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Indirect benefits derived by females that mate with males that express preferred traits are important to
our understanding of ‘good genes’ models of sexual selection. However, few studies have explored male
courtship behaviours with potential indirect benefits conferred to females in order to ascertain whether
these behaviours serve as honest indicators of male quality. Using a common species of wolf spider,
Pardosa milvina, we addressed the honesty of male courtship behaviours in two laboratory experiments.
In our first experiment, we quantified the repeatability of courtship rate in adult males that were
manipulated to be in high or low condition and were sequentially presented with adult virgin females
that similarly differed in body condition. In our second experiment, we explored the effect of male
courtship rate on several measures of fitness: number of offspring produced, days until offspring
emerged and offspring viability measured as offspring survival. Our experiments show that male
courtship rate is statistically significantly repeatable except when males in high condition have repeated
encounters with females in low condition. Our results also reveal that females have the potential to gain
indirect genetic benefits by mating with males that naturally court at high rates: females produced more
offspring that emerged from eggsacs sooner and survived starvation better compared to females that
mated with males that naturally courted at low rates. Our study provides additional support that male
courtship rate is an honest indicator of quality, and it makes the novel finding that the repeatability of
courtship rate is context sensitive.
� 2009 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The roles of elaborate male sexual traits such as ornaments,
courtship behaviours, calls and other signals in sexual selection
have received intensive study over a period of decades (Andersson
1982, 1994). Although alternative explanations abound, two con-
trasting hypotheses have emerged as primary explanations for
female choice for male sexual traits: one suggests that male
secondary sexual characters are arbitrary yet aesthetically attrac-
tive to females, an idea originally envisaged by Fisher (1930), and
the other claims that they are honest indicators of underlying
genetic quality (Zahavi 1975). The latter posits that females gain an
advantage through the success of their offspring (an indirect
benefit) because offspring sired by these males have above-average
attractiveness and/or viability (Zahavi 1975, 1977; Iwasa et al. 1991;
Andersson 1994). Although there have been surprisingly few
empirical studies demonstrating female-choice-derived fitness
benefits (Kokko et al. 2003), most have provided at least partial
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support for this hypothesis (Simmons 1987; Ryan et al. 1990;
Alatalo et al. 1998). For example, the sons of highly successful male
field crickets, Gryllus bimaculatus, mate more frequently as adults
than do sons of less successful males (Wedell & Tregenza 1999), yet
it remains unclear whether females derive indirect benefits via
mate choice per se. Watson (1998), working with sierra dome
spiders, Neriene litigiosa, showed that females that mated with
males superior in male–male competition had faster growing
offspring in the early instars, a life stage entailing a severe survival
bottleneck. This is a rare study in that Watson (1998) controlled for
female multimale mating and several maternal effects on offspring
fitness. Because few studies have demonstrated female preferences
for genetic benefits, additional information is needed about the
honesty of male sexual traits that females prefer and whether these
traits translate into improved offspring performance to better
understand the evolution of sexual communication (Rivero et al.
2000; Fuller et al. 2005).

One potentially honest measure of the genetic basis of male
sexual traits is the repeatability of courtship behaviours. A trait can
be an honest indicator of genetic quality if it is reliable, and if it is
not repeatable in a given context, then it may be unreliable.
However, one of the chief tasks of a choosy mate is to analyse
d by Elsevier Ltd. All rights reserved.
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whether the context in which the signal of an individual is being
sent is one that makes the signal reliable. The repeatability of male
mating behaviours has been used in quantitative genetics to
explore the genetic contribution underlying behaviour by relating
the proportion of variance in a character that occurs among rather
than within individuals, or its heritability (Falconer 1960; Lessells &
Boag 1987; Hoikkala & Isoherranen 1997; Aragaki & Meffert 1998;
Reinhold et al. 2002; Sattman & Cocroft 2003; Holveck & Riebel
2007; Bell et al. 2009). Consistent or repeatable differences
between courting males, which tie behaviour to genetic constitu-
tion, can be an important prerequisite for the evolution of female
choice, and if a trait, like courtship rate, is manifested with high
fidelity within individuals and differs between individuals, it can
respond to selection (Boake 1989; Aragaki & Meffert 1998). A highly
repeatable male courtship behaviour can only be useful to females
if it reveals honest information about the genetic quality of a male.
Courtship behaviours with low repeatabilities can be unimportant
to females because of the inconsistency of the signals (Rivero et al.
2000) and, therefore, may not be targets of sexual selection, unless
females can track the contexts that affect the quality of the signal’s
information content and adjust their responses accordingly. Thus,
attempts to tease apart the factors that affect the repeatability of
male courtship signals would shed valuable insight into the reli-
ability of information available to females, especially if those
signals are honest indicators of the fitness benefits that may accrue
by mating with particular males.

Wolf spiders (Araneae: Lycosidae) are well suited for studies of
male courtship repeatability and the potential indirect benefits
derived by female choice, since they are among the most inten-
sively studied invertebrate taxa in modern investigations of sexual
communication (Mappes et al. 1996; Kotiaho et al. 1999; Rypstra
et al. 2003; Hebets 2005; Taylor et al. 2005, 2006; Roberts & Uetz
2005; Lynam et al. 2006; Delaney et al. 2007; Uetz & Norton 2007;
Gibson & Uetz 2008). The wolf spider Pardosa milvina is an active
cursorial predator that lives in agricultural and early successional
habitats throughout much of the midwestern United States, often
reaching high densities (Marshall & Rypstra 1999; Marshall et al.
2000, 2002; Persons et al. 2002). When in the presence of adult
females or pheromone-laden female silk, adult male P. milvina
engage in conspicuous courtship displays that include repeated
front leg raises (Rypstra et al. 2003; Hoefler et al. 2008). Although
virgin females are less choosy than mated females, both show
preferences for males that engage in more vigorous courtship as
evidenced by a high rate of leg raises (and body shakes) (Rypstra
et al. 2003). This result suggests that courtship rate reveals some-
thing to females about male quality and, if it is an honest indicator,
it should be repeatable within a given context. Underlying this
female preference may be the relationship that courtship rate has
with male condition and viability: compared to males that court at
low rates, males that court at high rates are in relatively good
phenotypic condition, a measure of the resources available to
improve fitness (Lorch et al. 2003), and are more likely to escape
predation (Hoefler et al. 2008). However, it is unknown whether
male P. milvina courtship rates are genetic, or repeatable, or
whether females gain indirect fitness benefits by mating with
males that court at high rates.

We conducted two experiments to explore context-dependent
repeatability of male courtship and its potential to indicate male
quality that would benefit the offspring of a female. Firstly, we
calculated the context-dependent repeatability of male courtship
rate by determining how the body condition of both males and
females affected the frequency of leg raises. Secondly, we tested
whether or not laboratory-mated females use male courtship rate
as an indicator of male genetic quality by quantifying a number of
direct and indirect fitness components.
METHODS

Acquisition and Maintenance of Spiders

All P. milvina used were collected as juveniles from Miami
University’s Ecology Research Center (Oxford, Butler County, OH,
U.S.A.) during the summer and autumn of 2007 and reared to
adulthood in the laboratory. We maintained spiders individually in
clear cylindrical plastic containers (5.5 cm high, 5.5 cm diameter),
adding a 2 cm layer of a moistened mixture of peat moss and
potting soil (1:1) as a substrate to minimize risks of desiccation.
Spiders were fed two domestic crickets (2 mm; Acheta domesticus)
twice per week unless they were assigned to experimental feeding
regimes (see below), and peat moss substrates were watered
regularly. All containers with spiders were housed in an environ-
mentally controlled chamber with approximately 70% RH, on
a 13:11 h light:dark cycle and at a temperature of approximately
25 �C.

Experiment 1: Male Courtship Repeatability

We determined the repeatability of male courtship in P. milvina
using pairs of males and females that had been maintained on
feeding regimes that are known to affect body condition (Hoefler
et al. 2008). After males and females matured, we randomly
assigned 60 adult males and 60 adult females to one of two
condition groups: a low condition group (N ¼ 30 males, 30 females)
and a high condition group (N ¼ 30 males, 30 females). Spiders
assigned to the low condition group were fed one 2 mm cricket
twice per week, and spiders assigned to the high condition group
were fed four 2 mm crickets twice per week. We maintained all
spiders on their respective diet regimes for 3 weeks, as this feeding
regime protocol produces statistically significant differences in
body condition in P. milvina (see Hoefler et al. 2008). We subse-
quently randomly paired males and females in a completely
crossed design such that we had four categories of paired spiders:
high condition male paired with high condition female (N ¼ 15),
high condition male paired with low condition female (N ¼ 15), low
condition male paired with high condition female (N ¼ 15) and low
condition male paired with low condition female (N ¼ 15).

To conduct a trial, we placed a virgin female of a pair of spiders
in an arena (described below) and allowed her to deposit cues (silk,
excreta and associated pheromones) on a filter paper substrate for
1 h before the trial began. Substrate-borne cues are known to elicit
male courtship behaviours including front leg raises (Rypstra et al.
2003). After 1 h of cue deposition, we corralled the female in the
centre of the arena under an overturned glass vial (8 cm high, 2 cm
diameter) and introduced the virgin male. Male P. milvina could
thus respond to both visual and chemotactile cues from females,
but they could not physically interact. Each male was allowed to
court the same female for 5 min on three consecutive days with
24 h between each trial so that we were able to record three
courtship rates for each male.

Arenas used in trials were constructed from cylindrical plastic
containers (7.75 cm high, 19 cm diameter), and in each arena, we
poured 250 ml of DAP� Plaster of Paris (DAP Products Inc., Balti-
more, MD, U.S.A.) to create a smooth, level floor. Before trials began,
we placed a piece of Whatman� Filter Paper (Whatman Interna-
tional Ltd, Kent, ME14 2LE, U.K.) on the plaster floor to serve as
a substrate. Before and after each use, we washed reused arena
containers thoroughly in warm soapy water and rinsed them with
95% ethanol to remove residual chemical cues from spiders. We
placed arenas in an isolated booth under a Panasonic WV-CP470
video camera located in an environmentally controlled room. The
camera was connected to a GOVIDEO R6740 DVD recorder located



Table 1
Courtship rate repeatabilities (r) and one-way ANOVA of courtship rate for male wolf
spiders, Pardosa milvina, based on measures from the three consecutive encounters
with adult females

Pair r Courtship rate

F14,30 P

HCm–HCf 0.461 3.57 0.0017
HCm–LCf 0.031 1.09 0.4
LCm–HCf 0.324 2.44 0.02
LCm–LCf 0.444 3.39 0.002

HC: high condition; LC: low condition; m: males; f: females.
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Figure 1. Mean � SE male P. milvina courtship rate over three successive encounters
with the same female: high condition (HC) males paired with high condition females,
high condition males paired with low condition (LC) females, low condition males
paired with high condition females, and low condition males paired with low condi-
tion females.
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in a nearby laboratory room. We videorecorded all trials and later
scored them by recording the number of male P. milvina leg raises
that occurred during the 5 min trial period as well as courtship rate
(¼leg raises/min).

To calculate the repeatabilities of male courtship rate, we fol-
lowed the methods of Lessells & Boag (1987) using intraclass
correlation coefficients, which were based on variance components
derived from analyses of variance (Table 1). We also conducted
a repeated measures ANOVA to examine the effect that treatment
(¼male/female pairing category) and time had on male courtship
rate. All statistical analyses were conducted using JMP� 7.0
statistical software (SAS, Cary, NC, U.S.A.).

Experiment 2: Male Courtship Rate and Indirect Benefits

We explored the possible indirect benefits accrued by females
that mated with males that courted at particular rates using a sepa-
rate group of adult virgin P. milvina. All of these animals were fed two
2 mm crickets twice per week to minimize diet effects on male
courtship rate, which allowed us to assume that any differences in
courtship were due, at least in part, to genetic differences. We used
a pretrial to categorize males into high and low courtship groups.
A pretrial involved placing an adult virgin female in an arena,
allowing her to deposit cues for 1 h, corralling her under a glass vial
and allowing a male to court her for 5 min. We counted the number of
front leg raises performed by all males from videorecordings and
separated males using the upper and lower quartile ranges. Males
that courted at high rates were those with courtship rates in the
upper quartile range (X þ SE ¼ 5:9þ 0:48 leg raises=min, N¼ 21)
and those in the low courtship rate group were those with courtship
rates in the lowest quartile range (3.04 þ 0.11 leg raises/min, N¼ 36).
During test trials, we used the same basic protocol except that after
the 5 min period during which the male courted the sequestered
female, the vial was removed and the pair was allowed to interact for
an additional hour or until mating ended. For each mated female, we
recorded several components of fitness: days until an eggsac was
produced, days until spiderlings hatched, the number of spiderlings
that emerged and spiderling survival. To measure spiderling survival,
we separated them individually into empty clear plastic containers
(5.5 cm high, 5.5 cm diameter) at emergence and checked them once
a day until they died. Spiderlings were not fed or offered water, and
they were maintained in an environmentally controlled chamber
with approximately 70% RH.

We compared the courtship rates of males assigned to the high
courtship rate and low courtship rate groups during trials using
a two-sample t test. The frequency of mating between treatments
(high court versus low court males) was compared using a contin-
gency test. To compare differences in fitness components of females
that mated with males that courted at high versus low rates, we
conducted Mann–Whitney U tests for days until eggsac production
and for days until spiderling emergence, because data were not
normally distributed. We also conducted a two-sample t test for
number of emerged spiderlings and a Kaplan–Meier survival
regression analysis to compare survival distributions of spiderlings.

RESULTS

Experiment 1: Male Courtship Repeatability

Male courtship rate (front leg raises) showed significant
repeatability for trials involving high condition males paired with
high condition females (r ¼ 0.461, N ¼ 15, P ¼ 0.0017), low condi-
tion males paired with high condition females (r ¼ 0.324, N ¼ 15,
P ¼ 0.02) and low condition males paired with low condition
females (r ¼ 0.444, N ¼ 15, P ¼ 0.002). Male courtship rate did not
show significant repeatability for trials involving pairs of high
condition males and low condition females (r ¼ 0.031, N ¼ 15,
P ¼ 0.4; Table 1). A repeated measures ANOVA revealed a signifi-
cant effect of treatment on courtship rate (F3,56 ¼ 6.95, P < 0.0001)
as well as an effect of time on courtship rate, with courtship rate
declining over trials with high condition males paired with low
condition females (F2,55 ¼ 6.28, P ¼ 0.0035; Fig. 1).
Experiment 2: Male Courtship Rate and Indirect Benefits

Of the 21 trials involving males that courted at high rates, 14
(67%) resulted in mating, whereas only 14 of 36 (39%) trials
involving males that courted at low rates resulted in successful
copulation, and the difference between these two was statistically
significant (contingency test: c1

2 ¼ 4.15, N ¼ 57, P ¼ 0.04). The males
that we singled out as courting at a high rate in pretrials courted at
significantly higher rates than males assigned to the low courtship
rate group (paired t ratio test: t1 ¼10.1, N ¼ 28, P < 0.001). The
number of days that elapsed before females produced eggsacs did
not depend upon whether a female mated with a male that courted
at a high rate versus a low rate (Mann–Whitney U test: tied
Z ¼ 1.06, N1 ¼ N2 ¼ 14, P ¼ 0.29). Spiderlings sired by males
that courted at high rates emerged from eggsacs significantly
earlier than spiderlings sired by males that courted at low rates
(Mann–Whitney U test: tied Z ¼ 2.85, N1 ¼ N2 ¼ 14, P ¼ 0.004;
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Fig. 2). Females that mated with high courtship males produced
significantly more spiderlings than females that mated with low
courtship males (t ratio test: t26 ¼ 4.75, N ¼ 28, P < 0.0001; Fig. 3).
Spiderlings sired by males that courted at high rates had signifi-
cantly greater survivorship (X ¼ 2:32 days, maximum ¼ 4 days)
than spiderlings sired by low courtship males (X ¼ 1:86 days,
maximum ¼ 3 days) (Mantel–Cox test: c1

2 ¼ 126.5, N ¼ 945,
P < 0.0001).
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Figure 3. Number of P. milvina spiderlings that emerged from eggsacs sired by males
that courted at high versus low rates. Box plots show lower and upper quartiles, lines
across boxes indentify the median sample value, and points are unjittered data.
DISCUSSION

Although male P. milvina courtship rate, or at least the frequency
of front leg raises, varied depending on both male and female
condition, it was highly repeatable in three of the four scenarios
that we tested. This result indicates that the ability to retain
constancy in courtship rate varies not with male or female condi-
tion alone but with context, namely a specific permutation of male/
female pairs that varied in body condition. Specifically, in all
circumstances where a male had an opportunity to court a female
whose condition was equivalent to or exceeded his, courtship was
repeatable. Only when males in high condition were paired with
females in low condition was courtship not repeatable; it declined
steadily with each exposure (Fig. 1). Overall, mating was more likely
to occur when males courted at high rates, and females that mated
with high courtship males produced more offspring that emerged
from eggsacs sooner and survived longer than did females that
mated with low courtship males. Taken together, these results are
consistent with the hypothesis that courtship is a genetic trait that
varies by condition and context, and that courtship rate is an honest
indicator of male quality. Our results call into question the notion
that conventional repeatability studies reveal whether a signal is
honest or whether the underlying fitness qualities on which the
quality of the signal depends are heritable. In addition, our results
suggest that studies of repeatability that do not take into account
reasons why individuals should not always engage in a behaviour at
the same rate will probably underestimate repeatabilities.

Repeatability can be used to examine the consistency of male
courtship signals in addition to providing an indication of the
potential utility of the signal as an honest indicator of quality. For
example, the ‘hisses’ or acoustic signals produced by male
Madagascar hissing cockroaches, Gromphadorhina portentosa, are
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Figure 2. Days until emergence from eggsacs by P. milvina spiderlings sired by males
that courted at high versus low rates. Box plots show lower and upper quartiles, lines
across boxes indentify the median sample value, and points are unjittered data.
repeatable, and larger, dominant males hiss significantly more
often and for longer durations than subordinate males (Clark &
Moore 1995). Pardosa milvina male courtship rate is dependent on
condition, males in high condition court at significantly higher
rates than males in low condition (Hoefler et al. 2008) and court-
ship rate is repeatable in all situations where males have an
opportunity to mate with a female in average or above-average
condition. Thus, males appear to be setting a consistent courtship
level for prospective mates that are in similar or better condition,
but not in poorer condition. When a high-quality male was exposed
successively to the same low-quality female, he lowered his
courtship intensity with each exposure. This finding suggests that
the male gathered information during each exposure that the
female was unresponsive and/or was not worth maximum court-
ship effort. Because of the growing body of evidence revealing that
courtship and mating behaviours are sensitive to context and
condition and are more flexible than previously perceived
(Dugatkin 1996; Owens et al. 1999; White 2004; Dukas 2006), one
intriguing hypothesis that may offer a starting point for further
investigation involves condition- and experience-mediated
learning. Learning or imprinting of particular phenotypes occurs in
other wolf spiders (Hebets 2003), and in P. milvina, males reduce
courtship intensity towards previously mated females (Rypstra
et al. 2003).

The inconsistent courtship rate of high condition male P. milvina
paired with low condition females may be a product of an effect of
condition acting in tandem with experience. Several studies of
experience effects on mating behaviours strongly suggest that
learning is critical, which may have important and yet underap-
preciated implications for sexual selection (Gibson & Langen 1996;
Lachlan & Servedio 2004). For example, male garter snakes,
Thamnophis sirtalis, exposed to females of different sizes causes
them to alter their courtship criteria (Shine et al. 2006). Learning
effects can also be mediated by condition. For example, song
learning in passerines can be modulated by nutritional stress on
neural development (Nowicki et al. 1998), and high body condition
indirectly promotes learning in meerkats, Suricata suricatta
(Thornton 2008). In our study, only male P. milvina in high body
condition significantly reduced their rates of courtship over time
towards females in low condition, which explains the lack of
repeatability. This finding is consistent with the idea that, in
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contrast to males in low condition, males in high condition gain
information via learning about a prospective mate or about the
mean quality of local females and adjust their courtship rates
accordingly. This may be fitness enhancing if the threshold of the
female’s acceptance rate is low and contingent upon detectable
cues, since high courtship rates in wolf spiders have evolutionarily
meaningful costs, including energetic (Kotiaho 2000) and preda-
tion (Lindström et al. 2006; Hoefler et al. 2008) costs.

Mutual mate choice (Owens & Thompson 1994; Johnstone et al.
1996; Bonduriansky 2001; Kokko & Johnstone 2002), perhaps
operating in concert with learning, may also be crucial for
explaining context-sensitive repeatability of male P. milvina
courtship rates. In arthropods and other taxa, mounting evidence
suggests that the assessment of detectable cues revealing infor-
mation about species identity and condition is important to mate
choice in both sexes (Bonduriansky 2001; Rypstra et al. 2003;
McNamara et al. 2004; Sato & Goshima 2007; Aquiloni & Gherardi
2008a). Males and females may also be expected to respond to
different cues and/or to use different sensory modalities to enhance
fitness. For example, in P. milvina, visual and possibly vibratory cues
are critical for female choice, whereas chemotactile cues are critical
for the assessment of females by males (Rypstra et al. 2003).
Quantities or qualities of silk and pheromonal cues used by female
P. milvina to attract males may also be condition dependent, and
thus, males in high condition may be more sensitive to these cues
and their responses may be mediated by learning to a greater
degree than are responses of males in low condition. Males in high
condition did court females in low condition, albeit inconsistently
and less over time, which suggests that females in low condition
still have potential reproductive value and/or that some compo-
nents of male courtship signalling are important for species
recognition. It may be especially important for an adult male to be
correctly recognized as a potential mate by a female in low condi-
tion, as this state may increase risks of precopulatory cannibalism
(Andrade 1998). Furthermore, males in high condition may have
more to lose (e.g. greater future reproductive success) when
courting a potentially cannibalistic female (i.e. one in low condi-
tion), although males in better body condition may also be more
adept at fending off aggressive females (e.g. Persons & Uetz 2005).
Finally, females may also incur costs, especially if they are in low
condition, from mating with aggressive males in high condition.
Females may show reluctance to mate in these situations. If so, then
it would be important for males to temper their courtship displays,
and this may also help explain the reduced courtship of low
condition females by high condition males.

In our second experiment, we controlled the male phenotype to
the extent possible by selecting animals that courted at a high or
low rate in a pretrial. This set-up allowed us to demonstrate that
choosing to mate with a male that courted at a high rate may have
conferred indirect benefits to the female. High courtship rates led to
faster emergence of spiderlings, more offspring and higher survival
of those offspring. Thus, in spite of the contextual effects that we
observed on repeatability in experiment 1, high courtship rate
appears to be an indicator of high-quality genes, and females
mating with these males are able to pass beneficial qualities to their
offspring (Hunt et al. 2005). The mechanism by which these traits
influence offspring is unclear; although males that courted at high
and low rates were maintained on the same diet, males that
courted at high rates may have produced more nutritive seminal
products that could have provided benefits to offspring (Eberhard &
Cordero 1995). Alternatively, females may be manipulating some of
these measures of fitness. In other taxa, females produce larger
eggs (e.g. Aquiloni & Gherardi 2008b) or more eggs after mating
with preferred males, which can affect offspring quality (but see
Gowaty et al. 2007) but may not be directly related to the overall
genetic quality of the male. A future avenue of inquiry that would
help resolve this would include investigations of the heritability of
male courtship rate.

Female P. milvina prefer males that court at high rates, because
they are more likely to mate with them (Brautigam & Persons 2003;
Rypstra et al. 2003; Taylor et al. 2005; Lynam et al. 2006; this
study). High courtship males produce more offspring, and their
offspring develop more quickly prior to emergence from eggsacs
and have higher survivorship. Another critical assumption of sexual
selection models involving indirect benefits is that male sexual
signals are heritable. In our second experiment, the variation in
courtship rate between males might have been caused either by
environmental influences during development or by heritable
differences between males. Final resolution will come from more
sophisticated studies that aim to determine whether female choice
of male courtship rate can evolve as a correlated response to
selection acting on genes coding for male quality.

In conclusion, male P. milvina courtship rate is repeatable and
not affected by body condition alone, yet is sensitive to context,
which may be driven by condition-mediated learning and/or effects
of mutual mate assessment. This finding provides additional
support for the notion that male courtship rate provides some
indication of male quality. Adult females preferred to mate with
males that courted at high rates, and this preference may have
evolved because of indirect benefits manifested as offspring that
develop quickly and have high survivorship. To better understand
the underlying reasons why preferences for high courtship rates
may have evolved, it would be valuable to study the heritability of
male courtship rate as well as female preferences for male court-
ship rate.
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