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Abstract
We used video playback of courting male Schizocosa ocreata wolf spiders to examine responses of intended receivers 
(conspecific females) and eavesdroppers (competitor males, predatory spiders, toads) to manipulations of spider color 
(natural color, monochromatic gray, monochromatic RBG average) displayed against complex leaf litter backgrounds 
(color, grayscale). Models of chromatic and achromatic contrast between spider stimuli and backgrounds were used to 
predict receiver responses. The results support the hypothesis that interactions between spider and background coloration 
affect detection and recognition, although responses varied with receiver type. Detection responses of intended receivers 
(female S. ocreata) did not fit predictions of the chromatic contrast model in some cases, but showed a fair fit to the ach-
romatic model. Detection responses of social eavesdroppers (male S. ocreata) fit the chromatic and achromatic contrast 
models slightly better than did female responses (poor fit and very good fit, respectively). Eavesdropping wolf spider 
predators (Rabidosa) exhibited detection responses that significantly matched predictions of the chromatic (very good 
fit) and achromatic (excellent fit) models. Whereas jumping spiders (Phidippus) showed a good fit to the chromatic and 
achromatic contrast models, toad predators had a good fit only to the chromatic model. Recognition responses revealed a 
different pattern of fit to the chromatic and achromatic models across receiver types, although Rabidosa again indicated 
a significant fit to both models. Taken together, the results of this study identify both chromatic and achromatic features 
of spider appearance as likely explanations for differences in behavioral responses of intended and unintended receivers. 
This outcome suggests the possibility that both sexual and natural selection likely target different features of male appear-
ance during courtship.

Significance statement
Some of the most striking examples of animal displays involve conspicuous male courtship signals, although such sig-
nals often can be exploited by eavesdropping competitors and predators. In this study we manipulated the coloration of 
courting male Schizocosa ocreata wolf spiders and their leaf-litter backgrounds from pre-existing video footage. We then 
played back the altered video clips to female conspecifics and eavesdroppers (competing conspecific males and potential 
predators: non-conspecific wolf spiders, jumping spiders, and toads) and recorded their responses. From these responses 
we scored both stimulus detection (latency to orient) and recognition (receptivity movements in conspecific females, tap-
ping bouts in conspecific males, and attack in other viewers). Color differences in the courting male stimuli and leaf-litter 
backgrounds proved to be important for detection and recognition, even for wolf spiders with limited dichromatic vision. 
Moreover, for jumping spiders and predatory toads with tetrachromatic and trichromatic vision respectively, color of the 
prey spider stimulus was particularly salient. Overall, our experimental results support the hypothesis that receivers with 
different visual capacities should vary in their responses to color and contrast of courting male spiders against complex 
backgrounds.
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Introduction

Animals use a variety of signaling methods and modali-
ties, including chemical, acoustic, visual and seismic (Par-
tan and Marler 2005; Hebets and Papaj 2005; Hebets et al. 
2016). These signals are used in many different situations, 
but the signals used by males to attract females may be the 
most important for male reproductive success (Choi et al. 
2022). Much evidence suggests that male courtship signals 
are selected to be conspicuous to females against a complex 
background of environmental noise (Rosenthal 2007; Wiley 
2013; Ord et al. 2021), but such signals also may be detected 
by others (predators, competitors) in the communication 
network (McGregor 2005; Searcy and Nowicki 2005; Rob-
erts et al. 2007; Cummings et al. 2008; Roberts and Uetz 
2008; Marshall et al. 2015; Bernal and Page 2022). Thus, 
evolution of signaling behavior is likely to be shaped by 
selection from both intended receivers and eavesdroppers.

In communication networks, unintended receivers may 
include social eavesdroppers - i.e., conspecifics that recog-
nize and exploit the information content of signals (Peake 
2005; Dabelsteen 2005; Searcy and Nowicki 2005), or inter-
ceptive eavesdroppers - i.e., predators for which signals 
reveal cues to the presence of potential prey (Zuk and Kol-
luru 1998; Haynes and Yeargan 1999; Rosenthal et al. 2001; 
McGregor 2005; Rosenthal 2007; White et al. 2022). Most 
research on communication networks has examined eaves-
dropping in several highly specific contexts (see McGregor 
2005 and chapters within), including: bystanders observing 
male-male contests (Johnstone 2001; Tibbetts et al. 2020), 
female mate choice copying (Dugatkin 1992; Dugatkin and 
Godin 1993; Jones and DuVal 2019), and predator detec-
tion of male courtship signals (Kotiaho et al. 1998; Koga 
et al. 2001; Macedonia et al. 2002, 2009; Peake 2005; 
White et al. 2022). Even in more general communication 
contexts, intended receivers and different types of eaves-
droppers might independently impose selection on different 
signals, or act together to intensify selection on one signal-
ing trait. Much less is known about the combined influence 
of targeted receivers, social eavesdroppers and interceptive 
eavesdroppers, especially on signals in multiple sensory 
modes (Roberts et al. 2007; Roberts and Uetz 2008; Bernal 
and Page 2022; Postema et al. 2023).

Studies of prey detection against complex backgrounds 
have suggested that prey may achieve maximum conceal-
ment by using optical patterns that combine background 
matching and disruptive coloration (Bond and Kamil 2006; 
Stevens and Cuthill 2006; Stevens et al. 2006; Endler 2006; 
Stevens et al. 2008; Dimitrova and Merilaita 2009; Stevens 
and Merilaita 2009a, b; Price et al. 2019; Galloway et al. 

2020; Postema et al. 2023). At the same time, aspects of 
male visual courtship signals that augment female detection 
and discrimination (movement, contrast, pattern) may also 
affect detection by predators. A predator’s response might 
be avoided if signals disrupt the signaler’s visual outline or 
enhance its crypsis against complex backgrounds (Stevens 
et al. 2006; Endler 2006; Cummings et al. 2008; Dimitrova 
and Merilaita 2009; Merilaita et al. 2017; Bernal and Page 
2022). Moreover, different aspects of visual perception 
are related in complex and sometimes opposing ways (see 
McGregor 2005; Endler 2006; Rosenthal 2007; Davis et al. 
2022). For example, a female may be able to detect male 
signals against a complex background, but whether or not 
she is able to recognize the signaling species or discrimi-
nate mate quality information from those signals will influ-
ence her response (receptivity or sexual cannibalism). The 
female’s response will, in turn, impact male survival, mat-
ing success, and ultimately signal evolution (Guilford and 
Dawkins 1991; Endler et al., 2005; Peters et al. 2009; Wiley 
2017; Caves et al. 2024).

Experimentally isolating and manipulating interrelated 
signal components, as well as features of the physical envi-
ronment in which they are transmitted, can determine how 
different aspects of male signals function. Such manipula-
tions have the potential to reveal how the environment has 
shaped the design of signals as well as their perception – a 
process known as “sensory drive” (Endler 1992; Cummings 
and Endler 2018; Fleishman et al. 2022). In our particular 
case, we wish to know whether selection has maximized 
signal perception by targeted female receivers, as well as 
whether it has affected exploitation by social and intercep-
tive eavesdroppers. Rosenthal (2007) has suggested separat-
ing chromatic (color) and spatial (achromatic contrast and 
background complexity) information in testing hypotheses 
about the role of spatiotemporal aspects of visual signals and 
backgrounds. Video playback is ideal for such an approach, 
as it allows independent manipulation of color and back-
ground complexity. In addition, moving animal images can 
be superimposed against experimental backgrounds.

Following the suggestions of Rosenthal (2007), we used 
digital video playback to examine responses of intended and 
unintended receivers to video playback of courting male 
Schizocosa ocreata wolf spiders. We combined altered male 
morphology (color / pattern) with aspects of environmental 
backgrounds (chromatic / spatial information) to test how 
visual signals affect detection and discrimination by: (a) 
intended receivers (female S. ocreata); (b) social eavesdrop-
pers (male S. ocreata); and (c) interceptive eavesdroppers 
(predators). We formulated an overarching hypothesis that 
addresses how visual signal coloration will affect detection 
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and recognition by receivers against a complex visual 
background. H1: The magnitude of contrast (chromatic, 
achromatic) between visual signals and complex visual 
backgrounds differing in color (naturalistic, grayscale) will 
affect detection (indicated by orientation latency) and rec-
ognition (indicated by appropriate behaviors) by receiv-
ers. Given the variation in visual systems of the vertebrate 
and several invertebrate receivers studied here, we created 
chromatic and achromatic contrast visual models tailored to 
the specific spectral sensitivities of the receivers we studied 
(described in detail below in Methods) and used them to 
generate specific predictions about receiver behaviors.

Background – study species

Studies of the leaf litter-dwelling wolf spider, Schizocosa 
ocreata (Hentz), have demonstrated that males may benefit 
by courting females against backgrounds on which they 
are most conspicuous (Clark et al. 2011; Uetz et al. 2011). 
Importantly, the coloration of male wolf spiders renders 
them both conspicuous and cryptic simultaneously (Fig. 1), 
depending on perception from lateral (female spiders, spider 
predators, toads) or dorsal (avian predators) view (Clark et 
al. 2011, 2016; Uetz et al. 2011; Rubi et al. 2019). When 
viewed from above, the color of the male dorsal median 
stripe matches dead brown leaf litter and soil, suggesting 
cryptic or disruptive coloration when viewed by potential 
predators (Rubi et al. 2019).

However, when viewed from a lateral perspective male 
coloration contrasts highly with the leaf litter background, 
which suggests greater conspicuousness from the perspec-
tive of a female conspecific (Clark et al. 2011) as well as 

(other) potential predators (Clark et al. 2016). This relation-
ship between viewing perspective and detectability poses 
some interesting questions about environmental constraints 
on visual signals – particularly the interaction of signals 
and visual background complexity and how that interaction 
affects detection and discrimination by different receivers 
(Roberts and Uetz 2008; Marshall et al. 2015; Clark et al. 
2016; Rubi et al. 2019; White et al. 2022; Rowe et al. 2024).

Using video playbacks, Uetz et al. (2011) found that 
courtship displays and leg decorations of male S. ocreata 
are highly conspicuous against leaf-litter backgrounds, and 
that both complexity and light level of the display back-
ground affect the detection of male visual signals. Results 
also showed that the presence of male leg tufts increases 
chances of detection and receptivity by conspecific females. 
Previous research by Roberts et al. (2008) demonstrated that 
males with ornaments (leg tufts) are at greater risk of detec-
tion by predatory toads than are males without ornaments, 
but little is known about how a predator might cue into the 
courtship behavior itself. More recent video playback stud-
ies with American Toads (Clark et al. 2016) and Blue Jays 
(Rubi et al. 2019) also have shown that spider coloration 
(i.e., cryptic vs. conspicuous) and courtship behavior move-
ments affect predator detection. Notably, most of the earlier 
studies were focused on male ornamentation (leg tufts) as a 
signal and were limited to a single type of receiver.

In this study we examine the differential detectability and 
discriminability of male courtship behavior that arises from 
visual contrast with complex environmental backgrounds. 
To address our questions, we tested viewers with different 
spectral sensitivities, which include intended receivers (con-
specific females), social eavesdroppers (conspecific male 
competitors), and interceptive eavesdroppers (predators).

Methods

Animal subjects, care

Wolf spiders were collected from the Cincinnati Nature Cen-
ter Rowe Woods facility near Milford, Clermont County, 
OH (39˚ 7’31.15” N; 84˚ 15’4.29” W), in May and June of 
2013–2015. Female S. ocreata (N = 69) were collected as 
juveniles and raised to maturity in the lab to ensure lack of 
exposure to males and prevent bias from experience (Stoffer 
and Uetz 2015). Male S. ocreata (N = 118) were collected as 
adults so that they were previously exposed to male court-
ship during breeding season, when eavesdropping behavior 
is learned (Clark et al. 2015).

Eavesdropping predators are common and sympatric 
with S. ocreata in deciduous forests of eastern North Amer-
ica. Our test species (other than S. ocreata) were chosen 

Fig. 1  Male Schizocosa ocreata (Araneae: Lycosidae). The photo of 
the spider from this angle shows both the lateral (dark) and dorsal 
(leaf-colored) coloration. A study by Clark et al. (2011) examines this 
coloration pattern and its role in detectability in detail
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College, Alma Michigan and maintained according to a pro-
tocol approved by the Alma College Animal Care Commit-
tee (Protocol #A4162-01). Each toad was kept individually 
in a 35 cm (length) x 18 cm (width) x 12 cm (height) plastic 
container layered with peat and sphagnum moss bedding. 
Ventilation was provided by drilling small holes into each 
end of the container. Toads were misted daily and fed crick-
ets (Acheta domesticus) twice weekly.

Experimental methods – video Playback

Following the suggestions in Rosenthal (2007), we digi-
tally-manipulated pre-existing courting spider and back-
ground videos used in many previous studies (see Uetz et 
al. 2015). We compared female S. ocreata and eavesdropper 
responses to video playback of a courting male in the fol-
lowing treatments: (1) an unmanipulated digital color video 
of a courting male spider (i.e., natural unmanipulated spi-
der = control), (2) the same video as in “1” with chromatic 
information “removed” (i.e., a grayscale monochromatic 
spider = gray mono), and (3) the same video as in “1” with 
surface detail information removed (i.e., a standardized 
average RGB mono chromatic value spider = RGB mono). 
These courting male video images were displayed against 
two background color treatments: (1) natural complex color 
leaf litter (= color litter); and (2) grayscale complex leaf lit-
ter (= grayscale litter). LCD screen intensity was adjusted 
to match closely that of the natural environment from mea-
surements collected under field conditions using an Ocean 
Optics USB2000 spectroradiometer. Video playback trials 
were conducted using digital video images, as all receivers, 
i.e., female and male wolf spiders (S. ocreata), predatory 
wolf spiders (Rabidosa rabida), jumping spiders (Phidip-
pus clarus) and American toads (Anaxyrus americanus) per-
ceive moving video stimuli and interpret them as real (Clark 
and Uetz 1990; Roster et al. 1995; McClintock and Uetz 
1996; Roberts et al. 2007; Roberts and Uetz 2008).

Spider and toad subjects were presented with video play-
back of the three male spider color treatments (control, 
gray mono and RGB mono) against a background of either 
natural color litter or grayscale litter. For each presentation, 
subjects were chosen randomly and used only once so that 
all trials were independent. The manipulated video stimuli 
of male S. ocreata courtship and background color treat-
ments created a 3 × 2 factorial design, presenting subjects 
with three different levels of chromatic contrast against two 
backgrounds (Fig. 2). For all spider trials, we presented test 
subjects with a lateral view perspective of male performing 
courtship behavior, as that is how they typically would be 
perceived.

because they hunt using visual cues (Beck and Ewert 1979; 
Aho et al. 1993), readily accept Schizocosa wolf spiders as 
prey (Uetz, pers. obs.), and react to videos of wolf spider 
courtship with predatory behavior (Roster et al. 1995; Rob-
erts et al. 2007; Roberts and Uetz 2008).

We studied two spider species that are known predators 
of S. ocreata and which have highly acute vision: Phidip-
pus clarus jumping spiders (Family Salticidae: Zurek et al. 
2015); and Rabidosa rabida wolf spiders (Family Lycosi-
dae: DeVoe et al. 1969). Specimens of R. rabida wolf spi-
ders (N = 42) were field-collected from New Richmond, OH 
(39° 0’56” N, − 84°5’82” W), and specimens of P. clarus 
jumping spiders (N = 34) were field-collected from Pyma-
tuning, PA (41° 38’ 33.72” N, -80° 25’ 39.72” W) during 
July 2014. All spiders were housed in opaque, plastic deli 
dish containers (10 cm diameter) and maintained at room 
temperature (22–25˚C) with stable humidity and a 13:11 h 
light/dark cycle to approximate late spring/early summer 
lighting conditions. Spiders were supplied water ad libitum 
(although predatory Rabidosa and Phidippus were starved 
for three to four days before being used in a trial).

The vertebrate predator we chose for this study was 
the American toad (Anaxyrus americanus). Toads are well 
known to feed on a variety of arthropods including spiders 
(Clarke 1974), and field observations (G. Uetz) have shown 
that S. ocreata is a common prey item for toads. Previous 
studies have demonstrated that A. americanus responds to 
digital sequences of spider behavior with typical toad preda-
tory behavior (Roster et al. 1995; Roberts and Uetz 2008; 
Clark et al. 2016).

Juvenile and adult toads either were collected locally in 
Central Michigan (43o 330 46.43′′ N; 84o 370 15.43′′ W; 
n = 100 total collected) during spring and summer months 
of 2013–2016 or were purchased from a commercial dealer 
(Charles D. Sullivan Company, Nashville, TN, USA; 
n = 150 total purchased). All toads were housed at Alma 

Fig. 2  Experimental design, with still images from each video play-
back treatment of spider color x complex litter background. Video 
playback exemplars were manipulated to provide varying degrees of 
chromatic and achromatic contrast with backgrounds
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distance between the end of the probe and the iPod® screen 
the probe was clamped 1.25 cm above the screen, resulting 
in a sample spot size of approximately 1.0 mm diameter. All 
measurements were performed in a darkened room.

Visual modeling of Chromatic and Achromatic 
contrast

Each class of photoreceptors exhibits a visual pigment that 
absorbs light over a specific range of wavelengths. Whereas 
the summed response from one or more photoreceptor 
classes accounts for luminance (achromatic brightness) per-
ception, color perception requires overlap in the absorption 
spectra of at least two different photoreceptor classes (Oso-
rio and Vorobyev 2005). Across animal taxa, larger numbers 
of photoreceptor classes provide greater color discrimina-
tion ability than fewer classes (Osorio and Vorobyev, 2008).

We generated photoreceptor absorbance curves for our 
study species using peak absorptance (λmax) values (per 
Govardovskii et al. 2000) provided in previously published 
research of our study taxa (see below). Although the light 
emittance spectrum of the iPod® is constrained to the 
human-visible range of 400–700  nm, we included wave-
lengths at and above 400 nm for the UV photoreceptor in our 
visual models of the jumping spider and wolf spiders. We 
included this range because the visible-wavelength tail of 
the UV absorptance curve extends to approximately 450 nm 
in jumping spiders and 475 nm in wolf spiders. Importantly, 
the UV photoreceptors of these spiders overlap the sensi-
tivities of one or more other photoreceptors, and thus likely 
aid in chromatic discrimination of images displayed on the 
iPod® screen.

In modeling animal color perception, researchers often 
use either receptor noise (Vorobyev and Osorio, 1998) or 
Euclidean distance (Endler and Mielke 2005).  Fleishman et 
al. (2016a, b) have shown that although the two approaches 
produce similar results, the receptor noise method requires 
information that frequently is unknown (e.g., ratios of dif-
ferent photoreceptor classes) and a surrogate species or 
simply a guess is substituted. As we lacked data on several 
receptor noise parameters for some of our study species, we 
chose the simpler Euclidean distance approach. For details 
of the procedure and equations used to generate our visual 
models for our study species, see Appendix I.

Wolf Spider Visual Model

Wolf spiders of the family Lycosidae have well developed 
visual systems and are known to be active diurnal and noc-
turnal hunters that rely on eyesight (Rovner 1993, 1996). 
While few studies have been conducted on the spectral sen-
sitives of wolf spiders, DeVoe et al. (1969) recorded ERGs 

Experimental methods – measuring light Spectra 
and calculating Visual contrast

General procedure - spectral data - Our methods for gather-
ing spectral data from digital stimuli presented on an Apple 
iPod® Touch (5th Generation, Apple Inc.) are like those 
used to collect spectral data from live spiders and natural 
backgrounds (see Clark et al. 2011). In the present study 
we acquired emission spectra from the LCD light-emitting 
iPod® screen and modified our measurement methodology 
to calculate reflectance of digital leaf litter backgrounds and 
spider stimuli.

Adapting background, Leaf litter, and spider image 
measurements

To estimate how an animal perceives a visual scene, sev-
eral types of spectral data must be obtained and converted 
to units appropriate for vision (Endler 1990). For our study 
these data include irradiance spectra of the visual adapt-
ing background (i.e., the entire background scene), reflec-
tance samples of leaf litter, and reflectance measurements 
of spider stimuli. All spectral data were recorded using an 
Ocean Optics USB2000 spectroradiometer and an Apple® 
laptop computer running the OceanView (v2.0.12) software 
program (Ocean Optics, Inc.). We sampled the irradiance 
spectrum of the iPod® screen (N = 3 each for our color 
and grayscale backgrounds) using an Ocean Optics CC3-
UV cosine-corrected irradiance probe. The three samples 
for each background type then were averaged. Next, we 
obtained reflectance measurements of leaf litter in the visual 
background (N = 17 each for the color and grayscale back-
grounds) using an Ocean Optics 400 nm fiber optic probe. 
The adapting background (= screen irradiance excluding the 
spider image) then was converted to radiance by multiply-
ing the averaged irradiance spectrum of the background by 
the reflectance samples of leaf litter. We likewise collected 
reflectance spectra of the digital spider images (N = 5 for 
each spider stimulus), which were converted to radiance 
spectra by multiplying the averaged irradiance of a specific 
background (color or grayscale) by the reflectance samples 
of each spider stimulus (i.e., control, gray mono and RGB 
mono).

To calibrate the reflectance program prior to sampling, 
we used a digital pure white image set to RGB values of 255 
(R), 255 (G), 255 (B), which equals pure white (to human 
vision) on a digital screen. We set the white standard curve 
in “scope mode” to a maximum count of approximately 
3,500 units and removed the electric dark current (electrical 
noise in the absence of light) by covering the probe and tak-
ing a dark sample. Finally, we set spectrum averaging to five 
samples and boxcar width to three. To maintain a constant 
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for hunting and prey capture (Ingle, 1968). More recent 
studies (Yovanovich et al. 2017) have demonstrated that 
anurans exhibit color vision in dimly lit environments due 
to the presence of multiple classes of rods. Yovanovich et al. 
(2017) also reported the properties of photoreceptors from 
several different species of frogs and toads, including three 
species in the genus Bufo. As our study species, Anaxyrus 
americanus (formerly Bufo americanus), is closely related 
to the Bufo species reported by Yovanovich et al. (2017), we 
used spectral sensitivity peaks at 432 nm (SWS), 502 nm 
(MWS), and 562 nm (LWS) for our toad visual model.

Experimental methods - spiders

The trials involving spiders (female and male S. ocreata, 
predatory Rabidosa and Phidippus) were conducted in 
standard video playback arenas identical to other stud-
ies (Fig. 3): circular clear plastic arenas (15 cm diameter, 
6.5 cm high) used in previous studies (McClintock and Uetz 
1996; Uetz et al. 2011) with images presented on an iPod 
Touch® screen.

Focal subjects were gently released from a vial placed 
below the arena and introduced to the video playback are-
nas through a small hole in the empty arena floor (to mimic 
their natural movements within the leaf litter of the forest 
floor) and presented immediately with one of the randomly 
assigned videos. Trials were recorded from above at a 45° 
angle using a Sony Handycam HDR-XR260. However, 
because video screens were visible (i.e., when filmed from 
a 45° angle), it was impossible not to see which spider and 
background stimulus was being used and so trials could 
not be scored blind. We therefore conducted inter-observer 
analyses and determined a lack of observer bias (p > 0.05 for 
all variables measured) before further data analysis.

Experimental methods - vertebrate predators 
(toads)

The American Toad (Anaxyrus americanus) hunts visually 
and responds to prey items meeting a minimum size thresh-
old (approx. 2.5 mm), but are sensitive to small differences 
in orientation and size in any prey items large enough to 
stimulate a response (Beck and Ewert 1979). Toads read-
ily stalk and consume S. ocreata, in leaf litter mesocosms, 
and constitute a significant source of predation in the field 
(Clarke 1974). Results of previous studies show that toads 
recognize video spiders as prey and respond to differences 
in tuft size (Roster et al. 1995; Roberts and Uetz 2008).

Toads were tested in a similar manner to spiders. We 
presented digital stimuli to toads in a plastic chamber that 
measured 28 cm (width) x 40 cm (length) x 22 cm (height), 
where they were released from a small tube positioned 

from the eyes of three different species (Lycosa baltimori-
ana, L. miami and L. carolinensis). These authors reported 
that the principal eyes of their wolf spider species exhibited 
spectral sensitivity peaks at 380 nm (UV) and from 505 to 
510 nm. Based on the findings of DeVoe et al. (1969), we 
used peak spectral sensitives of 380 and 507.5 nm in our 
visual models for Schizocosa ocreata and Rabidosa wolf 
spiders.

Jumping spider visual model

Jumping spiders are known for their excellent vision used 
in hunting and in viewing their colorful displays (Land and 
Fernald 1992; Land and Nilsson 2002; Lim and Li 2004). 
Several studies conducted on jumping spider spectral sensi-
tivity have revealed highly variable visual capacities, rang-
ing from tetrachromats with four classes of photoreceptors 
to dichromats with two photoreceptor classes (Lim and Li 
2006; Glenszczyk et al. 2022). DeVoe (1975) reported the 
spectral sensitivity of the jumping spider Phidippus regius 
as being dichromatic, with a UV-sensitive (UVS) photore-
ceptor that peaks at 370 nm and a green-sensitive photore-
ceptor (MWS) that peaks at 532 nm. However, Yamashita 
and Tateda (1976) as well as Lim and Li (2006) argued that 
DeVoe (1975) likely was incorrect about Phidippus possess-
ing only two photoreceptor classes, given that Land’s (1969) 
findings suggested the presence of tetrachromacy in Phidip-
pus and Metaphidippus, ranging from ultraviolet-sensitivity 
(UVS) to red-sensitivity (LWS). Thus, in our visual model 
for the jumping spider Phidippus clarus, we used the four 
photoreceptor classes reported by Yamashita and Tateda 
(1976) for Menemerus confusus of 360 nm (UVS), 490 nm 
(SWS), 530 nm (MWS), and 580 nm (LWS).

Toad Visual Model

The visual systems of frogs and toads have been well studied 
and it is known that these amphibians use vision primarily 

Fig. 3  Diagram of clear plastic arena (15 cm diameter, 6.5 cm high) 
with iPod Touch® as video playback source
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response when used repeatedly (Aho et al. 1993), the latency 
of optomotor response (orientation/initiation of attack) was 
recorded, and the trial was terminated before any capture 
attempt before any capture attempt. Each experimental trial 
lasted 5 min or when orientation occurred, whichever came 
first. This rule minimized habituation and allowed toads 
to be used more than once. We used Scribe 4.2 (Duke and 
Stammen 2011) as a computer event recording program.

Statistical analyses

Data from the behavioral studies cited above were analyzed 
using JMP 16.0© 2021 (SAS Institute, JMP Statistical Dis-
covery LLC). Data on behaviors were first tested for fit 
to a normal distribution. After determination of goodness 
of fit (or lack thereof), behavioral data were subjected to 
a Generalized Linear Model (GLM) with either a Poisson 
distribution (for continuous data, e.g., counts and rates of 
behaviors) or a binomial distribution (for categorical data, 
e.g., mate/not). The latency of receiver responses was sub-
jected to a parametric survival analysis via GLM. We used 
a full factorial design (spider color, background type and 
color x background interaction term) for most analyses.

Results

Chromatic and achromatic contrast

Predictions of the chromatic contrast model (Fig. 4a) sug-
gest that against the color background, contrast values are 
similar for different receiver types (jumping spiders, wolf 
spiders, toads), but show considerable variation based on 
spider exemplar types (control, gray mono and RGB mono). 
Against a color background, control spider exemplars show 
higher contrast values and would be very dark, while gray 
mono and RGB mono spider exemplars have lower contrast 
values and are similar to each other. Consequently, we pre-
dict that orientation latency for all receiver types should be 
shorter for control spiders than other spider exemplars.

Against a grayscale litter background, predicted contrast 
values are lower overall for control and gray mono spi-
der exemplars than they are against the color background 
(Fig. 4a). However, control spider and RGB mono spider 
exemplars have greater contrast than gray mono spiders 
(which show very little contrast against the grayscale back-
ground). Orientation latency therefore should be shorter for 
control and RGB mono spiders against grayscale litter, and 
behaviors indicating recognition should be greater.

Predictions based on achromatic (brightness) contrast 
(Fig. 4b) suggest that, like chromatic contrast, achromatic 
contrast between spiders and backgrounds will vary more 

perpendicular to an iPod® screen. Toads were presented 
with a lateral perspective of a courting male wolf spider 
against leaf litter backgrounds as in the other experiments. 
Using this method, the latency to first detection, i.e., or the 
optomotor response of the toad, could easily be observed 
and scored by the turning of the head toward the stimulus. 
Within the chamber, the iPod® was positioned at approxi-
mately toad eye level 30 cm from the release tube.

Experimental methods - description of behaviors 
and Scoring

Video playback trials with S. ocreata were conducted within 
the first week after field-collected males were captured, or 
one week after lab-reared females reached sexual maturity. 
For spider test subjects, video files were scored following 
trials using an event recorder (Spectator Go!® Biobserve.
com on an iPad®). Female responses to video stimuli and 
receptivity displays were scored as in previous studies (Uetz 
and Norton 2007). The following female response variables 
were recorded for each trial: (1) detection - latency to ori-
ent to the male; (2) recognition/receptivity - number of indi-
vidual receptivity displays (slow pivot, settle, tandem leg 
extend) summed as a composite receptivity score. When 
orientation or approach was not seen, trial length (300  s) 
values were substituted.

For eavesdropping competitor males, investment in 
courtship is indicated by the frequency and duration of leg 
tapping and other behaviors. As in previous studies (Clark 
et al. 2012, 2015), we scored the number of courtship tap-
ping bouts of test subject in response to the different video 
exemplars. Each male was tested only once to control for 
experience effects with the video apparatus.

For eavesdropping invertebrate predators, the following 
response variables were recorded for each trial of wolf spi-
ders (Rabidosa) and jumping spiders (Phidippus): (1) detec-
tion - latency to orient to the male; (2) recognition - latency 
to approach and attack the male on the screen. When ori-
entation or attack were not seen, trial length (300 s) values 
were substituted.

Individual toads from the laboratory population were 
exposed to each experimental video treatment for a single 
exemplar (N = 15 toads for each of 3 exemplars). Toads 
were tested once / day and fed after trials to control for hun-
ger effects. We recorded toad behavior and scored latency 
(secs) of the optomotor response as a proxy for attack. The 
results of previous studies indicated that when toads ori-
ented and approached in a stalking pose, they were highly 
likely (> 85%) to lunge (attack) at the stimulus (Roster et al. 
1995; Roberts and Uetz 2008; Clark et al. 2016). Because 
toads habituate quickly following unsuccessful attacks on 
video prey and are unlikely to provide realistic measures of 
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predict that recognition responses should follow this same 
pattern.

Behavioral responses of receivers

Given the predictions of the chromatic and achromatic con-
trast models, we examined the behavioral responses of each 

with spider exemplar color than with background or receiver 
type. Achromatic contrast values for the natural dark color-
ation of the control spider exemplar far exceed the other 
two spider exemplars (gray mono, RGB mono), regardless 
of background. Thus, we predict that orientation latency 
for all receiver types should be briefer for control spiders 
and much longer for other spider exemplars. Likewise, we 

Fig. 4  Mean (± S.E.) contrasts of 
the spider stimuli (control, gray 
mono, RGB mono) against a leaf 
litter (color, grayscale) back-
ground. a Chromatic contrast, b 
Achromatic contrast. Contrasts 
are Euclidean distances between 
the spider stimuli and back-
grounds (see text for details of 
calculations)
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Social eavesdroppers (male S. ocreata)

Eavesdropping male S. ocreata (Fig. 6) show a somewhat 
different response pattern than females. GLM analysis of 
detection latency (Fig.  6a) showed significance overall 
(Whole model: Χ2

5 = 2294.346; P < 0.0001), as well as 
for spider color (Χ2

5 = 1686.665; P < 0.0001), background 
(Χ2

1 = 7.625; P = 0.0058) and the interaction of spider color 
x background (Χ2

2 = 514.957; P < 0.0001).
Results of a GLM analysis of eavesdropping male tap-

ping bouts (Fig. 6b) were similar and showed significance 
overall (Χ2

5 = 290.572; P < 0.0001) as well as spider color 
(Χ2

2 = 39.113; P < 0.0001), but not video background 
(Χ2

2 = 1.892; P = 0.169). However, the interaction of spi-
der color x background was significant (Χ2

5 = 247.514; 
P < 0.0001), revealing the differences in patterns of eaves-
dropping male responses. Whereas the control spider 
stimulus elicited short orientation times when viewed both 
against the color and grayscale backgrounds (Fig. 6a), the 
RGB mono and gray mono exemplars appeared to be more 
difficult to detect against both backgrounds. Recognition, as 
evidenced by courtship behavior (tapping), showed dissimi-
lar patterns to detection (Fig. 6b; see below).

Comparison of female and male S. ocreata 
responses

Stimulus Detection. In females, the control and RGB mono 
stimuli elicited significantly shorter orientation latencies 
than did the gray mono stimulus (Fig.  5a). In eavesdrop-
ping males the control stimulus evoked significantly shorter 
orientation latency than did the gray mono stimulus, while 
the RGB mono was not significantly different from either 
the control or gray stimuli (Fig.  6a). Against a grayscale 
litter background, orientation latencies to the three exem-
plar types did not differ significantly for females (Fig. 5a), 
whereas latencies were significantly shorter in response to 
the control stimulus than to the RGB stimulus for males 

receiver type here, then summarized the fit of behavioral 
responses to model predictions in Table I at the end of the 
Results section.

Intended receivers (female S. ocreata)

For female S. ocreata detection (orientation latency) 
responses, results of a Generalized Linear Model (GLM) 
with a Poisson distribution showed significance overall: 
Χ2

5 = 1235.430; P < 0.0001, with significance for spi-
der exemplar color (Χ2

2 = 167.842; P < 0.0001) but not 
background (Χ2

1 = 1.060; P = 0.321). In addition, the 
interaction of spider color x background was significant 
(Χ2

2 = 1184.551; P < 0.0001), reflecting differences in pat-
terns of female responses (Fig. 5). Responses of female S. 
ocreata to playback of male courtship (Fig.  5a) indicated 
that, against a color litter background, the gray mono spider 
took longer to detect, whereas the control and RGB mono 
spider were seen more quickly. By comparison, against a 
grayscale litter background the RGB mono spider elicited 
longer detection latencies than the control and RGB mono 
stimuli.

For female S. ocreata receptivity responses (sum of 
displays), results of GLM showed significance overall 
(Χ2

5 = 53.732; P < 0.0001), with significance for spider 
exemplar color (Χ2

2 = 25.183; P < 0.0001) but not back-
ground (Χ2

1 = 1.333; P = 0. 248). The interaction of spider 
color x background again was significant (Χ2

2 = 71.061; 
P < 0.0001; Fig.  5b). Against the color litter background, 
the composite receptivity score (sum of displays) for the 
gray mono spider was very small, while responses to the 
control and RGB spider exemplars were equivalently large. 
Against the grayscale litter background, the RGB mono spi-
der evoked very little receptivity, whereas the responses to 
the control and gray mono stimuli were similarly large.

Fig. 5  Responses of female S. 
ocreata to video playback of 
courting males against complex 
color and grayscale litter back-
grounds. a Detection, measured 
as orientation latency in seconds; 
b Recognition, measured as 
receptivity score (sum of dis-
plays). Letters represent results 
of post-hoc Tukey tests; different 
letters represent significant differ-
ences of P < 0.05
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For Rabidosa approach/attack latency (Fig.  7b), 
GLM results were significant overall (Whole model: 
Χ2

5 = 852.853; P < 0.0001), as well as for spider color 
(Χ2

2 = 771.139; P < 0.0001), background (Χ2
1 = 60.755; 

P < 0.0001) and the interaction of spider color x background 
(Χ2

2 = 61.912; P < 0.0001).

Jumping spiders (Phidippus)

For Phidippus jumping spiders, a GLM analysis of latency to 
orient (Fig. 8a) showed significance overall (Whole model: 
Χ2

5 = 425.408; P < 0.0001), as well as for spider color 
(Χ2

2 = 297.722; P < 0.0001), background (Χ2
1 = 98.698; 

P < 0.0001), and for the interaction of spider color x back-
ground (Χ2

2 = 52.229; P < 0.0001). For Phidippus approach/
attack latency (Fig.  8b), GLM results were similar to the 
detection results (Whole model: Χ2

5 = 253.559; P < 0.0001), 
as well as for spider color (Χ2

2 = 83.176; P < 0.0001), back-
ground (Χ2

1 = 112.454; P < 0.0001) and the interaction of 
spider color x background (Χ2

2 = 72.824; P < 0.0001).

Toads (A. americanus)

A GLM analysis showed that latency of visual detection 
(optomotor response) by toads of a courting male S. ocre-
ata video (Fig.  9), was significant overall (Whole model: 
Χ2

5 = 17.817; P < 0.0001). Individual treatment effects 
were not significant (spider color: Χ2

2 = 1.090; P = 0.579; 
background: Χ2

1 = 2.000; P < 0.157), although the inter-
action term was significant (spider color x background: 
Χ2

2 = 10.479; P < 0.0053).
Against the color litter background, the gray mono spider 

elicited the shortest orientation latency from toad subjects, 

(Fig.  6a). Stimulus Recognition. Females showed strong, 
equivalent recognition (receptivity) to all stimuli except 
the gray mono exemplar against the color litter background 
and the RGB mono exemplar against the grayscale back-
ground (Fig. 5b). By contrast, eavesdropping males exhib-
ited recognition responses (tapping bouts) that are most 
interpretable in terms of stimulus conspicuousness (or lack 
thereof): few tapping bouts were elicited by the RGB mono 
exemplar against the color litter background and by the gray 
mono exemplar against the gray litter background; other 
exemplars evoked intermediate numbers of tapping bouts 
(Fig. 6b).

Interceptive eavesdroppers (predators)

Jumping spiders and wolf spider predators showed signifi-
cant differences in the frequency of orientation (χ2 = 7.041; 
P = 0.008) and approach/attack (χ2 = 7.656; P = 0.0057) 
behaviors, so we analyzed each species separately. Orien-
tation latency (secs) varied significantly for each predator 
species depending on color of the spider stimulus and the 
background against which it was displayed.

Wolf spiders (Rabidosa)

For Rabidosa wolf spiders, orientation latency (secs) var-
ied significantly with spider color and background (Fig. 6a). 
Results of a GLM analysis showed significance overall 
(Whole model: Χ2

5 = 629.899; P < 0.0001), as well as for 
spider color (Χ2

2 = 555.780; P < 0.0001), background 
(Χ2

1 = 46.822; P < 0.0001) and the interaction of spider 
color x background (Χ2

2 = 37.444; P < 0.0001).

Fig. 6  Responses of eavesdropping male S. ocreata (social eavesdrop-
pers) to video playback of courting males against complex color and 
grayscale litter backgrounds. a Detection, measured as orientation 

latency; b Recognition, measured as mean number of tapping bouts. 
Letters represent results of post-hoc Tukey tests; different letters repre-
sent significant differences of P < 0.05
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Fig. 9  Visual detection of a court-
ing male stimulus by toads, as 
indicated by a head tilt / orient 
response. Letters represent results 
of post-hoc Tukey tests; different 
letters represent significant differ-
ences of P < 0.05

 

Fig. 8  Responses of eavesdrop-
ping jumping spider predators 
(Phidippus clarus) to video play-
back of courting males against 
complex color and grayscale 
litter backgrounds. a Detection, 
measured as orient latency in sec-
onds; b Recognition, measured 
as latency to attack in seconds. 
Letters represent results of post-
hoc Tukey tests; different letters 
represent significant differences 
of P < 0.05

 

Fig. 7  Responses of eavesdrop-
ping wolf spider predators (Rabi-
dosa rabida) to video playback of 
courting males against complex 
color and grayscale litter back-
grounds. a Detection, measured 
as orient latency in seconds; a 
Recognition, measured as latency 
to attack in seconds. Letters rep-
resent results of post-hoc Tukey 
tests; different letters represent 
significant differences of P < 0.05
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For instance, certain unexpected behavioral responses in 
our experiments may be explained by recent studies demon-
strating that the magnitude of chromatic and achromatic con-
trast between a signal and its background has direct effects 
on color signal detectability and discriminability (Davis et 
al. 2022; Caves et al. 2024). Interestingly, although increas-
ing contrast with the background makes a color patch (i.e., 
spider exemplars in our study) more detectable, greater 
stimulus-background contrast makes discriminating color 
variation more difficult.

Among the spider exemplars, the naturally-colored 
control spider was one of the most easily detected stimuli 
against each background. For example, leg tufts and dark 
colors of male S. ocreata increase both chromatic and ach-
romatic contrast against all backgrounds, as evidenced here 
and in previous studies (Clark et al. 2011). Even with the 
limited color vision of lycosids (DeVoe 1972), contrast may 
be important for recognition, and control spiders exhibited 
maximum chromatic contrast values against both experi-
mental backgrounds.

Against a color background, the gray mono and RGB 
mono spider exemplars are predicted to be more difficult to 
detect (i.e., lower chromatic contrast) than the control spi-
der (Fig. 4a). Against a grayscale background, however, the 
control and RGB mono spider exemplars should be more 
readily detectable than the gray mono spider, which exhibits 
substantially lower chromatic contrast (Fig. 4a). For achro-
matic contrast, only the control spider stimulus is predicted 
to be easily detectable against both color and grayscale litter 
backgrounds (Fig. 4b).

Intuitively, the gray mono spider exemplar should be 
very difficult to detect against a grayscale background – a 
supposition that is verified in the chromatic and achromatic 
contrast models.

whereas detection time for the control and RGB mono spider 
exemplars did not differ significantly. Against the grayscale 
litter background, orientation latency was much longer to 
the gray mono stimulus than to the control and RGB mono 
stimulus, which were not significantly different.

Discussion

Results of this study support our general hypothesis that 
visual contrast between a spider and its background will 
affect receiver detection and recognition and will be strongly 
influenced by viewer spectral sensitivity. Every statistical 
test of receiver response included a significant interaction 
term between spider coloration and background coloration – 
an outcome underscoring the importance of visual contrast 
in stimulus detection and recognition. As a consequence, 
selection by different types of receivers on male coloration 
and courtship behavior may act together or in opposition 
on animal color and motion signals (Earley and Dugatkin 
2005; Thery and Casas 2009).

Fit of behavioral results to model predictions

Results of our behavioral analyses showed that the fit of 
receiver responses to predictions of the visual contrast 
models varied dramatically, both by type of receiver and by 
stimulus-background contrast (Table  1). Although behav-
ioral responses of some receivers matched the predictions of 
the contrast models better than did others, we note that our 
Spearman rank correlation index summarizes that fit into a 
single value. Thus, unanticipated levels of response to one 
or two of the six experimental spider exemplar/background 
combinations can have a large impact on the behavior-con-
trast correlations (see below).

Table 1  Fit of behavioral responses to models of visual contrast
Receiver Chromatic Model Achromatic Model

Fit rs Fit rs

a. Detection Female Schizocosa ocreata No 0.43 Fair – 0.37
Male Schizocosa ocreata Poor – 0.14 Very good *– 0.77
Rabidosa rabida Very good *– 0.77 Excellent *– 0.83
Phidippus clarus Good – 0.43 Good – 0.60
Anaxyrus americanus (toad) Good – 0.49 No – 0.03

b. Recognition Female Schizocosa ocreata Fair 0.27 Excellent *0.81
Male Schizocosa ocreata Good 0.43 Poor – 0.14
Rabidosa rabida Very good *– 0.77 Excellent *– 0.83
Phidippus clarus Poor 0.03 Fair – 0.31

Numbers are Spearman Rho values of ranked correlation across the 6 stimuli: 3 spider exemplars (control, gray mono, RGB mono) and two 
background types (color, grayscale). Binned ranges of values as follows for Detection (orientation latency, s): Excellent fit = -1.0 to -0.81, Very 
good fit = -0.80 to -0.61, Good fit = -0.60 to -0.41, Fair fit = -0.40 to -0.21, Poor fit = -0.20 to -0.01, No fit = 0 to 1. For Recognition, whereas 
larger positive values indicate greater responsiveness for S. ocreata females (receptivity) and males (tapping), larger negative values indicate 
greater responsiveness for all other receiver types (attack latencies). Asterisks denote significance at P < 0.05 in a one-tailed Spearman Rank-
Order Correlation test, based on our predictions of response
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recognition (tapping bouts), male responses showed a good 
fit to the chromatic model (Fig. 6a) but poor fit to the ach-
romatic model (Table 1b), in which responses to a number 
of stimulus/background combinations ran counter to predic-
tion (Fig. 6b).

Eavesdropping predators

For eavesdropping spider predators – wolf spiders (Rabi-
dosa) and jumping spiders (Phidippus) – fit to the chromatic 
and achromatic contrast models in detection was better 
overall than for S. ocreata: whereas Phidippus showed a 
good fit to predictions from both contrast models, Rabidosa 
had a very good (and significant) fit to the chromatic model, 
and an excellent (and significant) fit to the achromatic 
model (Table 1a; Figs. 4, 7a and 8a and a). Note that despite 
the better overall fit of these predators’ detection responses 
to the visual models of contrast (as compared to S. ocreata), 
actual orientation latencies were much longer than in S. 
ocreata, especially for Phidippus (Figs. 7a and 8a and a). 
The fit of recognition responses for Rabidosa was identical 
to their detection responses: a very good (and significant) 
fit to the chromatic model, and an excellent (and signifi-
cant) fit to the achromatic model (Table  1b). Recognition 
responses in Phidippus fit predictions of the contrast mod-
els less well than did their detection responses (i.e., poor 
for the chromatic model and fair for the achromatic model: 
Table 1b). However, the color of the prey spider stimulus 
may have mattered more for Phidippus than for our wolf 
spider receivers. Jumping spiders have well developed color 
vision (Zureck et al. 2015), and P. clarus responded more 
quickly to control and RGB mono spiders color than to gray 
mono exemplars in all stimulus/background combinations 
except for recognition (attack latency) against the grayscale 
litter background.

The vertebrate eavesdropper - the predatory toad, Anaxy-
rus, showed a different overall pattern of responses to our 
stimuli. Given that the optomotor responses (head tilt) we 
measured indicate both detection and recognition, we con-
sidered only orientation latency (Table  1a). Like Phidip-
pus, Anaxyrus exhibited a good fit to the chromatic contrast 
model (Table 1a): relatively brief responses latencies to stim-
uli with high and moderate contrast, and a longer response 
latency to the stimulus with very low contrast (gray stimulus 
against the grayscale background; Figs. 4a and 9). Interest-
ingly, most orientation latency values were much shorter 
than those of the invertebrate predators. Unlike Phidippus, 
however, orientation latencies for Anaxyrus fell into the “no 
fit” category for the achromatic contrast model (Table 1a). 
Importantly, despite a lack of overall fit, not all responses 
of our toad subjects ran counter to predictions of the ach-
romatic contrast model. Specifically, Anaxyrus exhibited 

Intended receivers (female S. ocreata)

Although detection responses of intended receivers (female 
S. ocreata) showed no fit to the predictions of the chromatic 
model (Table 1a), the absence of fit arose from two seem-
ingly anomalous responses: a brief orientation latency to the 
RGB mono stimulus against the color litter background and 
a similarly short orientation latency to the gray mono stimu-
lus against the grayscale litter background (Figs. 4a and 5a). 
Detection responses exhibited a fair match to the achromatic 
contrast model, with the Spearman Rho value approach-
ing the “good fit” range (Table 1a). Recognition responses 
also exhibited a fair fit to the chromatic model, in which 
receptivity to the gray mono stimulus against the color lit-
ter background were weaker than predicted, and receptivity 
to the gray mono stimulus against the grayscale litter back-
ground was stronger than predicted (Table 1b; Figs. 4a and 
5b). By comparison, female S. ocreata receptivity scores 
showed an excellent (and statistically significant fit) to the 
achromatic model, despite relatively strong responses to the 
RGB mono stimulus against the color litter background and 
gray mono stimulus against the grayscale litter background 
(Table 1b; Figs. 4b and 5b). We can offer a partial explana-
tion here by speculating that movement of the RGB mono 
exemplar between the different hues of the color leaf litter 
background might be more detectable and recognizable than 
we predicted. Likewise, the higher receptivity response to 
the gray mono spider against a grayscale background, which 
seems counter-intuitive, is also hard to explain. Interest-
ingly, motion has been shown to readily reveal the presence 
of animal color patterns that are cryptic against their visual 
backgrounds (Ioannou and Krause 2009; Hall et al. 2013). 
In our experiment, a monochromatic gray stimulus mov-
ing against a grayscale (i.e., not monochromatic) complex 
visual background may be more visible than we had antici-
pated. However, were this explanation generally applicable 
to our results, we would anticipate having observed brief 
detection times for the gray stimulus against the grayscale 
background in receivers other than female S. ocreata (which 
was not the case).

Social eavesdroppers (male S. ocreata)

Detection (orientation latency) showed a poor fit to predic-
tions of the chromatic contrast model for male S. ocreata 
(Table 1a). This low level of fit appears to stem from male 
responses to the gray mono stimulus against the color lit-
ter background, as well as to the gray mono and RGB 
mono stimuli against the grayscale background (Figs.  4a 
and 6a). By comparison, male detection had a very good 
(and statistically significant) fit to predictions of the achro-
matic contrast visual model (Table 1a). Regarding stimulus 
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shadows might be important to tiny animals like spiders 
(Théry 2001; Matchette et al. 2019; Aguilar-Arguello et al. 
2021). In addition, for wolf spiders in the genus Schizocosa, 
where species use vibratory and visual communication, the 
complexity of the leaf litter environment has an influence 
on efficacy of multimodal signals (Elias et al. 2010; Uetz 
et al. 2013).

Understanding animal communication and its evolution 
requires consideration of inter-relationships among send-
ers, signals, and receivers, as well as the social and physical 
environments in which communication occurs (Endler 1992, 
1993; Searcy and Nowicki 2005; Hebets et al. 2016; Rosen-
thal et al. 2018). In the present work we have examined the 
effects of viewer spectral sensitivity and visual contrast on 
the perception of Schizocosa wolf spiders as potential prey or 
mates, yet much remains to be explored in studies of animal 
signal detection and recognition. Additional insights might 
be gained from studies of receiver responses to chromatic 
and achromatic contrast in other species that exhibit strik-
ing coloration and movement in courtship (Rosenthal 2007; 
Stevens and Merilaita 2009b; Maiditsch and Ladich 2022; 
White et al. 2022). Another possibility is to investigate how 
recently developed approaches to animal communication 
can address these questions (Rosenthal 2007; Hebets et al. 
2016; Hoke et al. 2021; Uetz et al. 2022; Caves et al. 2024). 
Ultimately, further exploration is required to determine how 
sexual and natural selection might target different features 
of male appearance during courtship signaling.
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(1) brief orientation latencies to the control stimulus, which 
has strong (negative) achromatic contrast against the color 
and grayscale backgrounds, and (2) exhibited compara-
tively long orientation latencies to the low achromatic con-
trast of the gray stimulus against the grayscale background 
(Figs. 4b and 9).

It is not surprising that our representative vertebrate pred-
ator responded differently from our arthropod viewers. For 
predatory toads, previous studies have shown that latency in 
visual detection of a courting male stimulus varied signifi-
cantly with the background against which they were viewed 
(Roberts and Uetz 2008; Clark et al. 2016). These results 
suggest both spider color and background complexity affect 
detection, and that courting male wolf spiders may face 
higher predation risk from visually acute toads.

Together, results of our experiments suggest that both 
chromatic and achromatic contrast are likely explanations 
for differences in the behavioral responses of intended and 
unintended receivers. Consequently, males must balance fit-
ness gains from conspicuous courtship behaviors and visual 
background contrast with losses from detection by both 
social eavesdroppers (conspecific competitors) and inter-
ceptive eavesdroppers (predators). To the human eye, vis-
ibility of the RGB and gray mono spiders against the color 
and grayscale backgrounds (respectively) differs from what 
behavioral results for non-human receivers in our experi-
mental treatments might suggest, challenging some of our 
initial assumptions (Rosenthal 2007). For example, against 
the color litter background, the visual contrast of RGB 
mono and gray mono spiders appears roughly equivalent 
to us. Likewise, the appearance of the RGB mono spider 
against the grayscale litter background seems much more 
obvious to human vision than would be expected based on 
the responses of non-human receivers. Even in light of the 
fact that spectral sensitivities of spider photoreceptors in 
our visual models differ from those of normal trichromatic 
human vision, these perceptual differences are intriguing.

One issue that we have not considered is detection of 
visual courtship displays against a moving background, as 
has been examined in studies of signal detection in other 
organisms (Fleishman 1986; Peters et al. 2008; Ioannou and 
Krause 2009; Bian et al. 2019; Tan and Elgar 2021). For 
example, the movement of leaves and branches in wind cre-
ates a background against which motion signals of lizards 
are difficult to detect (Peters and Evans 2003; Peters 2008), 
resulting in directional selection on signal morphology 
(Fleishman et al. 1986) or real-time compensation mecha-
nisms (Ord et al. 2007). To be fair, there are issues of scale, 
and background motion of leaves on the forest floor is lim-
ited except in the winter, when winds are greatest (Boerner 
and Kooser 1989). However, even small amounts of wind 
movement within leaf litter, along with changing light and 
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