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Abstract  In the multimodal communication of 
Schizocosa ocreata wolf spiders, males respond 
to chemical signals from females with visual and 
substrate-borne vibratory signals for courtship. We 
examined the effect of wet vs. dry leaves on transmis-
sion of male courtship signals, responses of male spi-
ders to female chemical cues, responses of courting 
males to bird calls indicating predator presence, and 

mating success. Laser Doppler vibrometry showed 
that spider stridulation and percussive signals main-
tain higher amplitude over distance on dry leaves 
than on wet leaves. Male response to chemical cues 
(courtship latency and rate) declined after leaves with 
female silk became wet. In response to predatory bird 
calls (Blue Jays) transmitted through leaf surfaces, 
courting male spiders on dry leaves responded with 
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anti-predator “freeze” behaviors more often and with 
longer duration than those on wet leaves, and with 
longer latency to return to courtship on wet leaves. 
Laser Doppler vibrometry confirmed that bird calls 
on dry leaves had significantly greater average ampli-
tude and different spectral profiles than those on wet 
leaves. Males courted females on wet and dry leaves 
with equal frequency, but subsequent mating success 
was significantly greater on dry leaf litter. Interest-
ingly, visual signals increased on wet leaves, suggest-
ing compensatory behavior in response to moisture. 
Given a predicted change in precipitation in parts of 
North America because of global climate change, 
these results suggest potential for impact on behavior 
of invertebrates at the microhabitat level.

Keywords  Biotremology · chemical 
communication · environment · lycosidae · anti-
predator responses · signal transmission · vibratory/
seismic signaling

Introduction

The environment can play an important role in animal 
signal transmission as well as detection, but its effects 
can vary with animal size and environmental condi-
tions. While the physical structure of forests, fields 
and urban environments have been shown to influ-
ence signals of birds, anurans and mammals (Hedwig 
et al. 2018; Halfwerk et al. 2019; Charlton et al. 2019; 
Velásquez et al. 2018; Marín-Gómez et al. 2020), the 
leaf litter microenvironment of deciduous forests has 
also been shown to impact communication of small 
invertebrates (Hill 2008; Hill and Wessel 2016; Yack 
2016; Hill et al. 2019; Cividini and Montesanto 2020; 
Stritih-Peljhan and Virant-Doberlet 2021). For exam-
ple, recent research revealed that specific aspects of 
the forest floor leaf litter environment (leaf structure, 
soil surface, moisture) may play a role in transmission 
and detection of vibratory/seismic courtship signal-
ing of spiders (Elias et al. 2004; Hebets et al. 2008; 
Elias et  al 2010; Gordon and Uetz 2011; Uetz et  al. 

2013; Elias and Mason 2014; Rosenthal et al. 2019; 
Sun et al. 2021). Litter environments can also affect 
chemical communication of many animal species 
(amphibians: Byrne and Keogh 2007; reptiles: Howey 
and Snyder 2020; insects: Salmon et  al. 2019; spi-
ders: Persons et al. 2001; Wilder et al. 2005).

Detection of other vibratory/acoustic information, 
e.g., airborne predator cues, may also be affected 
by leaf litter characteristics. Previous research has 
observed changes in wolf spider courtship behavior 
(e.g., “freeze” or sudden cessation of courtship) in 
response to airborne predatory bird calls, which spi-
ders perceive as substratum-conducted vibrations 
transduced through a leaf surface (Lohrey et al. 2009; 
Gordon and Uetz 2012). Importantly, the mating 
season of many North American wolf spider species 
occurs in spring, when there are frequent rains, and 
when insectivorous birds are selectively provisioning 
nestlings with spiders (Grundel and Dahlsten 1991; 
Arnold et al. 2007). Consequently, increased seasonal 
rainfall owing to climate change (Meehl et al. 2005; 
Papalexiou and Montanari 2019) may impact the leaf 
litter microhabitat disproportionately by changing the 
transmission properties of the leaf substrates used for 
communication by spiders and other invertebrates.

The overall goal of this research was to assess the 
impact of environmental variation, specifically wet 
vs. dry leaves, on courtship and mating of the brush-
legged wolf spider Schizocosa ocreata. We examined 
four aspects of the influence of wet vs. dry leaves in 
four separate experimental studies: (I) transmission of 
vibratory signals from male courtship; (II) detection 
of female chemical cues; (III) detection of airborne 
acoustic predator stimuli (bird calls) and subsequent 
anti-predator responses of wolf spiders; and (IV) 
effects of leaf moisture on mating success.

General Methods

Juvenile S. ocreata wolf spiders were collected 
from the Cincinnati Nature Center (39˚ 7′31.15″N; 
84˚ 15′4.29″W) during Spring and Fall of 2018 and 
Spring 2019 and raised to maturity in the lab. Spiders 
were isolated in small round opaque plastic deli con-
tainers (9 cm diam x 5 cm ht), kept under controlled 
lab conditions (13/11 h L:D; stable temperature and 
RH%), and raised to maturity. Spiders had access 
to water ad  libitum and were fed twice weekly with 
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two appropriately sized crickets. Molts of each spider 
were tracked, and their penultimate molt and maturity 
dates were recorded, so that males and females could 
be matched for time since maturity.

In all the experimental studies below, we compared 
dry vs. wet leaves. We collected recently fallen leaves 
of Sycamore (Platanus occidentalis) from field study 
sites at the Cincinnati Nature Center and placed them 
between pages of a telephone book to dry and flatten 
them. Once fully dried and flattened, half of leaves 
were chosen at random for the “wet” treatment and 
soaked in water for one hour before use in experimen-
tal studies to standardize moisture level. Based on our 
observation and handling of leaves, we felt this treat-
ment was sufficient to match the condition of leaves 
after a soaking rain in nature.

Animal Welfare/Ethical Note  We adhered to the 
ASAB/ABS Guidelines for the Use of Animals in 
Research (https://​doi.​org/https://​doi.​org/​10.​1016/j.​
anbeh​av.​2019.​11.​002). All applicable international, 
national, and/or institutional guidelines for the care 
and use of animals were followed.

Effect of Leaf Moisture on Transmission of Vibration 
through Wet and Dry Leaves

Playback signals We used playback of pre-recorded 
spider vibration signals via piezoelectric elements 
to test the effects of moisture on signal transmission 
through leaves. We used a Polytec PDV-100 laser 
Doppler vibrometer (LDV) to record and meas-
ure playback stimuli (from pre-recorded vibratory 
signals of courting male S. ocreata). Twenty-five 
males were selected at random from the lab popula-
tion and recorded in advance to match the ampli-
tude of the single vibratory courtship stimulus to 
the population average. The recording of vibra-
tory signals used in playback was one from previ-
ous studies representing the mean value for body 
size and vibratory signal parameters  (Roberts et al. 
2006).

Playback apparatus and calibration Vibratory 
playback was done with piezoelectric elements (APC 
International) attached to selected specimens of com-
parably sized leaves of sycamore (Platanus occiden-
talis). We collected all P. occidentalis samples from 
leaf litter in the same location and at the same time. 
We deliberately selected 20 individual leaves (10 

each treatment) that were complete (no damage or 
herbivory) and at least 10 cm in length from the base.

The vibration signal recordings were played from 
an Apple iPod (4th edition) connected to an ampli-
fier (Pyle Mini 2 × 40W Stereo Power Amplifier). The 
output of the amplifier was connected to the piezo-
electric element via speaker wire. The piezoelectric 
element was affixed to the leaf with tape and then 
signals were calibrated. Vibratory recordings and 
playback were calibrated to match that of the aver-
age percussive amplitude in our sample population of 
S. ocreata using the Polytec PDV-100 laser Doppler 
vibrometer (125 mm/s/V sensitivity, 100 mm/s max, 
96 mm standoff distance). The laser Doppler vibrom-
eter (LDV) was connected to an external sound card 
(Roland QuadCapture) and calibrated with a 1  kHz 
tone (50% FS). We analyzed the vibratory signals 
from the sample of 25 courting males with Spectra-
PLUS-SC acoustic software (24  kHz sampling rate, 
2048 FFT, Hanning window) to calculate the root 
mean square (RMS) amplitude of signals. Once this 
value was obtained (mean RMS: 4.565  mm/s), the 
previously described arena was used to play the vibra-
tory courtship signal through a leaf, and the LDV was 
used to calibrate the percussive amplitude. The ampli-
fier was then adjusted until it matched the population 
mean as measured by the LDV. We measured signal 
amplitude at the source and at 1 cm increments up to 
10 cm away from the playback source on both 10 wet 
and 10 dry leaves for a total of 220 sample measure-
ments (n = 110 each treatment, N = 220 overall).

Effect of Leaf Moisture on Chemical Cues

Male Schizocosa wolf spiders respond with courtship 
behavior when exposed to chemotactile cues from 
female silk (Tietjen and Rovner 1982; Roberts and 
Uetz 2004a, b, 2005). In this study, we tested whether 
female silk-borne chemotactile cues were impacted or 
deactivated by leaf moisture, as has been suggested 
by others (Tietjen and Rovner 1982; Wilder et  al. 
2005), by measuring responses of males to female 
cues on wet or dry leaves. We also tested whether the 
order of silk deposition (e.g., before or after rainfall) 
affected detection by males.

We chose mature, unmated female spiders and 
assigned them randomly to one of five treatment 
groups (N = 15 each group) to deposit silk cues. We 
chose mature, unmated male spiders and assigned 
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them randomly to all treatment and control groups 
(N = 15 each group). Females and males used matured 
around the same date. We had three treatment groups 
and two control groups: dry leaf w/female silk, wet 
leaf w/female silk, as well as dry and wet leaves with-
out chemical cues from female silk (controls) plus an 
additional treatment to test the importance of the tim-
ing of silk deposition relative to wet conditions (e.g., 
from rainfall), with dry-then-wet leaves—i.e., initially 
dry when females deposited cues on them, then soaked 
after silk deposition. The trial arenas were clear, cylin-
drical shaped containers, 7 cm in diameter and 7.5 cm 
in width, placed on top of a flattened sycamore leaf 
(wet or dry; dry-then-wet). Five trials (three treatments 
and two controls) were prepared during the same set, 
with spiders assigned at random to sets and trials. Each 
set of trials was prepared for 3 h, when females were 
allowed to lay down silk. In between sets of trials, 
leaves and containers were cleaned with ethanol.

To determine how leaf moisture affects male court-
ship behavior, male spiders’ visual signals in response 
to the presence or absence of cues in each treatment/
control group were observed. Males were allowed to 
move about freely on leaves inside of arenas while 
behaviors were recorded with a Sony digital cam-
corder for 10 min. Videos were scored for the number 
of three visual signals: leg waves, body bounces, and 
leg tapping in the 10-min trial (see Stratton and Uetz 
1986; Meyer and Uetz 2019 for description).

Leaf Moisture and Responses to Airborne Predator 
Cues

In order to understand how the environment can affect 
information indicating danger, we explored whether 
the moisture content of leaves affected detection of 
bird calls by courting male spiders. We addressed this 
by examining anti-predator responses of male S. ocre-
ata courting on wet vs. dry leaves exposed to play-
back of a Blue Jay (Cyanocitta cristata) call.

Because previous studies determined that spiders 
perceive airborne bird calls as vibration in leaf sub-
strates (Lohrey et al. 2009; Gordon and Uetz 2012), 
we measured how leaf moisture affects transmis-
sion of airborne predator stimuli through wet vs. dry 
leaves. Substratum-borne vibrations from airborne 
bird calls were recorded in the experimental arena on 
wet and dry leaf surfaces using a laser Doppler vibro-
meter (as described for experiments above). The laser 

recordings were made from below the arena through a 
1 cm hole in the base; the laser was aimed at a 2 mm 
mylar “dot” attached to the underside surface of the 
leaf. To avoid pseudoreplication, we made four differ-
ent replicate recordings (four separate leaves) of wet 
and dry leaves with each of four bird call exemplars.

Male and female S. ocreata (N = 60 each) were 
randomly selected from the sample population of 
spiders in the lab. A circular (17.5 cm diam.) plastic 
arena was used for trials with a speaker placed 15 cm 
above it. Sycamore leaves were collected from field 
sites in Ohio. Half the leaves were soaked in water for 
a minimum of 1 h (as described above) before trials to 
serve as wet leaf litter, while the other half remained 
dry. Before each trial, females laid silk on leaf litter 
for at least 1  h. The leaf litter was then transferred 
into a circular arena, with a male placed inside.

Trials began with the onset of male courtship, 
which was recorded with a camcorder. After one min-
ute of courtship, acoustic cues (a 10 s recording of a 
Blue Jay call, Peterson Field Guide, A Field Guide 
to Bird Songs; ISBN- 10: 0618225943) were played 
from a speaker mounted 15 cm above the arena (at a 
level similar to field conditions (82 dB), as in Lohrey 
et al 2009), and spider responses were observed. Male 
behavior recordings were analyzed later for the occur-
rence of anti-predator “freeze” responses to calls 
(cessation of courtship/immobility), as well as num-
ber of taps, waves, bounces, and latency to resume 
courtship before and after exposure to the bird call. 
Recordings of bird calls were analyzed with Spec-
traPlus® software (as described above) to determine 
average RMS (velocity in mm/sec) amplitude on wet 
vs. dry leaves, then amplitude was analyzed in a 2 × 4 
factorial design. Spectral properties of the bird calls 
were analyzed with the Raven software package, 
which generated a sound spectrogram (a.k.a. “sono-
gram”) and allowed us to compare the same exemplar 
recordings under wet and dry conditions.

Effect of Leaf Moisture on Mating Success

We randomly paired selected male and female S. 
ocreata (N = 71 pairs) in plastic arenas on wet and 
dry leaf litter substrates to assess the effect of leaf 
moisture in live mating encounters. The circular mat-
ing arenas were 22 cm in diameter constructed from 
plastic flowerpots; each contained either wet or dry 
litter placed upon a 2 cm soil base. Prior to the trial, 
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unmated females were placed in the arenas overnight 
to lay silk to initiate male courtship. The females 
were removed, allowed to hydrate, and then placed 
back into the arenas. Unmated males were placed on 
the opposite side of the arena and allowed to court for 
one hour. We used 71 pairs of spiders selected ran-
domly from the lab population in each treatment (36 
dry, 35 wet); spiders were used only once. The trials 

were videotaped from above for one hour or stopped 
if/when copulation or cannibalism occurred.

Statistical Analyses

Statistical analyses were performed using JMP® 
(JMP Statistical Discovery LLC, Cary, NC). Dif-
ferent parts of this study generated both categorical 

Table 1   Results of two-
factor nested Generalized 
Linear Model (GLM) 
showing the relative effects 
of distance from signal 
source and moisture level 
treatment on stridulatory 
and percussive signal 
elements

Significant P values indicated in boldface

Stridulatory Signal Percussive Signal

d.f X2 p d.f X2 p

Whole Model 42 391.378 < 0.0001 42 474.172 < 0.0001
Distance 10 261.933 < 0.0001 10 318.737 0.0032
Treatment (wet/dry) 1 15.866 < 0.0428 1 8.701 < 0.0001
Distance x Treatment 10 265.377 < 0.0001 10 19.889 < 0.0303
Sample leaf [Treatment] 21 39.028 0.0097 21 7.955 0.9953

Fig. 1   Transmission 
distance of (a) stridulation 
and (b) percussive elements 
from playback of S. ocreata 
courtship (body bounce) 
on dry vs. wet sycamore 
leaves. Attenuation of sig-
nals are displayed as mean 
peak amplitude in mm/sec 
(± S.E.) at 1 cm increments 
on a leaf
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(e.g., mate/not, occurrence of behaviors) and continu-
ous variables (e.g., rates and amplitudes) and were 
analyzed in several ways. Categorical data were ana-
lyzed with chi-squared tests. Continuous variable data 
were first tested for fit to a normal distribution and 

were subsequently analyzed with Generalized Lin-
ear Model (GLM) analyses using a normal or Pois-
son distribution as the basis, or two sample tests, or 
their non-parametric equivalents. Latency to court or 
to mate in wet-dry treatments was analyzed using a 

Fig. 3   Latency to male 
courtship in various chemi-
cal cue treatments (wet, 
dry and dry-to-wet leaves, 
control/no silk) expressed 
as cumulative frequency of 
individuals courting over 
time

Table 2   Mean rates (± S.E.) of male S. ocreata visual display behaviors in response to chemical cues from females on wet and dry 
leaf treatments, with summary of GLM test results

Significant P values in boldface

Visual Signaling Behavior Dry w/silk Dry Control Dry to wet Wet w/silk Wet control GLM
X4

2
P

Waves 8.11 ± 1.989 1.777 ± 1.115 0.5 ± 0.268 11.2 ± 4.197 0.2 ± 0.2 466.221 < 0.0001
Bounces 23.222 ± 11.978 0 0 11.5 ± 5.526 0.8 ± 0.8 859.181 0.0002
Taps 96.444 ± 32.191 31.888 ± 19.665 10.4 ± 4.960 52.5 ± 17.942 13.1 ± 5.049 2028.478 0.0004
Sum of Displays 140.266 ± 31.733 41.214 ± 20.76 10.4 ± 3.746 77.6 ± 26.762 10.933 ± 

3.961
3266.239 0.0002

Mean Displays/min 14.026 ± 2.077 4.121 ± 2.149 1.040 ± 2.077 7.776 ± 2.077 1.093 ± 2.077 316.224 0.0002

Fig. 4   Rates of courtship 
displays per minute of male 
S. ocreata under different 
chemical cue treatments 
(wet, dry and dry-to-wet 
leaves, control/no silk)
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Log-rank survival test of cumulative proportion of 
responses over time.

Results – I: Vibration Transmission

Data on RMS amplitude (mm/s) of stridulation 
signals fit a normal distribution (Shapiro-Wilk 
W = 0.992; P = 0.317) while amplitude of percussion 
did not (Shapiro-Wilk W = 0.824; P < 0.0001). Con-
sequently, we used a GLM with a normal distribution 

basis for stridulation, while for percussion we used 
a GLM with a Poisson distribution as its basis. Both 
analyses showed that signal amplitude varied signifi-
cantly with distance, treatment (dry vs. wet leaves) 
and the distance x treatment interaction (Table 1).

As expected, attenuation of male vibratory signals 
increased with distance on both wet and dry leaves, 
but the louder spider signals (percussion) were still 
measurable at up to 10 cm away on both wet and dry 
leaves. Treatment (dry vs. wet leaves) significantly 
affected playback signal amplitude for both stridula-
tion and percussion signals across the active space of 
the leaf (Fig. 1a, b).

Stridulation amplitude was greater on dry leaves 
up to 5  cm from the source but had much overlap 
between treatments beyond that distance (Fig.  1a). 
Percussive elements of the spider signal attenuated 
significantly as distance from the source increased on 
both wet and dry leaves, but moisture level resulted 
in significantly greater attenuation (Fig. 1b). Spectral 
analyses showed leaf moisture filters the frequency of 
recorded signals, as dry leaves transmit male spider 

Fig. 5   Latency of court-
ship on wet vs. dry leaves, 
expressed as cumulative 
percent of individuals 
courting over time: (a) prior 
to predatory bird call and 
(b) after bird call

Table 3   Summary of GLM model results for occurrence of 
male S. ocreata freeze behavior upon hearing bird call

Significant P values in boldface

DF Chi Square P

Whole model 5 193.076 < 0.0001
Leaf treatment 1 71.37152 < 0.0001
Bird Call Exemplar 2 99.00015 < 0.0001
Treatment*Exemplar 2 13.9684 0.0002
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courtship signals at greater amplitudes across almost 
all frequencies than wet leaves (Fig. 2), and again this 
effect is more pronounced for percussive elements.

Results – II: Chemotactile Cues

Results show significant differences in courtship 
latency and number of visual signals across treat-
ment and control groups. Data on courtship response 
latency show significant differences among treat-
ments (Log-rank analysis: X2 = 16.554; P = 0.0024); 
male spiders display visual signals faster to chemical 
cues on dry leaves than all other experimental treat-
ments (Fig. 3).

Rates of individual behaviors (waves, bounces, 
taps, sums of displays and mean displays/min) did 
not fit a normal distribution (Shapiro-Wilk W val-
ues: 0.489—0.679; P < 0.0001) and were subjected to 
GLM analysis with a Poisson distribution as its base. 
GLM analysis showed that the rates of individual vis-
ual signals (displays/minute) as well as sum and mean 
of total displays varied significantly across treatments 
(Table 2; Fig. 4).

Rates of male behaviors on dry and wet leaves with 
silk were greater than both the control groups and dry-
then-wet leaves (Newman-Keuls test, p < 0.05). Male 
spiders exhibited a greater total number of signals on 
dry leaves w/silk vs. wet leaves w/silk, although post 
hoc tests show overlap (Fig. 4). This shows that even 
when a female spider deposits silk chemical cues on 
a wet surface, male spiders can detect them. Results 
also show far fewer male courtship behaviors on 
leaves that received female silk chemical cues prior to 
being inundated with moisture (dry-then-wet leaves). 
This indicates cues may become less potent when 
leaves become wet after silk is deposited, suggesting 
a role for rainfall and/or morning dew in deactivating 
chemical communication (Tietjen and Rovner 1982; 
Wilder et al. 2005).

Results – III: Predator Cues

Prior to the bird call, a log-rank survival analy-
sis of cumulative proportion of responses over time 
(Fig.  5a) showed no differences in latency to begin 
courtship (Log-rank X1

2 = 0.126; P = 0.724). How-
ever, upon hearing the bird call, spiders on dry leaves 
responded to bird calls more often and with longer 
duration than those on wet leaves. Freeze behav-
ior was not independent of leaf moisture treatment 
(X1

2 = 9.609; P = 0.019); spiders were more likely to 
freeze upon hearing bird calls when on dry leaves 
(71.43%) than wet leaves (29.63%). We also used a 
GLM analysis with an underlying binomial distribu-
tion basis to compare effects of leaf treatment (wet, 
dry) and bird call exemplar on frequency of occur-
rence of freeze behavior (Table  3). While we found 
only marginal significance for the whole model 

Fig. 6   Duration (secs) 
of anti-predator “freeze” 
behavior of male S. ocreata 
in response to predatory 
bird (Blue Jay) calls on wet 
vs. dry leaves

Table 4   Summary of GLM model results for duration of male 
S. ocreata freeze behavior upon hearing bird call

Significant P values in boldface

DF Chi Square P

Whole model 5 386.041 < 0.0001
Leaf treatment 1 383.677 < 0.0001
Bird Call Exemplar 2 7.118 0.0285
Treatment*Exemplar 2 4.793 0.0910
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(X5
2 = 10.569; P = 0.060), leaf treatment showed sig-

nificance (X1
2 = 10.049; P < 0.0015), while bird call 

exemplar (X2
2 = 0.572; P = 0.751) and the bird call x 

treatment interaction (X2
2 = 0.106; P = 0.948) did not.

Duration of “freeze” behavior did not fit a normal 
distribution (Shapiro-Wilk W = 0.638; P < 0.0001) 
and was subjected to non-parametric analysis and 
GLM. Freeze duration differed significantly between 
treatments in a two-sample test Wilcoxon test 
(X1

2 = 12.801; P = 0.0003) (Fig.  6). GLM analysis 
with an underlying Poisson distribution (Table  4) 
showed significance for the whole model, leaf treat-
ment and bird call exemplar, but not the bird call x 
treatment interaction. Log-rank survival analysis of 
latency to resume courtship post-bird call, analyzed 
as cumulative proportion of responses over time 
(Fig. 5b) showed significant differences between wet-
dry treatments (Log-rank X2 = 14.487; P = 0.0001).

GLM Analysis of vibration amplitude data 
recorded with the LDV on both wet and dry leaves 
did not show a significant effect for the whole model 
(Table  5), bird exemplar or treatment x exemplar 
interaction, but did show significance arising from 
leaf moisture treatment. The significant difference 
in vibration level with leaf moisture (Fig.  7) likely 
resulted from differences in the power spectra of 
sound/vibration on dry vs. wet leaves. Spectral anal-
yses of bird calls conducted as vibration on wet vs. 
dry leaves varied across frequencies. Bird calls on 
dry leaves (Fig. 8a) had higher amplitude in a range 
between 1500  Hz—7000  Hz, but bird calls on wet 
leaves (Fig. 8b) had reduced amplitude in frequencies 
below 2000 Hz and above 4000 Hz.

Results – IV: Mating Success

Mating success was not independent of treatment 
(X 2 = 4.999; P = 0.0254) and was lower in wet leaf 
treatments (37.5%) than dry leaves (62.5%), despite 
no significant difference in occurrence of male 
courtship (nearly 100% on both wet and dry leaves: 
X 2 = 0.009; P = 0.925) or latency to court (Log-rank 
test: X 2 = 0.0059; P = 0.9389). However, we found 
that males increased their use of visual signals when 
courting on wet environments. Rates of male “wave 
and arch” displays did not fit a normal distribution 
(Shapiro-Wilk Test, W = 0.7339; P < 0.0001) and 

Table 5   Summary of GLM model results for male S. ocreata 
vibration signal RMS amplitude in mm/s

Significant P values in boldface

DF Chi Square P

Whole model 5 7.2055 0.2058
Leaf treatment 1 6.5029 < 0.0108
Bird Call Exemplar 2 0.2796 0.8695
Treatment*Exemplar 2 0.2642 0.8762

Fig. 7   Mean RMS ampli-
tude (mm/s) of bird calls 
(Blue Jay) on wet vs. dry 
leaves
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were subsequently analyzed with a non-parametric 
Wilcoxon test. Results show that successfully mated 
males displayed “wave and arch” signals (Fig.  9) 
significantly more often on wet leaves than dry 
leaves (Wilcoxon X1 2 = 7.563; P = 0.0062), as was 
seen in Gordon and Uetz (2011) when spiders were 
on substrates that did not transmit vibratory signals 
(stone, soil, wood). This result was also apparent in 
the chemical cues study (Section II), where in con-
trast to other male signals (which are greater on dry 
leaves than wet leaves), leg waves were performed 
at a higher rate on wet leaves (see Table 1).

Discussion

Overall, our results suggest that along with other previ-
ously studied environmental characteristics of leaf lit-
ter such as structure and substrate type (Hebets et  al. 
2008; Elias et al. 2010; Gordon and Uetz 2011; Uetz 
et  al. 2013; Rosenthal et  al. 2019; Sun et  al. 2021), 
moisture conditions can influence communication in 
wolf spiders as well. Similar results have been seen 
in other animal taxa, demonstrating the importance 
of micro-environment in vibrational communication 
(Hill 2009; Yack 2016; Stritih-Peljhan and Virant-
Doberlet 2021). The efficacy of spider vibratory sign-
aling, as well as detection of chemical cues in female 
silk and substrate vibration from airborne cues indicat-
ing potential predators, are all affected by increased 
moisture. This is potentially important during periods 
of precipitation throughout the mating season, when 

increased substrate moisture might impact signal trans-
mission and overall mating success of males, as well 
as their vulnerability to predation (Arnold et al. 2007). 
In addition to impacting these potential fitness-related 
aspects of communication, leaf litter moisture also has 
a significant negative impact on actual mating success. 
It is notable that while spiders increase the number of 
specific visual displays (wave and arch) when on wet 
leaves, this does not appear to increase mating success.

Our results support previous research on the role of 
environmental influence on transmission and recep-
tion of spider signals (Lohrey et al 2009; Gordon and 
Uetz 2011) and add a new finding—that differences 
in leaf moisture affect the response of spiders to stim-
uli indicating predators nearby. Detection of predators 
is essential for animal survival, and this study dem-
onstrates that spiders, like other animals, can detect 
airborne predator sounds though leaf substrates (Cas-
tellanos and Barbosa 2006; Hill 2009; Sitvarin et al. 
2016; Lohrey et  al. 2009; Gordon and Uetz 2012; 
Virant-Doberlet et  al 2019). However, results also 
suggest leaf moisture affects spider detection of spe-
cific bird calls, and is further supported by vibration 
recordings, which illustrate the dampening of sound 
on wet leaves in comparison to dry leaves. Given a 
predicted change in precipitation in parts of North 
America as a consequence of global climate change 
(Meehl et al 2005; Kharin et al. 2013; Papalexiou and 
Montanari 2019), these results take on new relevance. 
Further studies need be conducted to see if spiders 
from wetter or drier climates are more responsive to 

Fig. 9   Mean number of 
visual “wave and arch” 
courtship displays exhibited 
by male S. ocreata during 
mating trials on wet vs. dry 
leaves
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sounds and better able to cope with leaf moisture, 
which could provide additional insight to what traits 
might be selected for under conditions of greater 
precipitation.
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