mates of a queen would have the same mul-
tilocus genotype and, therefore, be undetectable as sepa-
rate males genetically. Therefore, we were able to assign
each wasp to a patriline with high confidence. PCR am-
plification was performed using an Eppendorf Mastercy-
cler and confirmed via visualization on a 3% ethidium
bromide agarose gel.

The PCR products from each individual were com-
bined in equal ratios with ROX-labeled ladder and for-
mamide. Each sample was denatured by heating to 96 °C
for 3 min and cooled on ice briefly. Samples were mailed
overnight for fragment analysis at Eton Biosciences. We
then identified allele sizes for each locus using the Ther-
moFisher Connect ' Microsatellite Analysis software. Fi-
nally, we used allelic size patterns to manually record pa-
triline for each wasp.
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Table 1 Information on the 10 Vespula maculifrons colonies used in this study including date collected and phenotypic sample sizes

for workers (n”) and gynes (n¢) from rare or common patrilines.

w

G w G

n n n n’
Colony Date collected rare rare common common
1 November 11, 2021 10 2 22 11
2 November 19, 2021 9 5 23 11
3 November 19, 2021 9 7 27 7
4 November 10, 2022 13 4 20 12
5 November 14, 2022 3 7 26 8
6 November 10, 2022 10 2 19 8
7 November 10, 2022 13 8 24 14
8 November 14, 2022 8 7 22 9
9 November 14, 2022 12 7 25 15
10 November 7, 2022 10 9 28 13

Morphological measurements

We investigated phenotypic differences between indi-
viduals produced by “high-skew” males and “low-skew”
males (sample size information in Table 1). That is, we
measured traits of gyne and worker wasps from the most
common and one of the least common patrilines identi-
fied from each colony. For some colonies, we did not use
the least common patriline to ensure a reasonable sample
size. We measured 8 morphological traits of each worker
and gyne (body mass, body length, forewing length, re-
silin joint area length, submarginal cell 1 length, femur
length, tibia length, and tarsus length) (Ruttner et al.,
1978; Radloff et al., 2002; Radloff et al., 2005; Alattal
et al., 2014) using an Olympus SZX16 microscope and
Teledyne Lumenera Infinity5 software. All wasps within
a colony were measured by the same researcher to mini-
mize bias.

Data analysis

All statistical analyses were performed in JMP Pro
16 software. Genotypic data were analyzed to estimate
queen mate number and effective mate number (k.)
(Boomsma & Ratnieks, 1997; Nielsen et al., 2003; Good-
isman et al., 2007b). We performed a paired #-test be-
tween the k., metric for workers and gynes in order
to test if the effective mate number in workers dif-
fered from that in gynes. Next, we calculated the pa-
ternity skew B index with 95% confidence intervals
using the Skew Calculator (Nonacs, 2000; Nonacs &
Hager, 2011). The male contributions to worker: gyne
production ratio were analyzed using a Pearson’s Chi-
Square test to test for “caste-biased paternity skew”.
All colonies were analyzed individually and then P-

values were combined using Stouffer’s combined P-value
method.

We compared our findings of paternity skew to previ-
ous work in V maculifrons. We examined historical data
from 1984, 2004, 2006, and 2017 (Ross, 1986; Good-
isman et al., 2007a; Kovacs et al., 2008; Dyson et al.,
2021). First, we verified that the data conformed to a
normal distribution. Then, we tested for differences in
mate number, effective mate number, and skew index
among sampling years by fitting a model and assigning
year as a random effect. Finally, we examined phenotypic
differences between common and rare patrilines using a
statistical model for each morphological trait and caste,
using colony as a block to account for environmental
variation.

Results
Paternity skew

We found that V. maculifrons queens mated with 5—
8 males (Table 2). Thus, queens were always moder-
ately polyandrous. The overall effective mate number (%)
ranged from 4.77 to 5.19, and was always lower than the
actual mate number, indicating that there was some vari-
ance in reproductive success of males.

We further investigated if males contributed unequally
to daughter production. We found that paternity skew, as
measured by the skew index (B), was small, but often
significant. The male mates of 9 out of the 10 colonies
displayed significant paternity skew when considering all
offspring together (Fig. 2). Males showed significant pa-
ternity skew in gynes in 4 out of 10 colonies (colonies
1, 6, 8, and 9), and significant paternity skew in workers
in 7 out of 10 colonies (colonies 1, 2, 3, 5, 6, 8, and 10).
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Fig. 2 Paternity skew (B) in workers, gynes, and all individuals combined from 10 Vespula maculifrons colonies. * indicates that 95%

confidence intervals do not overlap 0, P < 0.05.

Table 2 Queen mate number (k) and effective mate number
(k.) for workers (W), gynes (G), and the total number of indi-
viduals combined (T) for all 10 colonies sampled.

Colony K7 kS K k7, kS, K,
1 8 7 8 6.14 5.10 5.98
2 6 6 6 5.58 6.29 5.68
3 6 6 6 5.21 6.73 5.59
4 6 6 6 6.13 6.01 5.99
5 7 7 7 5.05 7.09 6.19
6 7 7 7 6.06 6.10 6.16
7 6 6 6 5.67 5.83 5.63
8 8 8 8 6.52 7.01 6.58
9 5 5 5 4.93 4.26 4.75
10 5 5 5 4.68 4.86 4.77
Mean 6.40 6.30 6.40 5.59 593 5.73
SEM 0.34 0.30 0.34 0.19 0.29 0.19

Further, we found no evidence of a significant correlation
for paternity skew estimates (B) in the 2 castes (» = 0.093,
P =0.80). That is, colonies that showed high skew in gy-
nes did not necessarily show high skew in workers.

Caste-biased paternity skew

We next investigated if males showed differential suc-
cess in their contribution to workers versus gynes. Such
“caste-biased paternity skew” would indicate that males
contributed differentially to worker and gyne production.

We found that some patrilines contributed unequally to
worker versus gyne production (Figs. 2 and 3). That is,
in some cases males produced a significantly higher (or
lower) proportion of gynes than workers. The chi-square
test P-value (P) for colonies 1—10 was 0.02, 0.89, 0.26,
0.76, 0.0001, 0.12, 0.85, 0.56, 0.12, and 0.25, respec-
tively. Two out of the 10 colonies examined had pa-
trilines with significantly different caste production ra-
tios (colony 1, P = 0.02 and colony 5, P = 0.0001).
Moreover, all colonies showed trends in the direction
of differential contribution to workers and gynes. And
when we combined information across all colonies, we
found highly significant evidence of caste-biased pater-
nity skew (P < 0.0001).

We also calculated caste correlations (r), which rep-
resent the linear correlation between gyne and worker
allocation among patrilines. That is, we tested if males
that sired many workers, also sired many gynes and vice
versa. Caste correlations were 0.60, 0.78, 0.49, 0.74,
—0.51,0.21,0.81, 0.74, 0.92, and 0.26 for colonies 1-10,
respectively. In addition, we tested if there were signifi-
cant differences in the measure of effective mate numbers
(k.) in the gyne and worker castes. However, we did not
find a statistically significant difference between the met-
rics in the 2 castes ( = 1.13, P = 0.28) (Table 2).

Patterns of paternity skew over time

We compared the paternity skew (B) identified in this
study with that detected in previous studies in 2004, 2006,
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Fig. 3 Caste-biased paternity skew in 10 Vespula maculifrons
colonies; each color represents a different patriline within
each colony and numbers represent percentages of each pa-
triline’s contribution to gynes (G) or workers (W). Combined
P < 0.0001 for all colonies together indicates that ¥ maculifrons
shows significant caste-biased paternity skew overall.

and 2017. We found that the magnitude of B was similar
across years (Fig. 4A). Further, we found no differences
in queen mate number (P = 0.83, df = 54) among sam-
pling years reaching back to 1984 (Fig. 4B). Similarly,
we observed no significant differences in effective mate
number (P = 0.44, df = 54) among colonies collected in
1984, 2004, 2006, 2017, or 2022 (Fig. 4B).

Paternity skew and evolutionary tradeoffs

We hypothesized that males that sired a large propor-
tion of gynes would produce gynes with inferior pheno-
types (Van Dyken et al., 2011). Thus, we investigated
whether males that showed high (low) overall paternity
skew tended to produce relatively small (large) gyne off-
spring, as predicted if there were trade-off in fitness
components for males. We found only 2 traits, forewing
length and resilin joint area length, to be significantly dif-
ferent between patrilines in the gyne caste (P = 0.033

and P = 0.0087, respectively) (Fig. 5 and Table S2). That
is, males that produced fewer daughters, produced gynes
with longer forewings and longer resilin joint areas than
males that sired the most daughters. However, overall, we
found little evidence that paternity skew was significantly
correlated with offspring phenotype.

Discussion

Many social insect queens mate with multiple males.
Multiple mating by queens can have important conse-
quences on the fitness of colony members. For exam-
ple, honeybee queens with higher levels of polyandry
tend to produce larger, healthier colonies that are more
resistant to disease (Mattila & Seeley, 2007; Seeley &
Tarpy, 2007). Moreover, polyandry can affect the func-
tion of social insect colonies because polyandry can lead
to conflict and reproductive competition. Further, males
also may compete for reproductive success either phys-
ically, through mating access to gynes, or chemically,
by using seminal fluid in sperm competition. Our study
used the polyandrous social wasp V. maculifrons to in-
vestigate important questions about paternity skew and
reproductive competition in social insects. We find sig-
nificant evidence of reproductive competition indicating
that polyandry is consequential in this species.

Paternity skew

Many polyandrous hymenopteran social insects display
skew among male mates (Jaffé ez al., 2012). For example,
honeybee queens mate many times which results in sub-
sequent paternity skew among workers (Tarpy & Nielsen,
2002; Schliins et al., 2005; Tarpy et al., 2015; Forfert
et al., 2017). Our first goal was to determine if males
mated to polyandrous V maculifrons queens showed ev-
idence for paternity skew. We asked if some male mates
of queens produced more offspring, regardless of caste,
than others. V maculifrons colonies are headed by a single
polyandrous queen; thus, it is relatively straightforward to
examine the contributions of different male mates to off-
spring production by genotyping workers and gynes from
individual colonies.

We found modest, but statistically significant, levels of
paternity skew in most colonies (Fig. 2). Offspring from
all but 1 of the 10 colonies examined showed signifi-
cant skew when information from both gynes and work-
ers were combined. Estimates for skew for gynes and
workers individually were also frequently statistically sig-
nificant, although less often so, presumably due to the
lower sample sizes for these individual tests. Notably, the
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Fig. 4 (A) Historical measures of reproductive skew in Vespula maculifrons. Statistically significant male skew is evident in 2022 but
absent from previous years (Paternity skew £ SD) despite similar magnitudes. (B) Distribution of mate number (k) and effective mate
number (k,) for V maculifrons queens in 5 sampling years. Queen mate number and effective mate number did not differ significantly

across years (P = 0.83 and P = 0.44, respectively).

(A) - Common
127: D Rare

Length (mm)

RJA SC1 FW AN FL TL TR
Trait

Length (mm)

IN
T

“1®) .

- Common
D Rare

-
N
P -

-
o] o
P T R

[}
P

N
PRI
*

RJA SC1 FW AN FL TL TR
Trait

Fig. 5 Length of morphological traits in (A) workers and (B) gynes from common and rare patrilines. Traits are abbreviated as: resilin
joint area length (RJA), submarginal cell 1 length (SC1), forewing length (FW), antenna length (AN), femur length (FL), tibia length
(TL), and tarsus length (TR). The majority of traits show no evidence for patriline effects. Error bars represent the standard deviation
of the mean. * indicates significant difference between common and rare patrilines of traits (P < 0.05).

actual magnitude of skew, as measured by the metric B,
was quite low. Thus, the paternity skew, though signifi-
cant, is not particularly strong.

Other Vespula wasp species have also been shown to
display modest male paternity skew. For example, sig-
nificant paternity skew was reported in ¥ rufa (Wense-
leers et al., 2005) and V. squamosa (Hammond & Keller,
2004; Hoffman et al., 2008). However, no evidence for
paternity skew was found in ¥V germanica (Goodisman
et al., 2002; Hammond & Keller, 2004; Bonckaert et al.,
2008) or ¥ vulgaris (Foster & Ratnieks, 2001; Wense-

leers et al., 2005). Interestingly, Vespine wasp species
with large colony sizes have evolved relatively low pater-
nity skew (Loope ef al., 2014). This suggests that females
may control sperm use to increase colony genetic diver-
sity (Jaffe et al., 2012). Notably, our study is the first to
report significant paternity skew in ¥ maculifrons. One
difference between the current study and past studies in
this species is sample size (Dyson et al., 2021). Here, we
genotyped up to 150 individuals from each colony, which
dramatically increases statistical power to detect paternity
skew.
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The finding of significant skew in this species raises
the question of what mechanisms may lead to differen-
tial reproductive success of males. It is possible that there
is some level of male precedence in this species. That
is, males that mate first, or last, with a gyne may gain
some reproductive advantage. Indeed, Formica trunco-
rum males engage in “partial sperm clumping” to manip-
ulate number of offspring sired (Sundstrom & Boomsma,
2000). Similarly, paternity skew controlled temporally
has been identified in other species of polyandrous ants
(Wiernasz & Cole, 2003; Wiernasz & Cole, 2010). In-
deed, temporal variation may help explain paternity skew
in V. maculifrons since the onset of gyne production oc-
curs much later in the cycle of annual colonies (Johnson
etal., 2009).

Males in some social insect species have evolved traits
to enhance mating success, such as increased ejaculate
size or larger genital morphology (Simmons & Garcia-
Gonzalez, 2008; Simmons & Garcia-Gonzalez, 2011),
which could lead to greater reproductive success. Ad-
ditionally, male wasps may utilize various strategies to
produce more offspring. For example, male ejaculate in
some ants and bees may contain seminal fluid to elim-
inate the sperm of competing males in the queen’s re-
productive organs (den Boer et al., 2010). Male insects
also may compete physically with other males to gain the
opportunity to mate with a female. Further, there may
be male characteristics that may alter their reproductive
success. Larger males may produce more sperm, which
could lead to an increased number of offspring. Addi-
tionally, males that have been exposed to particularly fa-
vorable environments with a highly nutritious diet may
have higher quality sperm capable of producing more
offspring.

Females may also engage in processes to use the
sperm of certain males at higher frequencies. This phe-
nomenon, known as cryptic female choice (Eberhard,
1996), may occur in social insect taxa (Baer, 2015). For
example, honeybee and bumblebee queens are capable
of actively closing their sting chambers or bursa cop-
ulatrix to prevent sperm from entering the spermath-
eca (Baer ef al., 2003; Baer & Schmid-Hempel, 2005).
Similarly, some social insects can neutralize seminal
fluid of rival males (den Boer et al, 2010) or dis-
card sperm of specific males (Baer, 2011). Interestingly,
some queen ants will physically injure or kill males dur-
ing copula (Allard et al., 2007). All these mechanisms
would be expected to be subject to strong levels of se-
lection. But the mechanisms associated with paternity
skew in ¥ maculifrons, and most insect species, remains
unclear.

Caste-biased paternity skew

We investigated if male mates of individual V. mac-
ulifrons queens contributed differentially to gyne versus
worker production. That is, we were interested in under-
standing if males that sired fewer (more) workers also
sired fewer (more) gynes, or whether there might be some
difference in offspring production for males in the siring
of workers and gynes. This question is of particular in-
terest in social insect colonies because males should be
under strong selection to sire reproductive gynes rather
than mostly sterile workers. So, males should compete to
sire gynes, and queens should select particularly “high
fitness” males to sire their gyne offspring.

We found that males displayed significant caste-biased
skew in some colonies. That is, males displayed sig-
nificant variation in gyne and worker production within
colonies (Fig. 3). For example, the second patriline in
colony 1 (pink) and the 4th patriline in colony 5 (dark
purple) produced substantially more gynes than workers,
proportionally. Thus, these patrilines could be viewed as
evolutionary “winners”, whereas other patrilines might
be viewed as “losers”. Surprisingly, there was 1 patriline
(7th, gray) in colony 1 that produced only workers and no
gynes (Table 2 and Fig. 3). Overall, our data shows clear
evidence for modest levels of caste-biased paternity skew.

Few previous studies have investigated differential con-
tributions to sexual versus sterile offspring in colonial
insect species. Patriline competition for producing gy-
nes has been documented in the ant, Formica sanguinea
(Pamilo & Seppi, 1994; Haapaniemi & Pamilo, 2012).
Similarly, about 20% of patrilines were found to be
biased toward gyne production in the leaf cutter ant,
Acromyrmex echinatior (Hughes & Boomsma, 2008).
Caste-biased paternity skew also has been documented in
honeybees, Apis mellifera (Moritz et al., 2005). In social
wasps, there has been little evidence for caste-biased pa-
ternity skew previously (Goodisman et al., 2007a). Over-
all, it is unclear how many social insect taxa may expe-
rience caste-biased paternity skew and this should be a
prioritized area of research in the future.

The mechanisms by which males may end up siring dif-
ferent proportions of workers and gynes in ¥ maculifrons
are unclear. ¥ maculifrons queens could select the sperm
of certain males to fertilize certain eggs (Eberhard, 1996).
That is, a queen might purposefully over-utilize sperm
from 1 male that appears to be particularly fit for the
majority of her reproductive offspring (Simmons, 2001).
If this prediction is true, it may explain why we did not
find a phenotypic tradeoff for offspring of high-paternity
males. Further, queens may also physiologically govern
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which male’s sperm fertilizes eggs destined for a partic-
ular caste. Overall, such female choice for preferential
sperm use could be an important mechanism governing
male reproductive success.

Finally, there may be stochastic elements to male suc-
cess in worker versus gyne production. ¥ maculifrons fol-
lows an annual life cycle and gynes are produced at the
end of the season. Thus, any mechanism of male prece-
dence that might operate in ¥ maculifrons whereby, for
example, males that mated with queens first also were
most likely to have their sperm used last (i.e., first in, last
out male precedence), might lead to the observed patterns
(Johnson et al., 2009). Such mechanisms of male prece-
dence are difficult to test for in unmanaged species such
as ¥ maculifrons but are likely to be of importance in
many taxa.

Patterns of paternity skew over time

Reproductive behaviors may be strongly labile and sub-
ject to both evolutionary change arising from the pres-
sures of natural selection or plastic responses arising from
shifting environmental conditions. Examining changes in
reproductive behaviors over time can thus be informative
in understanding the evolution and ecology of reproduc-
tive activities. Therefore, we compared our data on pa-
ternity skew and queen mate number to similar data ob-
tained from prior studies in this species and geographi-
cal region from 1984, 2004, 2006, and 2017 (Ross, 1986;
Goodisman et al., 2007b; Kovacs et al., 2008; Dyson
et al., 2021). We were particularly interested in determin-
ing if mating patterns and paternity skew had changed in
light of ongoing climate variability.

We found no evidence of changes in queen mate num-
ber or effective mate number over time in our study
(Fig. 4B). Instead, these values remained remarkably sim-
ilar over the past ~40 years. This finding reveals the ex-
traordinary stability of polyandrous mating strategy in
this species over time. In addition, there were no signifi-
cant differences in the magnitude of paternity skew across
years 2004-2022. Although this study did identify signif-
icant skew, unlike previous investigations, the magnitude
of skew was similar across years.

Thus, we have no evidence of changes in paternity be-
haviors in this species; instead queen mate number and
male skew seem remarkably stable over time. V mac-
ulifrons queens target a fairly tight range of intermediate
mate number (Table 2 and Fig. 4). None of the queens
sampled in our study mated with fewer than 5 or more
than 8 males. So, this narrow range in mate number would
seem to be of importance in this species.

Paternity skew in social wasps 9

Paternity skew and evolutionary trade-offs

We tested evolutionary trade-off theory by investigat-
ing if male paternity skew was correlated with offspring
phenotype. Theoretically, genotypes with strong caste
effects (i.e., “cheaters” which produce many offspring)
are expected to be held at low frequency (Hughes &
Boomsma, 2008; Van Dyken et al., 2011). That is, geno-
types that show “cheating” in social behaviors should
be selected against through kin-selected processes. Thus,
such cheating genotypes may invade transiently, but they
will be selected against by other evolutionary processes
and should never reach particularly high frequency in a
population.

We investigated one interpretation of this hypothesis
by examining if males that were strongly successful in
terms of reproductive success also suffered some trade-
offs in terms of the fitness of offspring they produced.
We suggested that one such trade-off would be the pro-
duction of offspring of small body size. In particular, se-
lection should act strongly on body size in gynes. Social
insects whose queens found colonies independently, as is
the case in V maculifions, are selected for large body size
(Kingsolver & Pfennig, 2004; Presern & Smodis Skerl,
2019). Queen body mass plays an important role in over-
wintering success and future colony health (Holm, 1972;
Kovacs & Goodisman, 2012; Keaveny & Dillon, 2022),
and, therefore, gynes are expected to be selected for large
body size. Thus, we proposed that males who achieved
high overall reproductive success (i.e., producing a large
number of both workers and gynes) might suffer some
counterbalancing selective disadvantage in terms of the
quality of offspring they produced. Specifically, we hy-
pothesized that gynes sired by a male who produced many
offspring, may develop into a less desirable morphologi-
cal phenotype.

We found that only 2 traits, forewing length and re-
silin joint area length, was significantly different in
gyne castes from different patrilines (Fig. 5 and Table
S2). Specifically, less frequent patrilines produced gyne
daughters with longer forewings and longer resilin joint
areas on the forewings. Interestingly, patriline effects on
wing morphology in Vespula wasps have been noted pre-
viously (Perrard & Loope, 2015). This may indicate an
important genetic basis to wing morphology in social
wasps. Regardless, the observed relationship in our study
was weak and uncovered in only these 2 traits. So, the
general lack of patriline effects on morphology suggests
that there are no clear reproductive “trade-offs” for V. ma-
culifrons males.

Importantly, our test of this hypothesis was indirect
because male skew observed in our study may not be
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associated consistently with genotypic effects. Instead,
the finding that there were no morphological differences
between patrilines suggests that paternity skew may, in
fact, be incidentally related to sperm usage over time
rather than result from genetic effects on developmen-
tal pathways. Moreover, the size of offspring may not al-
ways be fitness-associated. Or there may be other fitness
related traits correlated with male reproductive success
which were unmeasured in this study.

Conclusions

Polyandry is abundant in nature and can have important
implications for reproductive competition and relatedness
within families. Here, we explored how polyandry influ-
enced reproductive outcomes in a highly social wasp. Our
study uncovered significant paternity skew and caste-
biased skew in the Eastern yellowjacket wasp, V. mac-
ulifrons. Moreover, we found little evidence for changes
in mating patterns of queens over ~40 years of investi-
gation. We also failed to document strong trade-offs be-
tween male reproductive success and offspring quality.
We posit that future studies should explore phenotypic
differences in offspring from taxa with more extreme re-
productive skew. This could help us better understand the
consequences of polyandry in nature. Overall, our study
provides important information on paternity skew and
competition in highly social insects.
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