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Female mate choice for multimodal courtship and the
importance of the signaling background for selection on male
ornamentation
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Abstract Conspicuous visual ornaments are frequently incorporated into complex courtship displays that integrate signal com-
ponents from multiple sensory modalities. Mature male Schizocosa crassipes (Walckenaer, 1837) wolf spiders wave, arch, and tap
their ornamented forelegs in a visual courtship display that simultaneously incorporates seismic components. To determine the
importance of modality-specific signal components in female mate choice, we used a signal ablation design and compared the

mating frequency of female-male pairs across signaling environments with manipulated modality-specific transmission properties.

We found that the successful transmission of isolated visual or seismic signaling was sufficient for mating success; neither sig-
naling modality was necessary. Additionally, the environment enabling the successful transmission of composite, multimodal dis-
plays yielded the highest mating frequencies. Our results indicate the presence of selection from S. crassipes females for multi-
modal courtship and suggest that multimodal signaling may facilitate mating across variable signaling environments. We next ex-
plored the influence of ornamentation per se on female choice by phenotypically manipulating males into two groups: (i) intact
(brushes present) and (ii) shaved (brushes absent). We compared the mating frequencies of intact versus shaved males in the
presence versus absence of seismic signaling. Males with brushes intact had higher mating frequencies than shaved males, but
only under specific signaling conditions — in the presence of seismic signaling. Female choice for male brushes then appears de-
pendent on the signaling background, making brushes themselves an unlikely target of direct selection. Our results emphasize the

complex nature of female choice, highlighting the potential for both trait interactions and environment-dependent selection [Cur-

rent Zoology 59 (2): 200-209, 2013].
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Darwin first posited the theory of sexual selection, in
part, to account for the abundance and variety of male
secondary sexual characters, which he suggested evolve
and are maintained by male-male competition or female
mate choice (Darwin, 1871). Female mate choice has
since been shown to exhibit strong selection pressure on
male ornaments (e.g. Hamilton and Zuk, 1982; Hill,
1991; Andersson, 1994; Wilkinson and Reillo, 1994)
and investigating how secondary sexual characters in-
fluence mating success continues to be a focus for evo-
lutionary biologists (de Heij et al., 2011; Karino et al.,
2011; Rick et al., 2011; Kekaldinen et al., 2010; Toomey
and McGraw, 2012). However, not all traits deemed to
be ornaments have been found to play a vital role in
female mate choice (Saether et al., 2000; Westneat,
2006; Takahashi et al., 2008; Shamble et al., 2009),
causing researchers to re-evaluate the putative function
of such secondary sexual traits. In lieu of an explanation
requiring direct selection on male ornaments, increased

Received Nov. 19, 2012; accepted Feb. 26, 2013.
* Corresponding author. E-mail: jstaf@huskers.unl.edu
© 2013 Current Zoology

support is surfacing for hypotheses suggesting that fe-
male mate choice is based upon combinations of traits
or signal interactions (Kekéldinen et al., 2010; Grafe et
al., 2012; Taylor et al., 2011) and/or upon motor per-
formance, with ornamentation evolving secondarily in
an enhancing role (see Byers et al., 2010; Barske et al,
2011; Hebets et al., 2011; Wilgers and Hebets, 2012).
The former hypothesis proposes that separate signal
components interact in various ways, dependent on sig-
naling system, to alter female response. Such an interac-
tion of signal components is demonstrated in squirrel
treefrogs, where female response to auditory signal
components is altered by the presence of a visual signal
(Taylor et al., 2012). The latter hypothesis posits that
motor performance accurately reflects whole-organism
performance, with vigor indicating the repeatability of
energetically expensive actions and skill indicating the
aptitude to perform challenging motor tasks (see Byers
et al., 2010). An assessment of motor performance then,
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potentially augmented by ornamentation, could provide
females with more reliable and accurate information
regarding a male’s survival, genetic quality, and/or de-
2010). The
golden-collard manakin Manacus vitellinus provides an
example in which selection appears to act secondarily
on ornamentation. In this species, brightly colored
males exhibit complex and physically demanding
courtship displays. Females tend to choose males that

velopmental history (Byers et al,

perform specific parts of the courtship display faster,
discriminating between male performances that differ
by thousandths of a second (Barske et al., 2011).

Although ornaments are visual signals, they are fre-
quently part of ritualized courtship displays, with com-
ponents commonly transmitted in other modalities as
well (Zuk et al., 1995; Backwell et al., 1999; Hebets and
Uetz, 2000; Madsen et al., 2004; Loyau et al., 2005;
Murai and Backwell, 2006). Much past research has
focused primarily on modality-specific courtship signals
(Andersson, 1982; Ryan and Rand, 1990; Basolo, 1990;
Gerdhardt, 1991; Ryan and Rand, 1995), but more re-
cent theoretical and empirical work highlights the im-
portance of a more integrative approach, examining
combinations of signal components and their interac-
tions (for reviews see Partan and Marler, 1999; Partan
and Marler, 2005; Candolin, 2003; Hebets and Papaj,
2005; Wiegmann and Morris, 2005). An integral first
step in understanding the function and evolution of such
multimodal courtship displays and the associated role of
ornamentation is to investigate the relative importance
of distinct signal components both in isolation and in
concert with the entire display (Partan and Marler, 1999;
Partan and Marler, 2005). A recent surge in multimodal
signaling research follows this paradigm (e.g. Zeyl and
Laberge, 2011; Grafe et al., 2012; Maruska and Fernald,
2012; Stoffer and Walker, 2012).

Numerous studies using a variety of approaches and
techniques, [e.g. video playback (e.g. McClintock and
Uetz, 1996; Hebets and Uetz, 2000; Uetz and Roberts,
2002; Hebets, 2005; Hebets, 2008), cue isolation (e.g.
Scheffer et al., 1996; Hebets and Uetz, 1999; Uetz et al.,
2009), and signal ablation (e.g., Hebets, 2005; Hebets,
2008; Rundus et al., 2010; Rundus et al., 2011)] have
examined female mate choice for modality-specific, as
well as combined, courtship displays in the wolf spider
genus Schizocosa. Upon sexual maturation, males of
multiple Schizocosa species develop a conspicuous pat-
tern of pigmentation and/or brushes on appendages as-
sociated with courtship movements (reviewed in Strat-
ton, 2005; Framenau and Hebets, 2007). The courtship

displays of various species in the genus are then com-
posed, in part, of stereotyped movements (e.g. foreleg
arches or taps) of ornamented legs. Together, the orna-
mentation and movements comprise the visual courtship
display. In conjunction with visual courtship displays
(when present), all Schizocosa species employ a spe-
cies-specific seismic signal, and seismic signaling is the
proposed ancestral condition for this genus (Stratton,
2005). The seismic signal is known to be crucial for
mating success, even in species with foreleg pigmenta-
tion and stereotyped courtship movements (S. wuetzi,
Hebets, 2005; S. stridulans, Hebets, 2008; S. floridana,
Rundus et al., 2011). Furthermore, visual ornamentation
alone appears unimportant in the mate choice decisions
of many previously studied species (S. uetzi — Shamble
et al., 2008; S. stridulans — Hebets et al., 2011; S. flori-
dana — Rundus et al., 2011). Male visual signaling asso-
ciated with ornamentation does not predict male-male
agonistic interactions either (at least not in S. ocreata),
suggesting that it does not function in intra-sexual se-
lection (Delaney et al., 2007). Such results then raise the
questions: Why do so some Schizocosa species possess
seemingly elaborate ‘ornaments’ and are females exert-
ing selection on such male secondary sexual traits?
While males of many Schizocosa species develop
dark pigmentation on portions of their forelegs upon
maturation, others additionally develop large brushes of
black hairs (reviewed in Stratton, 2005). Brushes have
evolved independently multiple times within the genus
(Stratton, 2005), yet much of our knowledge regarding
the function of multimodal signaling and ornamentation
in Schizocosa female mate choice comes from species
that lack such large conspicuous foreleg brushes (e.g. S.
uetzi, Shamble et al., 2009; S. floridana, Rundus et al.,
2011; Rosenthal and Hebets, 2012; S. retorsa, Rundus et
al., 2010; S. stridulans, Hebets, 2008, Hebets et al.,
2011). In the present study, we examined S. crassipes
(Walckenaer, 1837), one of only three conspicuously
brush-legged Schizocosa species to be the focus of prior
research (the others being S. ocreata and S. bilineata). A
wealth of knowledge has been accrued over the years on
S. ocreata (e.g. McClintok and Uetz, 1996; Scheffer et
al.,, 1996; Uetz and Norton, 2007; Uetz et al., 2011;
Clark et al., 2012), but only one descriptive study exists
for S. bilineata (Vaccaro et al., 2010). Additionally,
much of the data for S. ocreata comes from assessing
patterns of female receptivity, which are used as a proxy
of mating success; but recent methodological advances
allow designs that enable direct female-male contact
and thus direct assessment of mating success (e.g.
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Hebets, 2005; Hebets, 2008).

Here, we focus on the conspicuously brush-legged
species, S. crassipes, which incorporates active leg
waving, tapping, and arching into its visual courtship
display (Miller et al., 1998). Upon maturation, male S.
crassipes develop brushes of hair that extend beyond the
leg on the dorsal and ventral sides of their foreleg tibia.
The femur and tibia of the forelegs additionally possess
dark pigmentation (Stratton, 2005). These are the legs
that are involved in the waving, tapping and arching that
make up the active male courtship display (Miller et al.,
1998). Prior cue isolation studies using S. crassipes
found that females responded similarly across isolated
and combined courtship signal modalities (visual only,
seismic only, visual + seismic; Hebets and Uetz, 1999).
Furthermore, a video playback study found no support
for female choice based upon foreleg ornamentation
(Hebets and Uetz, 2000). Here, we follow up on these
studies using both more natural and biologically rele-
vant experimental techniques that enable female-male
interactions as well as larger sample sizes, and revisit
the function of both multimodal signaling and male
brushes in S. crassipes.

To determine the relative importance of visual, seis-
mic, and combined multimodal courtship signaling, we
first use a signal ablation approach and assess mating
frequencies across four manipulated signaling environ-
ments which independently reduce modality-specific
transmission efficacy. We next assess the importance of
brushes per se by examining their influence on mating
success in the presence versus absence of seismic sig-
naling.

1 Materials and Methods

1.1 Spiders

Immature S. crassipes were collected at a single lo-
cation near Newnan’s Lake in Gainesville, Florida (N
29° 40.504', W 82° 13.582") on January 23rd, 2009. All
spiders were brought back to the laboratory, housed
individually in 5.9 cm x 5.9 cm x 7.7cm clear plastic
containers (Amac Plastic Products, Petaluma, CA,
USA), and provided with water ad libitum. They were
kept on a 12:12 h light: dark cycle at room temperature
(2224 °C). Molt checks were conducted every other
day to monitor development. All spiders were fed 1-4
crickets once per week.
1.2 Experiment 1: Importance of signaling modali-
ties

To test the importance of distinct signaling modalities
and modality combinations (visual and seismic) in fe-

male choice (as indicated by male mating success), we
compared mating frequencies across four manipulated
signaling environments encompassing every combina-
tion of the presence/absence of visual (V+/V-) and
seismic (S+/S-) signaling. Spiders experienced a visual
environment of light versus dark (V+/V-) and a seismic
environment of filter paper substrate versus granite sub-
strate (S+/S-). In all four signaling environments, mat-
ing trials took place in circular plastic arenas measuring
12.5 cm diameter X 7.5 cm height. To mimic natural
conditions, we attached photographs of the collection
site substrate to the sides of the arena and glued small
construction paper leaves to the top to provide cover.
Visual signal present trials (V+S+ and V+S-) were run
under 2 Vita-Lite full spectrum 30-W fluorescent bulbs
(Duro-Test Lighting Inc., Philadelphia, PA), while vis-
ual signal absent trials (V-S+ and V-S-) were run in
complete darkness (less than .001 lux) and videotaped
under infrared illumination. Seismic signal present trials
(V+S+ and V-S+) were run in arenas with bottoms lined
with a piece of Whatman #1 185-mm filter paper
(Schleicher and Schuell, Keene, NH). Seismic signal
absent trials (V+S- and V-S-) were run in arenas with
the bottoms cut out and replaced by a granite slab, as
granite does not allow for the effective propagation of
spider seismic signals (Elias et al., 2004; Sulli-
van-Beckers and Hebets, 2011). All trials were run dur-
ing the day under normal diurnal conditions for the spi-
ders. All females and males were virgins and had never
previously interacted with a mature conspecific. These
spiders live a single year and we collected individuals
more than a month prior to their maturation, long after
adults from the previous generation had died.

Females and males were weighed immediately pre-
ceding mate choice trials. Females were placed in the
arena and allowed to acclimate for 30 minutes while
males acclimated within an inverted glass vial for one
minute directly preceding trial commencement. Trials
began when the glass vial was removed and males could
freely move about the arena and ended after 30 minutes
had passed or successful copulation. All trials were
videotaped using a Sony Handycam HDR-HC9 video
camera. Visual signal absent trials were videotaped us-
ing the NightShot recording option, which allows the
camera to record using infrared illumination. Videotapes
were scored for male courtship rate, copulation success,
and latency to copulate. Male courtship rate was defined
as the number of body bounces per minute within the
first two minutes of courtship. Only males that initiated
courtship were used in statistical analyses (8 out of 94
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males failed to initiate courtship).

We used a Chi Square analysis to compare the mating
success across our four signaling environments (V+/S+;
V+/S-; V-/S+; V-/S-). We were interested specifically in
whether pairs were more likely to mate in the presence
of a complete composite display as opposed to an iso-
lated visual or seismic display (i.e. V+S+ versus V+S-;
V+S+ versus V-S+) and thus used a Chi Square analysis
to conduct pairwise comparisons between isolated and
combined signal components. Additionally, in order to
directly assess the influence of each signaling modality,
we used a similar analysis to compare the likelihood of
copulation between each signal in isolation (V+S- ver-
sus V-S+). We used a non-parametric Kruskal-Wallis
test to compare the time to mating across the four sig-
naling environments.

Given that courtship rate is a variable known to be
important in the mating success of other Schizocosa
species (Delaney et al., 2007; Gibson and Uetz, 2008;
Shamble et al., 2009; Hebets et al., 2011; Rundus et al.,
2010, 2011), we used a non-parametric Kruskal-Wallis
test to determine whether males courted at different
rates across the four signaling environments. We con-
ducted the same test on female age since this is another
variable known to be important in mate choice in other
Schizocosa species (Norton and Uetz, 2005).

1.3 Experiment 2: Importance of brushes in the
presence/absence of seismic signaling

In Experiment 1, the highest mating frequency was in
the signaling environment that enabled the transmission
of both visual and seismic courtship components, de-
monstrating an additive effect of combining the two mo-
dalities (visual plus seismic) on female mate choice and
male mating success. The visual components of S. cras-
sipes male courtship consist of physical movements (i.e.
the waving and tapping of forelegs) and ‘ornamentation’
(i.e. foreleg brushes and/or pigmentation). This second
experiment focused on one component of visual signa-
ling — foreleg brushes. We examined whether the pres-
ence of male brushes influences female mate choice
when presented in isolation (S-) versus in combination
with seismic signaling (S+). Similar to Experiment 1,
we compared mating frequencies across four treatments
- the treatments for this experiment, however, encom-
pass every combination of the presence/absence of male
brushes (intact/shaved) and the presence/absence of
seismic signaling (S+/S-). All trials were run in the light
and we haphazardly assigned males to their brush
treatment: (i) intact — those with brushes left intact
(control males) and (ii) shaved — those with foreleg

brushes removed. Copulation success was recorded for
each trial. Courtship rate and latency to copulate were
not recorded for these trials.

To shave off brushes, males were placed into a 16.51
cm x 15.24 cm Ziploc bag with a small hole cut into it
allowing for the spiders forelegs to extend outside of the
bag. A 25G BD hypodermic needle was then used to
gently remove the male’s foreleg brushes without dama-
ging the cuticle. Sham trials were conducted for males
assigned to the intact ornament group (control males).
The procedure for sham shaving was identical to actual
shaving except that the dull side of the hypodermic nee-
dle was run back and forth over the brushes mimicking
stimulation experienced by the shaved males. Males
from both treatments were kept in the Ziploc bag for
about 5 minutes and we observed no notable differences
in behavior following manipulations.

Similar to Experiment 1, we used a Chi Square
analysis to compare mating frequencies across our four
treatments. Since we were specifically interested in the
influence of brushes on female choice in isolation ver-
sus in combination with seismic signaling, we con-
ducted separate pairwise comparisons of mating fre-
quency of intact vs. shaved males for each seismic sig-
naling treatment (S+ intact vs. shaved; S- intact vs.
shaved).

2 Results

2.1 Experiment 1: Importance of signaling modali-
ties

A total of 86 females and 86 males were run through
single choice mating trials across four variable signaling
environments (n = 23 V+/S+; n = 22 V+/S-; n = 21
V-S+; n =20 V-/S-). Mating frequencies differed among
the four treatments (x23 = 24.361; P < 0.0001, Fig. 1).
Pairs were more likely to mate in the presence of both
signaling modalities (V+S+) as compared to either sig-
nal in isolation (V+S+ versus V+S-, y* = 4.45, P
=.0349; V+S+ versus V-S+, ¥*; = 6.58, P = 0.0103, Fig.
1). No difference was found between treatments where
signals were isolated (V+S- versus V-S+, % = 0.19, P =
0.6633). Mating frequency in the absence of both mo-
dalities (V-S-) was significantly lower than any other
treatment (P < 0.002 for all comparisons, Fig. 1). A
non-parametric Kruskal-Wallis test indicated no signifi-
cant difference among signaling environments in terms
of time to copulation (% = 4.98, df =3, P =0.17).

Weights did not vary significantly across signaling
environments for females (Kruskal-Wallis, X23 = 3.532,
P= 0.32) or males (Kruskal-Wallis, X23 = 1.834, P =
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.08 a ’ found no difference in mating success between shaved
§ 0.7 - males versus intact (control) males (y*, = 0.86, P = 0.35;
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S o Sy e 3 Discussion

§ 031 3.1 Importance of signaling modalities

é 021 c This study demonstrates that the visual and seismic
& g.l | n2 2 components of the multimodal courtship display of

Signaling environment

Fig. 1 Proportion of copulating pairs across manipulated
signaling environments

Mating frequency was dependent on signaling environment. Pairs
were most likely to mate when both visual and seismic components
were present. Isolating visual and seismic components resulted in
equivalent mating frequencies. Different letters (a, b, or c) represent
significant differences between treatments.

0.61). Male courtship rate (# of body bounces/min) did
not vary across signaling environments (Kruskal-Wallis,
x23 = 2295, P = 0.513), nor did female age
(Kruskal-Wallis, y% = 1.728, P=0.63).
2.2 Experiment 2: Importance of brushes in the
presence/absence of seismic signaling

A total of 101 females and 101 males were run
through single choice mating trials across four treat-
ments (n = 25 intact /S+; n = 25 shaved /S+; n = 25 in-
tact/ S-; n = 26 shaved/S-). Mating frequencies differed
among the four treatments (x23 = 12.65; P = 0.0055,
Figure 2). Given that results from Experiment 1 indi-
cated an additive effect of visual and seismic signaling,
we were particularly interested in the influence of
brushes per se in the presence/absence of seismic sig-
naling. In the presence of seismic signaling, males with
brushes left intact were more likely to achieve a copula-
tion than those with brushes shaved (y*, = 4.47, P =
0.035; Fig. 2). In the absence of seismic signaling, we

<
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054 n=25

e e e 2
[ R 'S

Proportion of copulating pairs

Intact Shaved
Seismic absent (S-)

Intact Shaved
Seismic Present (S+)

Fig. 2 Proportion of copulating pairs for males across
brush treatments

Seismic present trials (S+) are to the left of the dotted line, while
seismic absent trials (S-) are to the right. Only in the seismic present
treatment were intact males more likely to mate than shaved males.

Schizocosa crassipes are each sufficient for, and
equivalent in, facilitating mating; yet mating frequency
was highest when both signaling modalities were pre-
sented in combination. This additive effect of combined
signaling modalities indicates female choice for multi-
modal versus unimodal courtship. None-the-less, the
presence of a single modality (visual or seismic) is suf-
ficient for mating in this species, demonstrating that the
multimodal courtship display of S. crassipes can facili-
tate mating across variable environmental conditions
(Candolin, 2003; Hebets and Papaj, 2005). Our results
concerning the importance of unimodal and multimodal
courtship signal function in S. crassipes are consistent
with multiple sources of selection acting on complex
signal evolution: selection from females for multimo-
dality or complexity and selection for transmission effi-
cacy across variable environments.

Despite the occurrence of species-specific courtship
displays that incorporate tapping and waving of orna-
mented legs, there is little prior support for the impor-
tance of visual signaling in Schizocosa female mate
choice (Hebets, 2005; Taylor et al., 2006; Hebets, 2008;
Rundus et al., 2011). Seismic courtship is the proposed
ancestral modality for Schizocosa wolf spiders (Stratton,
2005) and of the species studied to date the majority
requires the successful propagation of seismic signals
for female acceptance of males (Hebets, 2005; Hebets,
2008; Rundus et al., 2010; Rundus et al, 2011; Hebets et
al., in revision). In this study of S. crassipes, although
successful seismic signal transmission is not necessary
for female mate choice, it is sufficient to initiate mating.
Unlike the results of other previously studied species,
however, the successful propagation of visual signaling
is also sufficient for mating success. Female S. crassipes
will accept males in the absence of seismic signaling as
long as a visual display is present. Mating frequencies in
the presence of isolated visual versus isolated seismic
signaling do not differ, suggesting that the modality-
specific display components can function as back-ups to
each other and may potentially provide redundant in-
formation (Partan and Marler, 1999; Partan and Marler,
2005; Hebets and Papaj, 2005). While our study does
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not address the potential information content of signal
components, the importance of visual versus seismic
signaling in female choice appears similar in S. cras-
sipes and if they indeed convey redundant information,
we would predict a tight co-variance between signals in
these two modalities.

Our results are consistent with those of a prior cue
isolation study conducted on S. crassipes that demon-
strated that females were equally receptive to isolated
visual versus seismic courtship displays (Hebets and
Uetz, 1999). Similar results are also seen in S. ocreata
and were argued to provide evidence of redundant sig-
nals (Uetz et al., 2009). We wished to more directly
compare the importance of visual and seismic courtship
signals between these two brush-legged species, and
thus we calculated effect sizes for the influence of visual
and seismic signals on mating success (see Hebets et al.,
in revision for details). Effect sizes for S. ocreata were
calculated from data presented in Uetz et al. (2009) and
are very similar to those we calculate for S. crassipes in
this study (S. ocreata visual r = 0.42, seismic r = 0.33,
calculated in Hebets et al., in revision; S. crassipes,
seismic » = 0.38, visual » = 0.33). The visual and seis-
mic displays of these two brush-legged species appear
to be of similar importance in female mate choice and
our data for S. crassipes are consistent with an effi-
cacy-based ‘multiple sensory environments’ backup
hypothesis, where signals in each modality can act as a
backup to the other in the presence of environmental
variability that reduces modality-specific signal trans-
mission (Candolin, 2003; Hebets and Papaj, 2005). We
hesitate, however, to make a suggestion of signal re-
dundancy for S. crassipes as we currently have no in-
formation regarding signal content — or the pattern of
covariance between modality-specific signal compo-
nents and signaler quality (see Hebets and Papaj, 2005).

While each signaling modality is sufficient for suc-
cessful mating in S. crassipes, the combination of visual
and seismic components resulted in higher mating fre-
quencies than those observed under conditions of iso-
lated signaling modalities. Such a synergistic effect has
been categorized as enhancement — where the intensity
of receiver response is greater to a combined display as
compared to each isolated component (reviewed in Par-
tan and Marler, 1999; Partan and Marler, 2005). En-
hancement has not only been documented in wolf spi-
ders (Uetz et al., 2009), but has also been observed in
other taxa such as fruit flies (Rybak et al., 2002), squir-
rels (Partan et al., 2009; Partan et al. 2010), pigeons
(Partan et al., 2005), butterflies (Costanzo and Monteiro,

2007), and fish (Kiinzler and Bakker, 2001). Kiinzler
and Bakker (2001), for example, have shown that fe-
male sticklebacks exhibit strong preferences for males
displaying three components of their courtship display
over males displaying two or fewer components. Males
with two courtship signal components were also seen as
more attractive than males displaying any component in
isolation. This enhancement of response to combined
signaling modalities could have numerous underlying
causes. For example, adding more components to a sig-
nal could enable males to convey additional information
to females (e.g. species identity, genetic quality,
etc.) (Multiple message hypothesis — Mgller and Po-
miankowski, 1993; Johnstone, 1996; Hebets and Papaj,
2005). Such additional information could aid females in
mate choice decisions and increase the likelihood of
them accepting a male. Alternatively, if females are
basing mate choice decisions mostly on male motor
performance, they may be more attracted to more com-
plex displays such as those that incorporate multi-
ple signals produced by distinct physical mechanisms
(e.g. stridulation, leg-waiving). Similarly, a recent com-
parative study encompassing data from 10 Schizocosa
species suggests that females select for courtship com-
plexity per se (Hebets et al., in revision), an idea pro-
posed for other diverse signaling spider groups as well
(Elias et al., 2012). In contrast to more content-based
hypotheses, increased mating frequencies for multimo-
dal versus unimodal signaling males could also result
from increased detectability or discriminability of court-
ship (Rowe, 1999); although we might also expect to
see differences in the time to mating if this were the
case, which we do not. An inter-signal interaction in
which the response to one component is increased in the
presence of another component (sensu Hebets and Papaj,
2005) could also lead to an observation of enhancement.
These hypotheses all require additional tests, but the
result remains - females are more likely to mate with
males displaying multimodal versus unimodal courtship
displays.
3.2 Importance of brushes

Results from our second experiment confirm that fe-
male choice for male brushes exists in S. crassipes. Im-
portantly, however, this female choice for males pos-
sessing foreleg brushes is only realized in the presence
of multimodal courtship displays. The conspicuous
foreleg brushes (i.e. ornamentation) that male S. cras-
sipes develop upon sexual maturation appear to influ-
ence female mate choice only when in combination with
seismic courtship signaling. The influence of female
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mate choice on male brushes in S. crassipes can thus
vary across signaling backgrounds, indicating that
brushes per se are not under direct selection from fe-
male choice.

Our second experiment compared mating frequencies
between intact and shaved males across seismic signa-
ling environments (S+ vs. S-). Intact males experienced
higher mating success than shaved males, but only in
the presence of seismic signaling. These results suggest
that females may attend to male brushes more under
particular environmental conditions, such as when they
can also perceive seismic signals. Similar findings have
been recognized in other wolf spiders, where orna-
mented males achieve higher mating success only in the
presence (versus absence) of seismic signaling (e.g.
Rabidosa rabida, Wilgers and Hebets, 2011) and fe-
males are more likely to display receptivity to more
ornamented males only in the presence of seismic sig-
naling (S. uetzi, Hebets, 2005). In each of these exam-
ples, it has been suggested that the seismic signal alters
or focuses a female’s visual attention. Future studies are
required to test this specific hypothesis in S. crassipes,
but it is clear that foreleg brushes are more beneficial to
males in the presence of the composite display, provid-
ing additional evidence for an additive effect of com-
bining signaling modalities for female mate choice. We
point out that since the effect of ornamentation varied
across signaling environments, an intact male mating
advantage is unlikely to be explained by artifacts asso-
ciated with the phenotypic manipulations themselves.

Prior research using video playback similarly failed
to find differences in S. crassipes female receptivity
responses to isolated visual stimuli that varied in the
degree of foreleg ornamentation (Hebets and Uetz,
2000). Curiously, these results are in stark contrast to
those of S. ocreata, where a cue isolation design in-
volving intact and shaved males in the absence of seis-
mic signaling revealed that a higher number of females
displayed receptivity to intact versus shaved males and
simultaneous choice trials resulted in equal mating fre-
quencies between intact and shaved males (Scheffer et
al., 1996). These incongruent results, found in two dis-
tinctly ornamented Schizocosa species, suggest that
multimodal courtship signaling functions differently
among species. Prior evidence of variable functions of
multimodal signaling among closely related species has
already been documented in Schizocosa. Multimodal
signaling functions differently between S. uetzi and S.
stridulans, where the seismic signal alters a female’s
visual attention in S. uetzi (Hebets, 2005) and the seis-

mic signal dominates the visual signal in S. stridulans
(Hebets, 2008). Based upon phylogenetic evidence
(morphological phylogeny, Stratton 2005; preliminary
CO1 molecular phylogeny; Hebets et al., in revision), S.
crassipes and S. ocreata represent independent origins
of male foreleg brushes. Future comparative work in-
corporating additional brush-legged species will further
inform our understanding of multimodal signal evolu-
tion and function in this genus.

Courtship displays are frequently repetitive and vigo-
rous in nature (reviewed in Byers et al., 2010) and there
has been increased interest in, and support for, the hy-
pothesis that females choose mates based upon their
motor performance during these vigorous, and pre-
sumably costly, displays (Husak et al., 2008; Byers et al.,
2010 and references therein; Barske et al., 2011; Hebets
et al., 2011; Neave et al., 2011; Spencer and MacDou-
gall-Shackleton, 2011). Multiple studies focusing on
different Schizocosa species have provided evidence of
the importance of courtship rate in Schizocosa female
mate choice (Shamble et al., 2009; Hebets et al., 2011;
Rundus et al., 2011; Rosenthal and Hebets, 2012). Such
advantages for males with higher courtship rates may
indicate female mate choice for male motor perform-
ance. Courtship rate is also known to interact with male
secondary sexual traits in one Schizocosa species. Prior
work with S. stridulans has shown that male foreleg
pigmentation is important only through its interaction
with courtship rate and not through direct female mate
choice — increased ornamentation eases a male’s reli-
ance on courtship rate to acquire a mating (Hebets et al.,
2011). Unfortunately, we are unable to address this type
of interaction in the present study since we do not have
courtship rates for our intact/shaved trials and we were
unable to obtain accurate, trustworthy brush measure-
ments for our males from Experiment 1. Given the im-
portance of both courtship rate and brush presence in S.
crassipes, future work should examine a potential inter-
action between the two.

3.3 Conclusions

The patterns documented herein are unique thus far
among Schizocosa wolf spiders. All prior species ex-
amined with a signal ablation approach demonstrate a
reliance on seismic signaling for mating success (Hebets,
2005; Hebets, 2008; Rundus et al., 2011); while our
results show that visual signaling is sufficient for female
mate choice in S. crassipes. Furthermore, prior work on
the brush-legged species S. ocreata indicates female
mate choice for brushes in the absence, versus presence,
of seismic signaling (Scheffer et al., 1996), a result op-
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posite that documented here for S. crassipes.

Results of our first study demonstrate that the visual
and seismic courtship signals of S. crassipes are each
sufficient for successful mating, but females are more
likely to mate with males when they can perceive the
composite, multimodal display. The finding that females
are equally likely to accept a male based upon only vis-
ual or only seismic courtship signaling suggests that
males engaging in multimodal courtship can increase
the likelihood of attracting a female across variable sig-
naling environments (e.g. environments with reduced
modality-specific signal transmission). Additionally,
that females were more likely to mate with multimodal
signaling males suggests that female mate choice, in
addition to selection for transmission efficacy, is an im-
portant factor in the evolution of complex multimodal
signaling in this species. Results from our second ex-
periment, using phenotypic manipulations of males
across signaling backgrounds, established that females
base mate choice decisions on the presence/absence of
male brushes only in the presence of seismic signaling.
These results suggest that female mate choice in this
species does not act directly on the male secondary
sexual trait - foreleg brushes. Such results again high-
light the potential for signal interactions and demon-
strate the potential for selection from female choice to
vary across signaling backgrounds. Approaches such as
those taken here, which assess receiver responses to
isolated and combined displays and manipulate display
components across signaling environments, can ulti-
mately lend insight into how different types of selection
might act on communication systems and can reveal the
complex, multivariate nature of selection.
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