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Abstract. Wolf spiders (Araneae: Lycosidae) in the genus Schizocosa Chamberlin, 1904 show a diverse array of male court-

ship behaviors, signaling modes and morphological traits, and have been the subject of extensive study. Although S. saltatrix
(Hentz, 1844) is not as well-studied as some of its congeners, this species occupies a phylogenetic position basal to the well-

studied ocreata clade within the genus. Here, we present a detailed analyses of its courtship and provide some insights about

multimodal signals in the genus Schizocosa. Male and female S. saltatrix were collected from the field and raised to maturity in

the lab, then paired randomly for mating trials, in which courtship and mating behaviors were recorded. Male courtship displays

consist of vibratory signals coupled with leg-raising visual signals, suggesting that males apparently use complex (multimodal)

signals in courtship despite assumptions from other studies. While the overall amplitude of vibratory signals is not related to

mating success, rates and amplitude of some individual components (leg strikes) appear to play a role. Female responses show

that variation in visual and vibratory signals is associated with receptivity and mating success, although signal information con-

tent (e.g., body condition) is unclear. Although visual displays may serve as attention-altering signals and attract female atten-

tion, vibratory signals are more important to receptivity. Recent phylogenies suggest that while leg decorations, extensive leg

pigmentation and visual signals have likely been secondarily lost, visual displays are retained in S. saltatrix, perhaps as

attention-altering signals.
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Multimodal communication, used in many animal species as

well as in some spiders, is defined by signal production and recep-

tion in more than one sensory mode—e.g., visual, acoustic, chemi-

cal, tactile, vibratory (Higham & Hebets 2013). The use of two or

more sensory modes in communication is common, and examples

may be found in most animal groups (Hebets & Papaj 2005; Partan

& Marler 2005), including spiders. While many spider species are

known to produce unimodal visual, vibratory and/or chemical sig-

nals in courtship and aggressive behavior (see chapters in Robinson

1982; Witt & Rovner 1982; Uetz & Stratton 1983), some species of

Lycosidae and Salticidae are known to use multimodal signals com-

bining visual and vibratory modes (Jackson 1977; Richman & Jack-

son 1992; Uetz 2000; Elias et al. 2005, 2012; Uetz et al. 2015,

2017; Bollatti et al. 2023).
Wolf spiders (family Lycosidae) in the genus Schizocosa

Chamberlin, 1904 are an emerging model for studying the evolu-

tion of animal communication (Hebets et al. 2013; Uetz et al.

2016; Starrett et al. 2022). Common in deciduous forests of the

Eastern and Midwestern U.S., Schizocosa saltatrix (Hentz, 1844)
is not as well-studied as some of its congeners and less is known

about its courtship behavior (Rovner 1974). Mature males of

S. saltatrix show no leg ornamentation and limited leg pigmenta-

tion (Starret et el. 2022), although they do exhibit visual displays

(leg raising/lowering) in courtship, suggesting potential multi-

modal communication (Stratton 2005). Despite this, responses of

females to isolated visual male courtship signals are greatly reduced

(Hebets et al. 2013). This is of interest because in both earlier

morphology-based phylogenies (Stratton 2005) and more recent

phylogenomic analyses (Hebets et al. 2013; Starrett et al. 2022),

this species has been shown to occupy a phylogenetic position basal

to the well-studied ocreata clade within the genus Schizocosa. The
main objective of this research was to gain a better understanding

of courtship and mating behavior of this lesser known, but phyloge-

netically important species. We also sought to determine whether

aspects of male courtship behavior (vibratory and visual signals)

are related to mating success, so we recorded and analyzed visual

and vibratory courtship signals of S. saltatrix during mating trials.

METHODS

We collected S. saltatrix from the Cincinnati Nature Center

Rowe Woods site in Milford, OH (39807031.200N 84815004.300W),

in 2005 (n ¼ 50) and 2020/2021 (n ¼ 24). Spiders were collected

as juveniles and raised to maturity in the lab to assure lack of

exposure to males and to prevent bias from experience (Stoffer &

Uetz 2015). All spiders were housed in opaque, plastic deli dish

containers (10 cm diameter) and maintained at room temperature

(22–258C) with stable humidity and a 13:11 hour light/dark cycle

to approximate late spring/early summer lighting conditions. Spi-

ders were supplied water ad libitum and fed 2–3 0.5–1.0 cm

crickets twice/week.
Once mature, male and female spiders were paired in an arena

in mating trials. The mating arena was constructed using a 20 cm

diameter cylinder with a circular piece of filter paper lining the

bottom as in previous studies (Meyer & Uetz 2019). Females

were allowed to explore the arena for 15 minutes and lay silk

prior to trial start, then corralled into an inverted vial. A male

was introduced into the arena and given a two-minute acclima-

tion period before the female was released. During these two

minutes, males typically detected the female presence and began

courting. After two minutes, the female was released, and the

pair were allowed to interact for up to 1-hour. Trials ended when

successful mating occurred or after 1-hour of interaction, allow-

ing for variable trial lengths if mating was the outcome. Trials

were video recorded and later scored for behaviors.
Male courtship was recorded from parchment paper, a close

facsimile of leaves with respect to vibration transmission (Uetz,

unpubl. data), lining the floor of the arena. Male vibratory/seis-

mic signals were recorded from below (through a hole in the

arena) using a Polytec PDV-100 laser Doppler vibrometer
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(125 mm/s/V sensitivity, 100 mm/s max, 96 mm standoff dis-
tance). The laser Doppler vibrometer (LDV) was connected to an
external sound card (Roland QuadCapture) and calibrated with a
1 kHz tone (50% FS). The LDV was used to record male vibra-
tory courtship signals for 15 minutes, when the female was
released and allowed to mate. Vibratory signals and behaviors were
recorded simultaneously using a SONYvideo camera (Model:
HDR-XR260V).
LDV recordings of male vibration signals were analyzed using

the software packages Raven Pro® ver 1.6 (K. Lisa Yang Center
for Conservation Bioacoustics at the Cornell Lab of Ornithology)
and SpectraPlus® (Pioneer Hill Software). The processing of
male vibratory signals was conducted in SpectraPLUS-SC (24
kHz sampling rate, 2048 FFT, Hanning window) to calculate the
frequency (Hz) and amplitude (root mean square in dB) of each
percussive element. Spectrograms of male vibratory signals were
generated in Raven Pro®. Patterns and components of vibrations
were analyzed for differences between mated and non-mated
males, and different leaf substrates. Behaviors were observed on
video recordings and scored using BORIS® (Behavior

Observation Research Interactive Software), a freeware package
for event recording (online at http://www.boris.unito.it/), then
output to spreadsheets for statistical analyses.

An ethogram for male and female behaviors during mating tri-
als was developed (Table 1A, B). Male courtship behaviors and
vibratory signals (amplitude in mm/s) occur as events and were
recorded up to the time of mating, allowing for a rate or mean to
be calculated. Female S. saltatrix pre-copulatory behaviors include
receptivity displays (slow pivot, tandem leg extend and settle) sim-
ilar to other species in this genus, and a sum of displays was calcu-
lated as a receptivity score. We used this ethogram when scoring
selected male S. saltatrix courtship behaviors (number of leg
raises, number of vibratory signals) as well as female receptivity
displays from recordings of mating trials.

We conducted an additional experiment in 2005 to examine
the receptivity responses of females to isolated visual and vibra-
tory/seismic cues, similar to the approach used in previous stud-
ies of S. ocreata (Hentz, 1844) (Hebets & Uetz 1999; 2000; Uetz
et al. 2009). Males and females were placed in adjacent, bottom-
less plastic corrals (12 cm £ 6 cm £ 6 cm) made of clear acetate

Table 1.—Ethogram of mating behaviors of S. saltatrix.

A. Male Behaviors Behavior Description

Chemoexploration Male rubs pedipalps on substrate to sense chemical cues from female.

Orient Male turns to face female.

Slow Approach Male slowly moves directly toward female from stationary position and stops in front of her.

Fast Approach Male quickly moves toward female from stationary position and attempts to mount female.

Leg Raise/Lower Male raises one or both forelegs past a position parallel to the ground at the beginning of its rattle vibration.

Once foreleg(s) reaches its peak, it is slowly lowered until it is just off the ground. At this point, male per-

forms a strike vibration, which is followed by slowly lowering the foreleg(s) all the way to the ground and

performing one or two more strikes before it reaches the ground. Typically, three strikes total are performed

while the male lowers the foreleg(s).

Stationary Pose Male stops moving, raises his body and makes vibratory signals.

Mount Male raises forelegs higher than female’s forelegs, then male climbs on dorsum of female (in settle position).

B. Female Behaviors Behavior Description

Orient Female turns to face male.

Approach Female quickly moves toward male from stationary position.

Lunge/Attack Female quickly lunges at male with legs arched, usually after male approaches female, and then retreats.

Slow Pivot Female pivots 908 to 1808 toward male.

Tandem Leg Extension Female extends both forelegs fully and parallel to the ground to allow male to mount.

Settle Female lays body on the ground, performs tandem leg extension, and rotates abdomen to allow male to mount.

Figure 1.—Oscillogram of representative recording of vibratory/seismic signal of S. saltatrix (shown as amplitude/time in secs).
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plastic as follows: vibratory/seismic cues alone (males and females
on a common paper-covered posterboard substratum with a visual
barrier between containers); visual cues alone (males and females
separated with a clear barrier on adjacent 2.8 £ 10 £ 20 cm granite
blocks that eliminated vibration); or multimodal cues (both vibra-
tory/seismic and visual cues available to males and females behind a
clear partition on a common paper and paperboard substratum). The
substrata were tested for successful vibration conduction or elimina-
tion before the experiment using the LDV as above. As males
exhibit courtship behaviors in response to the presence of conspe-
cific adult female silk and chemical cues (Roberts & Uetz 2004),
females were placed on the paper substratum of male containers to
deposit silk for 12 h before each trial to ensure deposition of cues.
Trials lasted 1 hr and were videorecorded with a Sony camcorder
(Model: HDR-XR260V) with input from the LDV for later analysis.
Statistical analyses were performed using JMP® (JMP Statisti-

cal Discovery LLC, Cary, NC). Data on rates and amplitudes
were tested for fit to a normal distribution and subsequently ana-
lyzed with parametric or non-parametric tests. We determined
whether male and/or female behaviors influenced mating success
using both logistic regression of mating vs. continuous variables
or one-way ANOVA as well as two sample tests (or non-
parametric equivalents).
We adhered to the ASAB/ABS Guidelines for the Use of Animals

in Research (available online at https://doi.org/10.1016/j.anbehav.
2019.11.002). All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed.
There are no institutional, local, state or federal government rules
regarding animal care for invertebrates (spiders). At the end of our
experimental studies, all spiders were humanely euthanized with
CO2 anesthesia and freezing. Voucher specimens have been depos-
ited at the Museum of Natural History & Science at Cincinnati
Museum Center, 1301 Western Avenue, Cincinnati, OH 45203
(https://www.cincymuseum.org/geier-research-center).

RESULTS

Recordings show male vibratory/seismic signals are complex
in structure, with three distinct components—called Hum, Rattle
and Strike—in each pulse, each having a different temporal pro-
file (Fig. 1). Power spectra of vibration signals for mated vs.
unmated males (Fig. 2) show considerable overlap, although
mated males have slightly higher peaks in some intermediate

Figure 2.—Power spectrum of male S. saltatrix vibratory/seismic signals.

Figure 3.—Signal Complexity (expressed as mean number of court-

ship components)/min.
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frequencies (800–3000 Hz). Differences (with varying degrees of

statistical significance) between mated and unmated males were

seen for: Hums (t ¼ 1.986; P ¼ 0.0533), Rattles (t ¼ 2.394; P ¼
0.0226) and Strikes (t ¼ 4.175; P ¼ 0.0002). In almost all cases,

males that mated successfully had higher signal component rates.

Signal complexity, measured as the mean number of components

within signal pulses (Fig. 3), varied significantly between mated

and unmated males. Males with more complex signals were more

likely to mate. While there were no significant differences in mat-

ing probability for rattles and hums, there was a significant differ-

ence based on signal rate of one component (strike) (Fig. 4a).

Males that mated had a higher strike rate (Fig. 4b). Amplitude of

strike signals also showed significant differences in mating prob-

ability (Fig. 5a); males that mated had higher amplitude strikes

(Fig. 5b).
Our observations confirm that the complex courtship displays

of S. saltatrix consist of vibratory/seismic signals coupled with

leg-raising visual signals (Stratton 2005; Table 1A). Logistic

regression showed that the probability of mating was significantly

predicted by rates of visual leg raises (Fig. 6a); males that mated

successfully had higher visual signaling rates (Fig. 6b). A com-

parison of rates of vibratory/seismic signals (strikes) and visual

signals (leg raises) shows a significant correlation (Fig. 7). These

results support the hypothesis that courtship signal production in

S. saltatrix is multimodal.
Information content of signals (e.g., mate quality) was unclear,

as we found no correlation between male size measured as cara-

pace width (CW) with signal rates in either mode, or in the ampli-

tude of vibratory signals. Measured aspects of signals were not

correlated with male size (strike rate x male CW: R2 ¼ 0.037,

P ¼ 0.4413; strike amplitude x male CW: R2 ¼ 0.0293, P ¼
0.5111; leg raise rate x male CW: R2 ¼ 0.049, P ¼ 0.406).

Behavior responses of females to isolated courtship signal modes

reveal a different pattern (Fig. 8). The number of orientations

(Fig. 8a) and approaches (Fig. 8b) are equal for both isolated visual

signals and multimodal signals, but almost nonexistent for isolated

Figure 4.—Male courtship signal components—vibratory/seismic strikes—and mating success. A. Logistic regression of mating probability vs.

strike rate; B. Two-sample test of mean rates for mated/unmated males.

Figure 5.—Male courtship signal components—vibratory/seismic strike amplitude—and mating success. A. Logistic regression of mating probabil-

ity vs. strike amplitude; B. Two-sample test of mean strike amplitude for mated/unmated males.
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vibratory/seismic signals. In contrast, female receptivity displays

(Fig. 8c), were equal for isolated vibratory/seismic and multimodal

signals, and barely present for isolated visual signals.

DISCUSSION

Many animals exhibit complex, multimodal signals that con-

tain two or more signaling modes that occur synchronously

(simultaneously) and that are perceived by multiple sensory sys-

tems (Hebets & Papaj 2005; Partan & Marler 2005; Higham &

Hebets 2013; Hebets et al. 2016). Lycosidae are known for using

multiple modes of communication in courtship, although not all

modes are produced simultaneously or synchronously. For exam-

ple, Rabidosa rabida (Walckenaer, 1837), produce visual and

vibratory signals both simultaneously and separately (asynchro-

nously) at different times during pre-copulatory behavior, while

others, e.g., Schizocosa ocreata (Hentz, 1844), use simultaneous

vibratory and visual signals throughout courtship (Uetz & Strat-

ton 1982; Rovner 1996; Wilgers & Hebets 2011; Uetz et al.

2016). Consequently, it is necessary to examine both rates of pro-
duction of signals and female responses to multimodal vs. vibra-
tory and visual signals.

Male Schizocosa saltatrix produce complex multimodal signals
in courtship, as courtship displays consist of vibratory/seismic
signals coupled with leg-raising visual signals. Mating responses
of female receivers show that variation in both modes is associ-
ated with sexual receptivity displays and mating success. Results
of our studies suggest that mating success varies with parameters
of structurally complex male vibration signals of S. saltatrix, as
well as signal rates in both vibratory and visual modes. Mated
male S. saltatrix signals exhibited higher pulse rates and greater
complexity, suggesting potential for mate preference. However,
subtle differences in power spectra might also suggest that females
assess signal structure as well as overall rate of male courtship sig-
nals in choosing mates.

While male S. saltatrix produce complex multimodal signals in
courtship, and female receivers’ responses show that variation in
both male signal modes is associated with mating success, iso-
lated visual displays do not elicit female sexual receptivity dis-
plays. Cue isolation studies confirm earlier findings (Hebets et al.
2013) that females respond primarily to vibratory and multimodal
signals, but not visual displays. In our cue isolation experiments,
females oriented and approached visual signals and multimodal
signals equally but they barely responded to isolated vibration
signals (Fig. 8a,b). However, female sexual receptivity displays
were more frequent with isolated vibratory and multimodal sig-
nals (Fig. 8c). This finding supports the idea that leg-raising
visual displays coupled with vibratory/seismic signals more likely
serve to attract female attention and/or serve as attention-altering
displays. Given the nature of the leaf litter environment, with visual
background complexity and discontinuity of vibration-conducting
surfaces, attention-getting visual displays can enhance detection of
signals (Hebets 2005; Wilgers & Hebets 2011; Uetz et al. 2013).

Phylogenetic analyses of the genus Schizocosa (Stratton 2005;
Hebets et al. 2013, 2020; Starrett et al. 2022) suggest that exten-
sive leg pigmentation, leg decorations and reliance on visual sig-
nals have likely been secondarily lost in a number of species
within or related to the well-studied ocreata clade, including
S. saltatrix. However, visual displays are retained in S. saltatrix.
Information content of these signals regarding mate quality, con-
dition and feeding history is unclear, as there was no correlation

Figure 6.—Male courtship signal components and mating success – mean visual leg raise displays.

Figure 7.—Correlation of number of male S. saltatrix visual signals

(leg raises) and vibratory/seismic signals.
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between male size with signal rates in either mode, or in the
amplitude of vibratory signals (other measures were not avail-
able). Based on the information at hand, we conclude that even
though visual signals are coupled with production of vibration,
and resulting multimodal signals are associated with mating,
visual displays serve to attract female attention while vibratory/
seismic signals are more important to eliciting female receptivity.
Future studies on male signal information content and female
mate preference and choice may allow better understanding of
the evolution of these signals.

ACKNOWLEDGMENTS

We thank the University of Cincinnati Department of Biologi-
cal Sciences for research support, and undergraduate student
members of the Uetz lab (Austin Beets, Sydney Bobbitt, Jacob
Danner, Megan McConnell, Kami Previte, Heather Stern, Sunny
Tran, Olenka Tymosch and Martin Werner) for spider collection
and care. We are especially grateful to Laura Pfeiffer and Lily
Maynard for their assistance in cue isolation experiments. Thanks
also to the Cincinnati Nature Center for allowing collection of
spiders at their Rowe Woods site. Spiders were collected from
land which was originally inhabited by Myaamia (Miami) and
Shawandasse (Shawnee) nations prior to European invasion, and
to whom we owe respect.

LITERATURE CITED

Bollatti F, Aisenberg A, Toscano-Gadea CA, Peretti AV, González M.
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