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Abstract 
The observable diversity of antipredator defenses across organisms demonstrates predation’s impact 
on trait evolution. The functions of many traits that are presumed to have an antipredator function 
have never been directly tested. The spiny orb-weaving spider, Micrathena gracilis, for example, strid-
ulates when grasped. While stridulation was first hypothesized to be an antipredator defense nearly 
50 years ago, no data exist to support this hypothesis. To explore the form and function of M. gracilis 
stridulation, we first quantified the behavioral and acoustical properties of sound production. Next, 
using laboratory assays, we directly tested the effect of stridulation on survival with an avian pred-
ator—blue jays, Cyanocitta cristata. Finally, we conducted a large mark-recapture field study in which 
we compared the natural survival of experimentally manipulated adult female M. gracilis that could 
not stridulate (silenced) versus could stridulate (control). Stridulatory pulses produced broadband 
frequency spectra, consistent with acoustic antipredator defenses in other taxa. We also observed 
stridulation by male M. gracilis for the first time. In staged laboratory interactions with captive blue 
jays, we found no differences in survival between silenced and control M. gracilis. Similarly, in our 
mark-recapture field study, we found no differences in survival estimates between silenced and con-
trol groups, nor an effect of stridulation rate. While M. gracilis stridulation closely resembles 
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antipredator stridulation in other arthropods, our behavioral data do not yet provide solid support 
for an antipredator function in M. gracilis. 
 
Keywords: antipredator behavior, defensive sound, predator-prey interaction 
 
Many animals produce defensive sounds during predator-prey interactions (reviewed in 
Caro, 2005; Conner, 2014). Anitpredator defense is achieved through a diversity of mech-
anisms. For example, prey can startle predators (i.e., deimatism, Umbers et al., 2017) 
through the production of sudden sounds such as whistling (Bura, Rohwer, Martin, & 
Yack, 2011; Dookie, Young, Lamothe, Schoenle, & Yack, 2017), signal the presence of pred-
ators to other members of a social group through alarm calls (Blumstein & Armitage, 1997; 
Manser, 2001), and signal the presence of other defensive traits in prey themselves through 
warning displays (Ratcliffe & Nydam, 2008; Rowe & Halpin, 2013). Defensive sounds often 
produce broadband frequency spectra; it is hypothesized that such broadband sounds should 
be detectable to predators having sensory systems of varying sensitivity, thus making 
them effective defensive sounds to multiple potential predators (Masters, 1979). This hy-
pothesis, along with the array of predators’ responses to defensive sounds, provides a strong 
foundation for testing whether certain sound production behavior could function in anti-
predator defense. 

One particularly widespread mechanism of sound and vibration production is stridu-
lation—that is, sound generated by animals rubbing hardened body parts together (arach-
nids: Alexander, 1958; Hrušková-Martišová, Pekar, & Gromov, 2008; Pomini, Machado, 
Pinto-da-Rocha, Macías-Ordóñez, & Marsaioli, 2010; Shear, 1970; Uhl & Schmitt, 1996; 
crustaceans: Chen, Carrasco, & Ng, 2014; Patek, 2001; fish: Bosher, Newton, & Fine, 2005; 
insects: Cocroft, 1999; DeVries, 1990; Keuper & Kühne, 1983; Lewis & Cane, 1984; Masters, 
Tautz, Fletcher, & Markl, 1983; Roces, Tautz, & Hölldobler, 1993; Tautz, Roces, & Höll-
dobler, 1995). Stridulation requires the coordinated movement of body parts possessing 
(often) specialized morphology and generally involves the rapid movement of a “pick” against 
a ridged surface known as a “scraper” (Masters, 1980). The specialized structures associ-
ated with stridulation—that is, stridulatory organs—and associated behavior are diverse 
(spiders: Rovner, 1975; Heteroptera: Polhemus, 1994; spiny lobsters: Patek, 2001; ant nest 
beetles: Di Giulio, Fattorini, Moore, Robertson, & Maurizi, 2014). 

Stridulation can simultaneously produce sound waves that can travel through air or 
water, substrate-borne (seismic) vibrations (Cocroft, 1999; Elias, Mason, & Hebets, 2010) 
and vibrations detected through direct contact with the stridulating animal (Roces & Man-
rique,1995). Additionally, these components can be detected individually or in concert 
(Keuper & Kühne, 1983) and by different sensory structures (Hill & Shadley, 1997). The 
function of stridulation can also be quite varied, as it is known to play a role in courtship 
(crickets: Alexander, 1962; homopterans: Roces & Manrique, 1995; jumping spiders: Elias, 
Hebets, Hoy, & Mason, 2005; Schizocosa wolf spiders: Hebets et al., 2013; Rundus, Santer, 
& Hebets, 2010), agonistic contests (crickets: Alexander, 1961; Brown, Smith, Moskalisk, & 
Gabriel, 2006; crabs: Chen et al., 2014), coordination of social behavior (leaf-cutter ants: 
Masters et al., 1983, Roces et al., 1993; treehoppers: Cocroft, 1999), foraging (leaf-cutter ants: 
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Tautz et al., 1995), and even cannibalism suppression (spiders: Líznarova, Sentenska, Štáh-
lavsky, & Pekár, 2018). 

Given its acoustic similarity to other defensive sounds (i.e., production of broadband 
frequency spectra; Masters, 1980), stridulation is also often thought to serve antipredator 
functions. In support of this defensive function hypothesis, stridulation among some ar-
thropods has been observed in predator-prey interactions and/or when animals stridulate 
in response to being handled by humans (spiders: Uetz & Stratton, 1982; katydids: Heller, 
1996). Laboratory experiments have additionally shown that stridulation can function in 
antipredator defense in numerous arthropod taxa—for example, mutillid wasps, water 
scavenger beetles and round sand beetles (Masters, 1979), passalid beetles (Buchler, Wright, 
& Brown, 1981), and spiny lobsters (Bouwma & Herrnkind, 2009; Staaterman et al., 2009). 
Stridulation presumably functions in defense by eliciting a startle response in predators, 
signaling prey unprofitability (i.e., acoustic aposematism) and/or resembling other, dan-
gerous prey that also stridulate (i.e., acoustic mimicry). 

Despite the existence of a number of laboratory-based experiments, there is a lack of 
research testing antipredator functions of stridulation under natural conditions (but see 
Bouwma & Herrnkind, 2009). Field-based studies of antipredator defenses are uncommon, 
likely due to the difficulty in observing and making inferences about predation in nature 
(but see tethering studies reviewed in Aronson, Heck, & Valentine, 2001; Barshaw, Lavalli, 
& Spanier, 2003; Puntilla, Martin, & Valentine, 2012). Even fewer studies have examined 
how manipulations of putative antipredator traits impact prey survival over extended pe-
riods (but see Forsman & Appelqvist, 1999). 

In this study, we used manipulations of stridulation production in conjunction with a 
field-based mark-recapture study and laboratory-based predator-prey interactions to test 
the proposed antipredator defense function of stridulation in the spiny orbweaving spider 
Micrathena gracilis. 

Micrathena gracilis spiders are commonly found in deciduous forests in North and Cen-
tral America (Levi, 1978) and were first reported to be able to stridulate 50 years ago (Hin-
ton & Wilson, 1970). Upon being grasped, adult females engage in a stereotyped movement 
where they scrape the femurs of their fourth pair of legs against their book lung covers 
(circular patches of cuticle located on the ventral surface of the abdomen; Hinton & Wilson, 
1970). The scraping of these body parts produces sound that is robust enough to startle 
human observers (Uetz & Stratton, 1982). Although readily observed during human-spider 
interactions, stridulation has not been observed in previous studies exploring M. gracilis 
mating behavior (Bukowski & Christenson, 1997a; 1997b, 2000), prey capture (Biere & 
Uetz, 1981; Vanderhoff, Byers, & Hanna, 2008), or habitat use and movement patterns 
(Hodge, 1987a; 1987b). Thus, stridulation in M. gracilis is presumed to have an antipredator 
function (Cloudsley-Thomspon, 1995; Hinton & Wilson, 1970; Uetz & Stratton, 1982). De-
spite its decades-long presence in the literature, this function has not been directly tested. 

In this study, we used a combination of laboratory and field experiments to thoroughly 
describe stridulation in adult female M. gracilis and to directly test its long-hypothesized 
antipredator defense function. We first quantified adult female M. gracilis stridulatory be-
havior and its acoustic properties. We also report stridulation in adult male M. gracilis for 
the first time. We then tested the effect of stridulation on adult female M. gracilis handling 
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time and survival under laboratory conditions using a model avian predator—blue jays, 
Cyanocitta cristata—by presenting blue jays with stridulation-silenced (hereafter “silenced”) 
and sham-treated (hereafter “control”) spiders. Finally, we explored the impact of stridulation 
presence/absence on survival of M. gracilis in their natural habitat using a long-term mark-
recapture study with silenced and control adult female M. gracilis. 

If stridulation has an antipredatory function in M. gracilis, we predicted the following. 
First, M. gracilis stridulation should be qualitatively similar in its acoustic properties to 
antipredator stridulation in other arthropods in that it should produce broadband fre-
quency spectra. Second, control M. gracilis should have higher handling time and survival 
in response to blue jay attacks compared to silenced M. gracilis. Third, control M. gracilis 
should survive for longer in nature than silenced M. gracilis. 
 
Methods 
 
Experiment 1: Quantifying Stridulation in Micrathena gracilis 
We developed a laboratory assay to quantify the vibratory, acoustic, and behavioral prop-
erties of stridulation in adult female and male M. gracilis. 
 
Collection, maintenance and measurement of Micrathena gracilis 
We collected adult M. gracilis (N = 36 females, 13 males) from their webs in Wilderness 
Park, Lincoln, Nebraska, USA, during the day and transported them to the University of 
Nebraska–Lincoln. Once in the laboratory, we kept individual spiders in plastic deli dishes 
(11.5 cm diameter, 4.5 cm tall) lined with moist paper towel until we ran them in behavioral 
assays, which we did the same day as collection. We collected and measured female M. 
gracilis during 10 September–19 September 2017, and male M. gracilis on 24 June and 2 July 
2018 (males). 

Prior to sound recordings, we measured the mass of each individual using an electric 
scale (Ohaus Adventurer Pro). We then photographed each individual with a size standard 
using a Leica MZ16 microscope, an AmScope LED-8WD light source, and a Diagnostic 
Instruments 14.2 64 Mp Shifting Pixel camera connected to SPOT software (v.5.2, http://www 
.spotimaging.com/). We photographed each spider from the dorsal, lateral, and ventral 
views and later measured photographs using ImageJ (Schneider, Rasband, & Eliceiri, 2012). 

We used ImageJ (v.1.52u) to collect size measurements of M. gracilis from microscope 
photographs. Due to the irregular shape of M. gracilis, we used abdomen length measured 
from the ventral side as our measure of body length.We measured abdomen length as the 
straight-line distance from the posterior-most point of the medial abdomen to the point 
where the abdomen meets the pedicel along the M. gracilis midline. 
 
Sound recording set-up 
We used a laser Doppler vibrometer and microphone to record sounds produced by strid-
ulating M. gracilis. First, in order to keep the spiders stationary while still allowing all 
movement necessary for stridulation, we affixed individual M. gracilis by their ventral ab-
domen posterior to their spinnerets to ~4 cm wooden dowels, using hot glue that had 
cooled sufficiently to not harm the spiders (Fig. 1). Next, in order to most effectively record 
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sounds from stridulating spiders, we applied a small amount of silver paint (Sharpie non-
toxic oil paint marker) to the dorsal abdomen of each individual. This silver paint enabled 
us to focus the laser vibrometer, thus facilitating clear audio recordings. 
 

 
 

Figure 1. Laboratory assay for quantifying the behavioral and acoustic properties of strid-
ulation in the spider Micrathena gracilis (see also Video S1). A laser Doppler vibrometer is 
focused on the dorsal abdomen on the M. gracilis, and a microphone is placed 3 cm from 
the laser, facing the anterior end of the spider. Here, an experimenter makes contact with 
an adult female spider using soft forceps. 

 
We placed mounted and painted M. gracilis on their dowels in a brick of plasticine (Sar-

gent Art Non-Hardening Modeling Clay, Gray) inside a 50 × 37 × 43 cm sound-insulated 
chamber, keeping the top of the spider and the microphone level with each other (Fig. 1, 
Supplementary Video S1).We lined the chamber with loaded vinyl PSA and soundproof 
foam (Super Soundproofing Co.) and placed it on a vibration isolation table (Minus K 
50BM-8C). The sound-insulation chamber had a laser Doppler vibrometer (Polytech LDV 
100) mounted in the top and a microphone (Sennheiser ME 64, with a TASCAM DR-05 
audio recorder) placed on the right side 3 cm from the laser Doppler vibrometer, to detect 
airborne vibrations. We mounted one webcam in the top facing down and a second 
webcam on the left side to provide a side view. The chamber had a door on one side, which 
we kept open so that we could directly interact with spiders during the assays. With this 
design, we could simultaneously record the cuticle-borne vibratory component (laser Dop-
pler vibrometer) and the airborne acoustic component (microphone) of stridulation. We 
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could also use videos recorded from these two different angles to correlate movements to 
the production of stridulation and to infer stridulation in some recording, as the audio 
quality was sometimes relatively poor. 

During recordings, we focused the laser Doppler vibrometer on the silver paint mark-
ing applied to the dorsal abdomen of each M. gracilis and recorded from the laser Doppler 
vibrometer through a Focusrite Scarlett Solo audio interface into CaptureSync software 
(Ben Software, London, U.K., https://www.bensoftware.com/capturesync/). While we 
could clearly record stridulation using the laser Doppler vibrometer, the airborne sound 
from the M. gracilis that we sampled was surprisingly quiet (see Discussion). We therefore 
had to increase the microphone audio recorder gain until it was nearly at maximum (90 
out of 100 on the TASCAM DR-05) for stridulation to be consistently discernible in micro-
phone recordings. We then kept this input level constant across all trials. We placed a dig-
ital stopwatch on the bottom of the laser chamber to match audio and video recording 
times for later analysis (see Quantifying Stridulation below). We allowed each spider to 
acclimate for at least 1 min before beginning an assay trial. 
 
Simulated predator attack stimulus 
Through preliminary field observations, we found that M. gracilis appeared to stop stridu-
lating when handled for extended periods. Therefore, we used short, repeated applications 
of simulated predator attack stimuli to elicit stridulation from M. gracilis. Our protocol ad-
ditionally allowed us to examine the repeatability of stridulatory behavior across multiple 
stimuli (see Statistical Analyses subsection below). 

An individual stridulation trial consisted of four tactile stimulus applications over the 
course of 1 min. Our assay followed that of prior studies examining potential antipredator 
stridulation in arthropods (e.g., Pomini et al., 2010; Roces & Manrique, 1995). For each tac-
tile stimulus, an experimenter (T.B.C.) made contact with the spider’s abdomen using a 
pair of soft forceps (BioQuip Featherweight Forceps, Wide Tip, Rancho Dominguez, Cali-
fornia, USA) and gently held the spider for 5 s. No further pressure was added once contact 
was made. After 5 s, we removed the forceps for 10 s. We repeated this process four times 
over the course of a 1 min trial. In some cases (N = 5), removing the stimulus caused the 
spider to become dislodged from its mount, in which case we stopped the assay. For these 
trials, we were still able to record at least two stimulus applications and thus analyzed two 
instead of four stimulus applications for the trial. Following behavioral assays, we eu-
thanized spiders by freezing them and then preserved them in 70% ethanol for future 
measurement. 
 
Quantifying stridulation 
We used the audio from the laser Doppler vibrometer recordings to quantify stridulation, 
since they were of higher quality than the microphone recordings. We used the video re-
cordings of trials to validate the presence/absence of a given behavior. For each individual 
M. gracilis, a scorer (T.B.C.) counted the number of individual stridulatory pulses during 
each of the four stimulus applications.We scored the presence of stridulation as a binomial 
response for each individual stimulus application. We scored individuals as having strid-
ulated if they did so during at least one of the complete stimulus applications in a given 
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trial. For those individuals that stridulated, we calculated the time to stridulation following 
the initial tactile stimulus (hereafter “latency to stridulation”) as the time from grasping 
the spider until the first stridulatory pulse. When M. gracilis stridulated, they did so until 
we removed the stimulus (i.e., after 5 s), at which point they immediately ceased stridulat-
ing. We calculated stridulation rate as the number of stridulatory pulses performed during 
a stimulus application, divided by the time that individuals stridulated during that stimu-
lus application. 

We visualized acoustic recordings in Raven Lite 2.0.1 (Center for Conservation Bio-
acoustics, 2016). We generated waveforms and spectrograms from laser Doppler vibro-
meter and microphone WAV recordings. We qualitatively assessed laser Doppler vibro-
meter recordings for noise to identify recordings with low noise from the laser to descrip-
tively illustrate the acoustic properties of stridulation (N = 5 females). Microphone record-
ings were band-pass filtered between 1000 and 22 000 Hz, due to excessive low-frequency 
hum and other noise recorded by the microphone. Visualization and preliminary analysis 
of these spectrograms suggested that this procedure did not exclude any frequencies of 
stridulation recorded by the microphone. 

We graphed waveforms on a shared Y axis within each recording medium (see Results, 
Fig. 2) for greater clarity in interpreting amplitude. For each recording medium, we stand-
ardized waveform amplitudes against the greatest absolute value of amplitude observed 
in our exemplar recording sample segment relative to the background input signal being 
sent to the audio recording device. We used the arbitrary amplitude units generated by 
Raven Lite (“kilounits”) when standardizing the axes for these graphs. The maximum am-
plitude reported for the laser Doppler vibrometer was 18 kilounits, while the maximum 
microphone amplitude was 1.75 kilounits.We set these maximum amplitude values as 1 
and –1, kept 0 at 0, and scaled our axes accordingly. 
 
Statistical analyses 
We qualitatively discuss the acoustic properties of the vibratory and airborne sound com-
ponents of stridulation from female M. gracilis for which we had both clean laser Doppler 
vibrometer and microphone recordings (N = 3 females). We present waveforms and spec-
trograms from these exemplar recordings (Fig. 2). We also qualitatively discuss stridula-
tion by male M. gracilis in relation to females and provide a spectrogram recorded using 
the laser Doppler vibrometer in the Appendix (Fig. A1). 

Based on the results of our mark-recapture analyses (see Results, Experiment 3), we 
explored whether spider mass (log-transformed) could explain variation in stridulatory 
behavior in response to simulated predator attacks (N = 36 adult female M. gracilis).We 
tested the effect of spider mass on the probability of stridulation in a trial (combining all 
four stimulus applications) using a binomially distributed generalized linear model. We 
used a likelihood ratio test to compare models with and without mass as a fixed effect (i.e., 
an intercept-only model). We also used a Gaussian distributed general linear model in-
cluding spider mass as a fixed effect to predict spider stridulation rates. We included only 
spiders that stridulated during assays in these analyses (N = 23). We assessed the signifi-
cance of the predictors in these models using F tests (see Results, Experiment 1). We describe 
the mean ± SD latency to stridulation and stridulation rate for these female M. gracilis. We 
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calculated the repeatability of latency to stridulation and stridulation rate across the four 
stimulus applications following Lessells and Boag (1987). We used R v.3.6.1 (R Core Team, 
2019) to perform these analyses. 
 
Experiment 2: Laboratory Predator-Prey Interactions 
We performed a laboratory experiment using captive-reared blue jays as candidate pred-
ators to test for an effect of female M. gracilis stridulation on survival and handling time in 
predator-prey interactions. Unfortunately, little is known about the natural predators of 
M. gracilis, but many birds have been directly observed consuming spiders (California 
gnatcatcher, Polioptila californica: Burger, Patten, Rotenery, & Redak, 1999; goldcrests, Reg-
ulus regulus: Hogstad, 1984; gray jays, Aphelecoma ultramarine: Riechert & Hedrick, 1990; 
eastern meadowlarks, Sturnella magna: Genung & Green, 1974; willow tits, Poecile monta-
nus, and crested tits, Lophophanes cristatus: Jansson, 1982), and birds have been experimen-
tally shown to have significant impacts on the composition and size of spider communities 
(Gunnarrson, 2008; Gunnarsson & Wiklander, 2015). We chose blue jays as our focal pred-
ator because blue jays are found at our field site (Wilderness Park, Lincoln, Nebraska, USA) 
and are known to consume arthropods, including spiders (Cornell Lab of Ornithology, 
National Audubon Society, https://www.audubon.org/field-guide/bird/blue-jay), and we 
had access to a captive-reared population of blue jays at the University of Nebraska–Lincoln. 
 
Collection, measurement, and manipulation of Micrathena gracilis 
We collected adult female M. gracilis (N = 40) during 25–29 August 2018 and 9–17 Septem-
ber 2018 from Wilderness Park (Lincoln, Nebraska, USA) in the daytime. We recorded the 
mass of each spider and then photographed each spider using the protocol described ealier 
(see Experiment 1, Stridulation in M. gracilis). 

On a given collection and test day, we sorted the collected M. gracilis by mass and size-
matched pairs of individuals. We then randomly assigned each individual in a pair to one 
of two treatments: (1) silenced (i.e., stridulation absent) and (2) control (i.e., stridulation 
present). We matched silenced and control individuals in order to limit the potential effects 
of size, mass, and/or condition on predator behavior toward different prey types. 

To remove the ability of M. gracilis to stridulate (silenced), we used the shaft of a sewing 
needle to apply beeswax (approximately 2–3 mg per spider) to each book lung cover. In 
our sham treatment, we applied the same amount of beeswax to two regions on the poste-
rior ventral abdomen (control group) using the same technique. Preliminary trials using 
recordings from the microphone (and later the laser vibrometer) confirmed that applica-
tion of beeswax to the book lung covers was sufficient to silence sound production and 
had no immediately observable adverse effects on behavior and health of M. gracilis or blue 
jays (see Appendix). 
 
Maintenance of blue jays 
For our focal avian predator, we used a captive population of eight blue jays bred and 
housed individually at the University of Nebraska–Lincoln Avian Cognition Lab. Birds are 
given ad libitum water and food (Lafaber’s Cockatiel and Parrot Pellets) and kept on a 
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14:10 h light:dark cycle. All behavioral trials were conducted during the light phase of the 
light:dark cycle. 
 
Predation trials 
We transferred individual blue jays to a separate room that contained a test cage with a 
wooden perch and feeding dish for predation trials (see Results, Fig. 3a).We mounted a 
Sony HDR-SR10 Handycam to a tripod and placed it over the cage. We mounted a Canon 
Rebel 6 with a Canon EF-S 18–55 mm lens to a tripod and placed it adjacent to the cage 
door. To obtain more detailed observations of predator-prey behavior, an experimenter 
(T.B.C.) was always present in the room recording macro footage throughout each trial 
using the Canon camera. 

Each blue jay went through at least three habituation sessions prior to experimental 
trials. In these sessions, we transferred birds to the test cage in an isolated room with the 
aforementioned camera set-up and the experimenter (T.B.C.) present.We kept each blue 
jay in the testing cage for at least 20 min and added one mealworm to the feeding cup every 
5 min. We did this to acclimate birds to experimental conditions and associate the presence 
of prey with the testing cage. 

We kept both mealworms and spiders in a separate laboratory space adjacent to the 
testing room in order to prevent birds from detecting potential prey cues. Therefore, the 
experimenter exited and reentered the testing room between presenting each prey item. 
Of the eight birds available for us to run in this experiment, only four birds habituated (i.e., 
consistently ate mealworms) to these experimental conditions. This does not include the 
bird used to pilot our experimental protocol, which we excluded from data collection trials. 
We include data from trials with these four birds in our analyses. 

We used a repeated measures design with each of our four focal birds. At the start of 
each trial, we transferred each blue jay to a test cage and allowed it to acclimate for 5 min. 
We then presented four potential prey items (one silenced M. gracilis, one control M. gra-
cilis, and two mealworms) one at a time, every day, over the course of five consecutive trial 
days (e.g., four prey/day × 5 days = 20 prey) to each bird. Thus, over the course of the 
feeding experiment, we presented each bird with five silenced M. gracilis, five control M. 
gracilis, and 10 mealworms. Our total sample size across all birds then included 20 silenced 
M. gracilis, 20 control M. gracilis, and 40 mealworm feedings. We randomized the order of 
the prey items presented each day, except that mealworms were always alternated with 
M. gracilis (e.g., randomly assigned M. gracilis  mealworm  randomly assigned M. gra-
cilis  mealworm). This allowed us to confirm that birds were motivated to take prey dur-
ing our experiment (i.e., birds not attacking mealworms may indicate lack of motivation 
to feed) and were not experiencing any distress. These birds were accustomed to receiving 
mealworms in behavioral experiments and readily consumed them in our experiment. 

We placed individual prey items in the feeding cup and in the testing cage at 5 min 
intervals. After 5 min, regardless of when/how the individual blue jay interacted with the 
prey item, we removed the feeding cup from the testing cage. We then cleaned the feeding 
dish using 70% ethanol, rinsed it with water, and dried it using paper towel between each 
prey item to remove potential prey cues. Afterward, we immediately presented the next 
prey item as just described and repeated this process for each of the four prey items. Thus, 
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an individual behavioral trial ran for approximately 30 min, including the 5 min acclima-
tion period: 20 min of presenting prey and cleaning of the feeding dish between prey items. 
After we offered all prey items for a given day,we returned the focal blue jay to its home 
cage. 
 
Scoring predator-prey interactions 
For each prey item (i.e., spider or mealworm), we recorded whether the blue jay (1) han-
dled, (2) killed, and (3) ate the prey item. We considered that birds handled a given prey 
item if they used their beaks to make contact with it at least once during a trial. We con-
firmed whether prey survived or were killed during a given trial by monitoring intact prey 
until at least 24 h after the trial and checking whether prey could still move normally. We 
considered a spider to have been eaten by a blue jay if less than 50% of the spider’s exterior 
cuticle was left following the blue jay’s attack(s). We made this distinction because most 
M. gracilis in both treatment groups were crushed and subsequently abandoned by birds 
(see Results). 

We also recorded (1) the time until a blue jay attacked a prey (i.e., latency to attack), 
(2) the handling time of prey by birds, and (3) the number of times that birds dropped (and 
picked back up) the prey before they stopped handling them. We measured the latency to 
attack prey as the time (in seconds) from a prey item being added to the experiment cage 
in a feeding cup until the time at which a blue jay first made contact with the prey using 
its beak. We defined handling time as the time from when birds first made contact with 
prey using their beak until the last time that they made contact using their beak in a given 
trial. Therefore, handling time lasted until the prey was either eaten or abandoned. We 
measured the number of times that birds dropped a given prey item by counting every 
time that a blue jay, which had been holding a prey item in its beak, dropped it onto a 
surface (e.g., the food cup, the perch, the cage bars). 
 
Statistical analyses 
We analyzed blue jay behavior toward prey of each type (stridulation-silenced M. gracilis, 
control M. gracilis, and mealworms) using repeated measures analyses of variance (ANOVAs) 
for Gaussian data (latency to attack and handling time, both log-transformed). In each model, 
we examined the effect of prey type on a given response variable, and specified predator 
identity (ID) as the experimental block to control for the repeated measure of individual 
birds. We used Tukey’s honest significant difference (HSD) post hoc tests on our repeated 
measures ANOVA to perform pairwise comparisons between prey types. We removed one 
outlier from our latency to attack analyses, in which a blue jay attacked a control M. gracilis 
after 293 s. Because of this, and three occasions when a bird never attacked the prey items 
that we offered (one silenced M. gracilis and two control M. gracilis), our estimates from the 
repeated measures ANOVAs are biased due to differences in sample sizes across treatment 
groups. 

We were unable to fit binomially distributed statistical models to analyze differences 
in the probability of birds handling and killing different prey types, since birds handled 
and killed nearly every prey item that we presented to them (see Results, Fig. 3d, f). Birds 
also consumed every mealworm that we presented to them (see Results, Fig. 3f). We 
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therefore analyzed only potential differences in the probability that birds consumed si-
lenced and control female M. gracilis using a binomially distributed generalized linear mixed 
model. In this model, we included prey type (silenced and control M. gracilis) as a fixed 
effect and predator ID as a random effect specifying random intercepts in order to control 
for the repeated measures of individuals. 
 
Experiment 3: Field Mark-Recapture Study 
To explore the potential beneficial function of stridulation in nature, we conducted a mark-
recapture study in the field using silenced and control adult female M. gracilis. 
 
Field site 
We established a 100 m transect through deciduous forest in the southernmost region of 
Wilderness Park (Lincoln, Nebraska, USA) in an undisturbed area of the forest obscured 
from public trails (GPS coordinate: 40°41′57.8″N 96°41′09.0″W). The habitat consisted pri-
marily of tall understory vegetation with small trees, although several larger trees and ar-
eas lacking understory vegetation were also present in the transect. 
 
Marking protocol 
We surveyed our transect for adult female M. gracilis during 0600–2000 hours from 8 Au-
gust to 22 August 2017. Our survey area included a 3 m span, at and below eye level, on 
each side of the transect where we collected each M. gracilis by hand. 

Given that we observed interindividual variation in both the likelihood to stridulate 
and stridulation rate (see Results, Experiment 1, Quantifying stridulation in M. gracilis), 
we collected data on each field-marked spider’s stridulatory behavior prior to their strid-
ulation manipulation. To do this, we gently held the spider by the abdomen and used a 
hand-held clicker to count each time an individual stridulated during a 1 min period.We 
recorded the audio of these assays using a headset microphone (Bose SoundSport in-ear 
headphones) into a voice-recording smartphone application (Apple iOS Voice Memos) for 
later analysis. We recorded ambient temperature at time of capture using a Kestrel 3000 
Weather Meter. We had 11 missing temperature values, for which we used the next closest 
temperature measurement in time, all of which were within 45 min of each other. 

Following this assay, we measured each spider’s mass using a portable Ohaus Scout 
Pro Balance. We also photographed all spiders with size and color standards using a Ricoh 
WG-4 digital camera in 1 mm macromode, with additional lighting from two clip-on LED 
reading lights. Next, we assigned each spider to a stridulation treatment (silenced or con-
trol). We systematically alternated assigning encountered M. gracilis to each of the two 
treatment groups prior to capture so we assigned each individual blind to potential covari-
ates. 

We then manipulated the spiders according to their assigned treatment. For silenced 
spiders, we applied clear nail polish (Sally Hansen Quick-dry 101, Sally Hansen, Inc., New 
York, New York, USA) to each book lung cover (see Appendix for preliminary data on 
efficacy of treatment and survival and health of spiders following treatment). For control 
spiders, we placed the same nail polish on two equivalently sized areas on the posterior 
ventral abdomen. We used the shaft of a sewing needle to perform all applications of nail 
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polish. We used nail polish for manipulations in the field rather than beeswax because we 
could not reliably melt and apply beeswax at our field site. 

Finally, we applied paint markings to each spider to the peripheral sides (distal seg-
ments) of the fourth pair of legs using Sharpie nontoxic oil paint markers to identify indi-
vidual spiders during resighting surveys. We used unique colors to represent the numbers 
zero through nine, and marked the left and right legs (fourth pair, ventral view) of each 
spider with the colors representing the tens and ones digit of its identification code, re-
spectively (e.g., individual 10 was marked with red and white paint on its left and right 
fourth legs, respectively). Due to degradation of markings over time, we reapplied these 
markings during resighting surveys in the fourth week of this experiment. 

After each spider was measured, manipulated, and marked, we placed it in a deli dish 
lined with paper towel for at least 1 min to ensure that it could still walk normally. We 
then released each M. gracilis where we collected it, either onto its web (if the web was still 
intact) or at one of its web attachment points on vegetation. We marked spider locations 
with flagging tape labeled with the spider’s identification markings and the time and date 
of capture. We tied flagging tape around a piece of vegetation to which the web was at-
tached, either at the base of branches (close to trunk/joint), or around the stem of the plant 
if branches were not nearby. 
 
Recapture surveys 
One experimenter (T.B.C.) performed resighting surveys over the course of 7 weeks (10 
August–23 September 2018). Each week, a total of six resighting surveys were performed 
(two per day for three consecutive days). These resighting surveys were distributed in time 
to best cover the active cycle of M. gracilis based on our preliminary observations (0800–
2200 hours). Surveys lasted for approximately 90 min on average, with time spent survey-
ing decreasing over the course of the experiment because of the seasonal decline in the 
adult spider population (Bukowski & Christenson, 1997b). We visually surveyed for M. 
gracilis silk, using a Maglite ML300L LED flashlight and Black Diamond ICON IPX7 head-
lamp to illuminate silk and spiders, regardless of time of day. 

We used previously flagged locations of spiders as starting points in surveys, searching 
around every piece of vegetation that had been flagged and every adjacent piece of vege-
tation. If an individual moved and we could not find it on its web or on the flagged or 
adjacent vegetation, we added a new flag to a piece of vegetation that the new web was 
attached to. During the fourth week of surveys, we began using a telescoping pool sifter 
(2–4 m long) to reach spiders from webs higher in the canopy. However, we do not believe 
this led to relevant differences in resighting frequency of marked spiders, as we only re-
captured five marked spiders in this way across 24 resighting surveys. 
 
Statistical analyses 
Before estimating survival and resighting probabilities of M. gracilis over the course of our 
experiment, we first analyzed potential differences between treatment groups (silenced 
versus control) in mass, body size, condition, and stridulation rate at capture in order to 
confirm that potential differences in these covariates across groups did not bias our infer-
ences about survival. We measured condition as the residual mass (i.e., the residuals of a 
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linear model with log-transformed body length as the predictor and log-transformed mass 
as the response). We used Welch’s two-sample t tests to compare mass (log-transformed) 
and condition across groups because these variables were normally distributed. We used 
Wilcoxon rank sum tests to compare body size and stridulation rate across groups because 
these variables were not normally distributed (even after being log-transformed). 

There were no significant differences in mass (t test: t111.6 = 0.009, P = 0.993), abdomen 
length (Wilcoxon rank-sum test: W = 1678, P = 0.76), condition (t test: t106.8 = –0.654, P = 0.514), 
or stridulation rate (Wilcoxon rank-sum test: W = 1742, N = 114, P = 0.47) of female M. gracilis 
across our silenced and control treatment groups. Approximately half of the spiders in our 
field study stridulated within 5 s of being captured from their webs (N = 52 of 114 M. gracilis), 
and there were no significant differences in the proportion of individuals that stridulated 
in the silenced and control treatment groups (chi-square test: χ21 = 0.035, P = 0.851). 

We estimated survival and resighting probabilities of M. gracilis over the course of our 
experiment by analyzing resighting histories using Program MARK software (v.9.x, White, 
2020). We used a Cormack-Jolly-Seber (CJS) open design model. This model assumes that 
the population is open to immigration, emigration, births, and deaths throughout the course 
of the experiment (Lebreton, Burnham, Clobert, & Anderson, 1992). We used Akaike’s in-
formation criterion corrected for small samples (AICc) to identify the model that explained 
the greatest amount of variation given the fewest parameters. All model parameters were 
estimated using a logit link function, which were back-transformed in MARK to provide 
probability estimates on a zero to one scale (see Results, Fig. 4). 

We estimated parameters for survival (the probability that individuals survive from 
one time step to the next) and resighting (the probability that individuals are found on 
resighting surveys between time steps, given that they are alive), which can be functions 
of time and/or treatment group, or neither. That is, we specified whether the survival 
and/or resighting parameters were estimated at each time step (i.e., parameter estimates 
could change over time) or whether the parameter estimate was held constant throughout 
the course of the study (i.e., survival/resighting parameter(s) did not change over time). In 
addition, we tested for an effect of stridulation on survival and resighting estimates by 
including the treatment group in model structures (i.e., estimating the survival and/or re-
sighting parameter(s) for silenced and control groups separately, rather than for the entire 
study sample). This allowed us to directly test the antipredator defense hypothesis, by 
evaluating whether survival estimates differed between silenced and control treatment 
groups. 

We also examined whether mass, body size (measured in abdomen length), condition, 
or stridulation rate affected parameter estimates across time steps and/or treatment groups, 
where relevant. Prior to being included in models, all covariates were standardized using 
z transformations, such that each covariate had a mean value of 0 ± 1 SD. We restricted our 
model selection to include at most only one individual covariate per model, to keep the 
model selection process tractable, and because our main focus was testing the hypothesis 
that survival probability differed between treatment groups. 

We had no reason a priori to expect differences in the resighting parameter between 
our treatment groups that were not due to differences in survival. However, to control for 
the potential effect of resighting on survival estimates, we performed additional analyses 
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using our best model for survival, holding constant those parameters that affected survival 
and varying the parameters that affected resighting. 

We also explored natural variation in M. gracilis stridulatory behavior in the field (pres-
ence and rate of stridulation in female M. gracilis) for comparison with our laboratory assay, 
in order to validate that our laboratory assay was representative of natural stridulatory 
behavior. We measured stridulation rate upon capture (prior to experimental manipula-
tion) from our field assay recordings as the number of stridulatory pulses within 5 s of 
capturing a spider by counting the number of counter clicks in our field audio recordings. 
Given the high speed of stridulation and the measurement error from human reaction time, 
we make only qualitative comparisons between our field and laboratory stridulation assays. 

Based on the results of our mark-recapture analyses (see Results, Experiment 3), we 
tested for a potential effect of mass on stridulatory behavior to explore whether the rela-
tionship between mass and survival could be explained by an association of mass and 
stridulatory behavior. We used a binomially distributed generalized linear model with the 
probability of stridulating within the first 5 s of capture as the response variable and spider 
mass (log-transformed) as the predictor variable. We compared this model to an intercept-
only model using likelihood ratio tests (see Results, Experiment 3). 
 
Ethical note 
Collections of spiders (M. gracilis) and our long-term mark-recapture field study were con-
ducted in Wilderness Park (Lincoln, Nebraska, USA) under a standard Wilderness Park 
Access Agreement issued and notarized by Lincoln Parks & Recreation. This permit was 
issued following approval of our experimental protocol. 

We developed an experimental manipulation to prevent sound and vibration produc-
tion from stridulation by the spiny orbweaving spider, M. gracilis. When piloting this ma-
nipulation, we kept spiders in individual deli dishes lined with moist paper towel for 24 h 
in order to monitor any adverse effects on behavior or health of M. gracilis. We did not 
proceed with implementing our manipulations until we confirmed that spiders behaved 
normally after 24 h. 

Our laboratory experiment using blue jays as focal predators was conducted under the 
University of Nebraska–Lincoln Institutional Animal Care and Use Committee Project ID 
1666. Blue jays received enrichment through regular contact with human caretakers and 
the introduction of novel prey during the experiment. We used five of these blue jays (one 
blue jay when conducting pilot trials, four blue jays for data collection trials) in our study, 
which successfully habituated to the conditions of our laboratory experiment. In pilot trials, 
we closely monitored each blue jay immediately after it consumed M. gracilis without bees-
wax, and later with beeswax added, in order to make sure that the prey and/or the manip-
ulation did not cause gastrointestinal distress. We used only 2–3 mg of beeswax per spider 
to perform experimental manipulations. We did not proceed with data collection trials un-
til we confirmed that a complete experimental trial with our pilot blue jay did not lead to 
any gastrointestinal distress or abnormal behavior for the bird for at least 24 h. 

While we had the option to continue attempting to habituate the remaining birds to 
experimental conditions, we chose not to, since the data from our four experimental trials 
produced clear patterns relevant to our research questions (see Results, Experiment 2). 
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Running additional birds in these experiments would have meant sacrificing an unneces-
sary number of additional spiders and mealworms. Prior studies that investigated the ef-
fects of arthropod defensive sounds on avian predators, published in Animal Behaviour, 
had a sample size of four birds (Buchler et al., 1981). 
 
Results 
 
Experiment 1: Quantifying Stridulation in M. gracilis 
 
Stridulatory behavior 
Micrathena gracilis stridulate in individual pulses by flicking their prosoma (anterior-most 
body part) dorsoventrally (Video S1) and scraping the interior of the fourth femur against 
the ridged surfaces of their book lung covers on their opisthosoma (posterior-most body 
part) (Hinton & Wilson, 1970). This movement is fast—an individual pulse occurs within 
0.1 s (Fig. 2). Approximately 64% of adult female M. gracilis (N = 23 of 36) stridulated when 
grasped in this assay. 

Spider mass did not predict the presence of stridulation in response to simulated pred-
ator attack (χ21 = –0.319, P = 0.5721), nor did it predict the latency to stridulation (F1,22 = 
0.002, P = 0.966) or rate of stridulation (F1,22 = 0.447, P = 0.511) for those spiders that did 
stridulate. The mean latency to stridulation was 2.5 ± 1.48 s, and the mean ± SD rate of 
stridulation was 1.4 ± 1.31 pulses/s. Both latency to stridulation and stridulation rate were 
highly repeatable within trials across an individual’s stimulus applications (~62 and 67%, 
respectively). 
 
Stridulation form 
An individual stridulatory pulse creates a couplet—one louder “downstroke” and a qui-
eter “upstroke” as the cephalothorax is flicked dorsoventrally. These pulses produce 
broadband frequency spectra for both cuticle-borne vibrations and airborne sound (Fig. 2). 
The frequency spectra produced by stridulation is qualitatively similar within individuals 
across pulses and across both female and male M. gracilis. 
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Figure 2. Exemplar spectrograms (top graph in each pair) and waveforms (bottom graph 
in each pair) of adult female Micrathena gracilis stridulation (N = 3 females). We simulta-
neously recorded cuticle-borne vibrations (using a laser Doppler vibrometer) and air-
borne sound (using a microphone) produced by stridulation. Recordings are aligned 
vertically to show spectrograms are measured in kilohertz (kHz). Waveforms are graphed 
on a shared Y axis within each recording medium. For each recording medium, we stand-
ardized waveform amplitudes to the largest absolute value of the amplitude, relative to 
the background signal being sent to the audio recorded (see Methods for details). Micro-
phone recordings were band-pass filtered between 1 and 24 kHz due to excessive low-
frequency laboratory noise, which is still apparent in waveforms of airborne sound. 

 
Experiment 2: Laboratory Predator-Prey Interactions 
Blue jays’ latency to attack was significantly shorter for mealworms than for silenced M. 
gracilis (t71 = –3.451, P = 0.003), but there was no significant difference in their latency to 
attack mealworms and control M. gracilis (t71 = 1.269, P = 0.418) or silenced M. gracilis and 
control M. gracilis (t71 = –1.777, P = 0.185; Fig. 3b). Handling times were significantly shorter 
for mealworms than for silenced M. gracilis (t71 = –7.114, P < 0.001) and control M. gracilis 
(t71 = 6.953, P < 0.001), but there was no significant difference in handling time for silenced 
M. gracilis and control M. gracilis (t71 = –0.012, P = 1.0; Fig. 3c). Birds often dropped prey 
and picked them back up, which affected their handling times of prey. Birds dropped 
mealworms significantly fewer times than they dropped silenced M. gracilis (t71 = –6.040, P 
< 0.001) and control M. gracilis (t71 = 3.955, P < 0.001) while handling them, but there was 
no significant difference in the number of times that birds dropped silenced and control 
M. gracilis (t71 = –1.696, P = 0.214). 
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The proportions of each prey type handled by birds were nearly the same (Fig. 3d), as 
were the proportions of each prey type killed by birds (Fig. 3e). Birds killed every prey 
item that they handled. While birds then consumed every mealworm that they had han-
dled, they consumed only approximately 45% of silenced M. gracilis and 35% of control M. 
gracilis (Fig. 3f). There was no significant difference in the proportion of silenced and con-
trol M. gracilis consumed by birds (χ21 = 0.724, P = 0.395). 
 

 
 

Figure 3. Laboratory predator-prey interactions with blue jays, Cyanocitta cristata (N = 4 
individuals) with stridulation-silenced and control (sham-treated) female Micrathena gra-
cilis, and mealworms as a positive control for hunger motivation (N = 20 stridulation-
silenced M. gracilis, 20 control M. gracilis, 40 mealworms). (a) Blue jay in testing cage with 
female M. gracilis in feeding cup. (b) Latency to attack and (c) handling time of each prey 
type. Box plots show 25% and 75% quartiles (boxes), medians (lines in the boxes), outer-
most values within the range of 1.5 times the respective quartiles (whiskers) and outliers 
(circles). Treatments sharing the same letter did not differ significantly (P > 0.05). Propor-
tion of M. gracilis prey in silenced and control groups versus the proportion of mealworm 
prey that were (d) handled, (e) killed, or (f) killed and eaten by blue jays. 

 
Experiment 3: Field Mark-Recapture Study 
 
Survival and resighting estimates 
Using AICc model selection, we found that the best model for estimating survival of adult 
female M. gracilis specified weekly survival probability as a function of spider mass at cap-
ture, with survival probability varying at each time step (Table 1). We found no support 
for models including treatment group, nor stridulation rate, in estimating survival 
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probability. In other words, we found no support for differences in survival between si-
lenced and control M. gracilis. Survival continually decreased after week 3 of the experi-
ment, until we only found 6 of 116 marked M. gracilis during week 7 surveys (Fig. 4a). 
 

Table 1. Cormack-Jolly-Seber models for estimating survival and resighting probabilities of adult female M. gracilis in stridulation-
silenced (N = 57) and control (N = 57) treatment groups across a 7-week mark-recapture study 

Probability 
estimate 

Time 
step Group Mass Length 

Condi-
tion 

Strid. 
rate AICc ΔAICc 

AICc 
weight 

Model 
likelihood N Deviance 

Survival  —  — — — 840.74 0 0.843 1 13 814.1 
  — —  — — 845.49 4.74 0.079 0.093 13 818.8 
  — — — — — 846.54 5.8 0.046 0.055 7 832.3 
  — — —  — 847.33 6.58 0.031 0.037 13 820.7 
  — — — —  854.32 13.58 0.001 0.001 13 827.6 
   — — — — 857.63 16.88 0 0.0002 13 831.0 
    — — — 864.31 23.57 0 0 25 811.9 
   —  — — 867.74 26.99 0 0 25 815.3 
   — — —  875.61 34.87 0 0 24 825.4 
 — — — — — — 911.68 70.94 0 0 2 907.7 
 —  — — — — 913.51 72.76 0 0 3 907.5 
 —  — — —  916.55 75.81 0 0 5 906.4 
 —   — — — 917.21 76.47 0 0 5 907.1 
 —  —  — — 917.4 76.66 0 0 5 907.3 
 —  — —  — 917.42 76.67 0 0 5 907.3 

Resighting  — —  — — 840.1 0 0.280 1 22 794.2 
 — — — — — — 840.74 0.65 0.203 0.724 13 814.1 
 —  —  — — 841.47 1.37 0.141 0.504 16 808.5 
  — — — — — 842.08 1.98 0.103 0.370 16 809.1 
 —  — — — — 842.8 2.7 0.072 0.259 14 814.0 
  — — —  — 842.88 2.78 0.070 0.249 22 797.0 
 —  — —  — 844.08 3.98 0.038 0.137 16 811.1 
   —  — — 844.26 4.16 0.035 0.125 28 785.2 
 —  — — —  846.18 6.08 0.013 0.048 16 813.2 
  — — — —  846.24 6.14 0.013 0.046 21 802.5 
 —   — — — 846.72 6.62 0.010 0.036 16 813.7 
   — —  — 847.49 7.39 0.007 0.025 28 788.4 
   — — —  848.01 7.91 0.005 0.019 26 793.4 
   — — — — 848.09 7.99 0.005 0.018 20 806.5 
  —  — — — 848.45 8.35 0.004 0.015 22 802.6 
    — — — 862.48 22.38 0 0 30 798.9 

Parameters can be estimated as a function of time steps across sampling weeks, treatment group and/or individual covariates. Check marks 
indicate columns where parameter estimates are a function of a given predictor. We first evaluated models for predicting survival estimates 
while holding the resighting parameter constant across time and treatment group, without including individual covariates. We then kept the 
survival estimate structure of this top model constant while evaluating a model structure for estimating resighting probability. See Methods 
for details. N = number of model parameters. Bold rows represent the top-ranking model structures for estimating the survival and resighting 
parameters. 
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We found four model structures with similar support (within ΔAICc < 2; Anderson, 
2008) for estimating the resighting probability of M. gracilis in our study (Table 1). We re-
port weekly resighting probabilities from the best model (Fig. 4b), which were a function 
of spider body size. The size of confidence intervals increased throughout the course of the 
study. 
 

 
 

Figure 4. The weekly (a) survival probability and (b) resighting probability of marked 
adult female Micrathena gracilis (N = 114 spiders) in a 7-week mark-recapture study, as 
estimated using our best supported Cormack-Jolly-Seber model (see Table 1). Both 
weekly survival probability and resighting probability were estimated at each time step 
(moving from one week to the next week in our mark-recapture study). Weekly survival 
probability was a function of spider mass at first capture, while weekly resighting proba-
bility was a function of spider body size. We present weekly survival and weekly resight-
ing probability estimates based on the 25th, 50th, and 75th quantiles of (a) spider mass 
and (b) spider body size, respectively, while holding all other covariates at their median 
values. Survival probability for the final study time step (time step 6) could not be esti-
mated using Cormack-Jolly-Seber models. 

 
Stridulatory behavior 
Only 45.6% of adult female M. gracilis stridulated within 5 s of being captured from their 
webs (N = 52 of 114 spiders). The mean ± SD stridulation rate for spiders that stridulated 
was 1.1 ± 0.78 pulses/s. We found no effect of spider mass on the probability of stridulation 



C O R E Y  A N D  H E B E T S ,  A N I M A L  B E H A V I O U R  1 6 9  (2 0 2 0 )  

20 

(χ21 = –0.143, P = 0.705) or on stridulation rate for spiders that stridulated (F1,113 = 0.833, P = 
0.366). 
 
Discussion 
 
We provide the first formal description of the acoustic and behavioral properties of strid-
ulation in adult female and male M. gracilis, and the first tests of its long-hypothesized 
antipredator defense function. We found that stridulation produces broadband frequency 
spectra that are similar between individuals, but that individuals differ in the probability 
of stridulating, latency to stridulating, and rate of stridulating in response to a simulated 
predator attack. Although these findings are consistent with defensive sounds in other an-
imals (Masters, 1980), our laboratory and field experiments found no support for an anti-
predator defense function of stridulation. We found no differences in attack or kill rates 
between silenced and control spiders in live predator-prey laboratory trials with blue jays, 
and in our field-based mark-recapture study, we found no differences in survival between 
silenced and control M. gracilis. While our results do not necessarily rule out a potential 
antipredator defense function of stridulation, we suggest that stridulation could function 
in conjunction with other potential defenses in adult female M. gracilis—specifically, their 
thickened and spined abdominal cuticle. 

Given the legacy of adult female M. gracilis stridulation in the literature, not only were 
our experimental results surprising, but so was the nature of stridulation itself. In the first 
description of stridulation and stridulatory organs in M. gracilis, Hinton and Wilson (1970) 
stated, quite strikingly, “the sound produced by M. gracilis is audible to humans at a dis-
tance of about two feet.” This is rather substantial, especially given that adult M. gracilis 
themselves may be at most 10 mm long. Uetz and Stratton (1982) later noted that M. gracilis 
stridulation is robust enough to startle human observers. It was unclear, however, whether 
this startling was due to the “feel” of stridulation in one’s fingers, or the loudness of the 
sound itself through air. In contrast to these earlier reports, we needed to hold all of the 
spiders in our current study immediately next to an observer’s ear in order for stridulation 
to be heard. This includes spiders from our main study site as well as from female M. gracilis 
collected from neighboring sites in Nebraska and from more distant sites in southwestern 
Kentucky and Mississippi (T. B. Corey, personal observation). Following experience with 
multiple stridulating spiders, we could better recognize when individuals were stridulat-
ing by the vibrations felt through one’s fingers or by watching spiders flick their cephalo-
thoraxes while stridulating. The spiders described by Hinton and Wilson (1970) were 
collected from Mexico, suggesting that the intensity of stridulation by adult female M. gra-
cilis may vary between populations. 

Why we observed such dramatic differences in the robustness of stridulation compared 
to previous studies is unclear. Female M. gracilis sampled in prior studies differed in size 
from the spiders that we observed, which could explain differences in the acoustic prop-
erties of stridulation (Bennett-Clark, 1998). Female M. gracilis are also polymorphic in col-
oration in some parts of their range (Bradley, 2012), which may affect acoustic properties 
of stridulation if these traits function together in defense (see below). Since M. gracilis can 
be found in eastern North America from as far north as Maine to as far south as Panama 
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(Levi, 1978), future studies could investigate whether differences in local environmental 
factors (e.g., presence and abundance of different predator types) across this broad geo-
graphical range affect differences in selection on potential antipredator defenses (Large & 
Smee, 2013; Toju & Sota, 2006). 

Adult female M. gracilis from within our study population varied in their probability 
of stridulating, latency to stridulating, and rate of stridulating in both our laboratory and 
field assays.We explored whether the correlation between spider mass at capture and sur-
vival in our mark-recapture study could explain some aspects of stridulatory behavior in 
our field and laboratory assays and found no support for a relationship between size and 
stridulatory behavior. Stridulatory behavior could instead vary with other traits that we 
did not quantify in this study. In other animals, for example, stridulation and similar mech-
anisms of sound/vibration production function in conjunction with other putative defense 
traits, such as conspicuous and/or cryptic coloration, armored body parts, and/or chemical 
defenses (Rowe & Halpin, 2013). Therefore, rigorously quantifying between-individual 
variation in traits such as coloration, spination, abdomen sclerotization, and abdomen 
shape and linking these traits to predator-prey interactions and stridulatory behavior could 
provide a more holistic understanding of potential antipredator defense in M. gracilis. 

When using captive blue jays as predators, we found no significant differences in sur-
vival and handling time of adult female M. gracilis given stridulation-silencing or control 
treatments. In fact, the number of M. gracilis in each treatment group that were killed and 
eaten by these birds were similar. From this, we may conclude that stridulation alone does 
not increase the probability that adult female M. gracilis survive an encounter with a blue 
jay and may not affect survival during predator-prey interactions with similar avian pred-
ators in nature. However, we recognize several important aspects of the design of this la-
boratory experiment while interpreting our results. 

First, M. gracilis are orb-weaving spiders, and in the laboratory these spiders were pre-
sented without their webs. Webs can function as an early warning system for spiders of 
predator attack (Cloudsley-Thompson, 1995), and the posture and orientation of M. gracilis 
on their webs may limit the extent to which avian predators can attack from an effective 
angle (Levi, 1978). Second, despite filming all trials with a macro lens, we could not directly 
observe M. gracilis stridulating, or attempting to stridulate, at any point in the experiment. 
Therefore, the possibility exists that M. gracilis did not (or could not) stridulate when at-
tacked by birds. If so, then we should expect no differences in survival between silenced 
and control M. gracilis, as we observed in this experiment. Third, the beeswax applied to 
M. gracilis could have rendered the spiders unpalatable to birds and made the birds less 
likely to consume the spiders. However, we observed similar proportions of M. gracilis 
consumed relative to those killed by blue jays during subsequent experiments in which we 
did not apply beeswax to spiders (T. B. Corey, personal observation). Given these qualifi-
cations with our laboratory experiment, our results clearly show that there were no differ-
ences in survival between silenced and control adult female M. gracilis with blue jays as 
predators. 

Regardless of how stridulation may or may not function in predator-prey interactions, 
our laboratory observations suggest that adult female M. gracilis may be unprofitable prey 
for avian predators, and perhaps for other predator types, in nature. Given that we 
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observed each blue jay repeatedly pick up and drop most M. gracilis multiple times onto 
the cage’s feeding cup or perch, M. gracilis require extensive handling for birds to consume. 
For example, birds often handled M. gracilis for over a minute before consuming or aban-
doning them, while they consumed each mealworm in a matter of seconds. Although cap-
tive blue jays killed nearly all M. gracilis prey that we presented to them (N = 37 of 40), they 
consumed less than half of those M. gracilis after killing them (N = 16 of 37). Those spiders 
that were abandoned after being killed had their abdomens flattened and/or pierced, but 
otherwise their cuticle was intact. 

In addition, we recorded one instance during trials where a blue jay regurgitated the 
cuticle of a M. gracilis shortly after consuming it e and then proceeded to pick apart the 
cuticle further before consuming it again. These results are perhaps unsurprising, given 
that adult female M. gracilis have spiny, sclerotized abdomens. In fact, in the only direct 
natural observation (to our knowledge) of predation by a bird on a spiny orb-weaving 
spider, Gasteracantha fornicata, the bird consumed the underside of the abdomen but then 
left the thickened, dorsal abdomen cuticle behind (T. E. White, personal communication). 
Furthermore, we know nothing of potential chemical defenses in Micrathena, which might 
render them unpalatable or otherwise unprofitable to predators. Having chemical defenses 
could also help explain why so few M. gracilis that had been killed were actually consumed 
by blue jays (Caro & Ruxton, 2019). Together, these findings suggest that adult female M. 
gracilis possess some combination of traits that could render them unprofitable compared 
to alternative prey in nature. 

Interestingly, we also found no effect of stridulation treatment, nor individual stridulation 
rate, on the survival of adult female M. gracilis under natural conditions. Using Cormack-
Jolly-Seber open design models, we found that the best model estimated survival proba-
bility varying over time, with spider mass at capture affecting the survival probability at 
each time step, while resighting probability remained constant. However, the effects of 
mass on survival over time are not immediately clear (Fig. 4a), likely due to the fact that 
we measured mass only when first capturing, marking, and releasing an individual spider 
because of sampling constraints.We also did not find any correlation between spider mass 
and stridulatory behavior in our field and laboratory assays, so an effect of spider mass on 
survival is unlikely to be a consequence of an effect of mass on stridulation. 

We did find a gradual decline in weekly survival probability over the course of our 
study, which aligns with the phenology of M. gracilis at our field site. Our study began 
following the peak of mating and lasted until the end of the reproductive season, after 
which adult females die (Bukowski & Christenson, 1997b; T. B. Corey, personal observa-
tion). The lack of differences in survival probability between silenced and control spiders 
is further evidence that our experimental manipulations did not influence natural survival. 
We found three different model structures for estimating resighting probabilities that were 
within ΔAICc < 2 of a fourth, top model. The resighting probability estimates that we re-
port—estimated at each time step, with an effect of spider body size (Fig. 4b)—had increas-
ingly large confidence intervals over time. Meanwhile, the second best model (ΔAICc = 
0.65) held resighting probability constant across time steps and treatment groups. Even 
with this lack of consensus on this aspect of model structure, our results still found no 
support for stridulation treatment group and/or stridulation rate affecting spider survival 
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over time. Therefore, we feel confident in the validity of this negative result and interpret-
ing it in its biological context. 

Field studies have demonstrated that the direction and magnitude of selection from 
predators on conspicuousness (and potentially other antipredator defense traits in general) 
of univoltine (i.e., one generation of offspring per year) prey can change over the course of 
the prey’s reproductive season, in response to training periods wherein predators learn to 
avoid unprofitable prey (Mappes, Kokko, Ojala, & Lindström, 2014). Our laboratory ex-
periment with blue jay predators suggests that adult female M. gracilis may be unprofitable 
prey. Since our field study ran during the latter half of the M. gracilis breeding season, adult 
females were mature and presumably had been interacting with potential predators for at 
least 1 month at our field site before the study began (T. B. Corey, personal observation). 
Therefore, if adult female M. gracilis are aposematic to relevant predators, and if recogni-
tion and avoidance of prey is based on visual cues alone, all adult female M. gracilis in a 
population should be avoided regardless of whether they can stridulate or not following a 
training period for predators (Mappes et al., 2014). In other words, predators in the field 
may have already learned to avoid M. gracilis, in which case we would not expect to see 
differences in survival between our treatment groups. Similarly, sympatric predators 
could have already learned to anticipate and circumvent a potential defensive behavior 
(Umbers et al., 2019) and would therefore kill sham-treated and silenced M. gracilis with 
similar effort, again leading the expectation of no difference in survival between silenced 
and control adult female M. gracilis. Performing controlled studies of potential predator 
learning toward M. gracilis prey (Rojas, Mappes, & Burdfield-Steel, 2019; Taylor, Amin, 
Maier, Byrne, & Morehouse, 2016) or assaying wild predator behavior toward adult female 
M. gracilis over different points of the season (Mappes et al., 2014; Taylor, Maier, Byrne, 
Amin, & Morehouse, 2014) would allow us to tease apart these alternatives. 

While many questions remain open, finding their answers might help explain how and 
why we find such great interspecific variation in putative defense across Micrathena. That 
is, adult females across the genus Micrathena differ in size, coloration, spination, and mi-
crohabitat use—traits that are all known to affect the frequency and outcome of predator-
prey interactions in other systems (Ruxton, Allen, Sheratt, & Speed, 2018). Interestingly, 
adult female M. gracilis lack the red, yellow, and/or orange coloration and elongated ab-
dominal spines found in adult females of many other Micrathena species, which have also 
been hypothesized to function in antipredator defense (Magalhães & Santos, 2012; Peck-
ham, 1889). However, adult female M. gracilis should otherwise be conspicuous to visual 
predators, given that they build large webs in open spaces during the daytime (Biere & 
Uetz, 1981; T. B. Corey, personal observation). Notably, only adult females of M. gracilis 
and its sister species Micrathena horrida have widely spaced book lung cover ridges (I. L. F. 
Magalhães, personal communication; Magalhães & Santos, 2012), which in M. gracilis 
forms the stridulatory organ. All other Micrathena have either narrowly spaced book lung 
cover ridges or smooth book lung covers. Using our laboratory assay, we have collected 
preliminary data showing that sympatric Micarthena species that differ in book lung cover 
morphology from M. gracilis do not stridulate or perform similar body movements when 
grasped (see Appendix). Therefore, Micrathena species that differ in morphologies with 
putative antipredator defense functions may also differ in behavior. 
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Ultimately, we found little empirical support for the long-hypothesized antipredator 
function of stridulation in adult female M. gracilis. Stridulation could function in other be-
havioral contexts (although it has never been reported in numerous studies of M. gracilis—
see Introduction), or it may not have any current function in M. gracilis (Stankowich, 2011). 
However, many aspects of stridulation, when considered in context of other potentially 
relevant traits in female M. gracilis, bear similarities to well-studied prey that are aposematic 
and/or use startle (i.e., deimatic) displays (Rowe & Halpin, 2013; Umbers et al., 2017). There-
fore, we advocate that any future studies consider stridulation by adult female M. gracilis 
along with conspicuousness to visual predators and the potential defenses afforded by spina-
tion and sclerotization of the abdomen. Future research on stridulation in male M. gracilis 
could consider how the absence of these putative physical defenses impact the potential 
function(s) of stridulation. Such studies should explicitly examine potential mechanisms 
through which these traits, individually and collectively, impact the frequency and out-
comes of predator-prey interactions. Future studies with different predator types will also 
allow us to determine whether putative defenses differ in their effectiveness against dif-
ferent predators (Corey, 2020; Fabricant & Smith, 2014). We propose that such studies will 
shed light on how a trait that is potentially novel in origin but convergent in function arose 
in this lineage of Micrathena. More broadly, this work would serve as a foundation for 
studying the evolutionary causes and ecological consequences of antipredator defense trait 
diversity through a speciose and geographically widespread taxon. 
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Appendix 
 
Potential Predators of Micrathena gracilis 
Despite many hours of field observations made during the course of this study, we never 
directly observed predation on M. gracilis in nature. This also includes 65 h of focal video 
recordings of female M. gracilis on webs made during mark-recapture surveys. Therefore, 
our best inferences for potential predators of M. gracilis come from anecdotes and extrap-
olations from studies/observations on related spider groups. We describe our justification 
for using blue jays as a candidate avian predator in the Introduction. Micrathena are found 
noticeably less often, if at all, in the nests of several species of spider-specialist mud-dauber 
wasps, even in areas where Micrathena are abundant (Gonzalez & Vasconcellos-Neto, 2005; 
Muma & Jeffers, 1945). The elongated abdominal spines of Micrathena are hypothesized to 
have evolved under selection from mud-dauber wasp predators as an antipacking mecha-
nism (i.e., to make spiders difficult/inefficient to provision to larvae developing in mud 
nest cells; Elgar & Jebb,1999; Magalhães & Santos, 2012). On the other hand, some species 
of mud-dauber wasp in the genus Sceliphron appear to specialize on Micrathena prey in 
some areas (Sceliphron spp.: Gonzalez-Bustamante, 1994; Sceliphron fistularium in Brazil: 
Camillo, 2002). We observed a jumping spider (Paraphidippus aurantia) preying on an adult 
female M. gracilis under seminatural conditions (a field enclosure at our field site), and 
jumping spiders are known to prey on other species of orb-weaving spiders (Seah & Li, 
2001). Micrathena gracilis might also be potential prey for mammals and reptiles that prey 
on small arthropods, such as mice (Olofsson, Jakobsson, & Wiklund, 2012) and lizards 
(Schoener & Toft, 1983). 
 
Validation of Sham and Silencing Treatments 
We validated our sham- and stridulation-silencing treatments using nail polish following 
the same protocol for our laboratory stridulation assay described in the main text. We first 
conducted preliminary trials to confirm that applying nail polish to the book lung covers 
was sufficient to silence sound production from stridulation. We held spiders (N = 5) by 
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hand next to a microphone (Sennheiser ME 64, with a TASCAM DR-05 audio recorder) 
and visually confirmed whether they performed the movements associated with stridula-
tion. We then listened to audio recordings to confirm that no sound had been produced 
for those spiders that we had observed attempting to stridulate. We repeated this process 
with control spiders (nail polish applied to the posterior abdomen, N = 5) to confirm that 
spiders attempted to stridulate and still produced the sound associated with stridulating. 
Furthermore, we kept spiders in individual deli dishes lined with moist paper towel for 24 h 
immediately following application of nail polish to observe adverse effects on behavior or 
health of M. gracilis. 

We later validated our treatments using our laboratory assay for quantifying stridula-
tory behavior and acoustics as well. Adult female M. gracilis given our sham and silencing 
treatments (N = 12 sham, 12 silenced) could still attempt to stridulate. We observed natural 
sound production from control spiders, and limited, if any, sound production from si-
lenced spiders. There was no significant difference in the presence of stridulation in un-
treated, silenced, and control (sham-treated) M. gracilis in our laboratory assay (binomially 
distributed generalized linear model: χ22 = –2.883, P = 0.24). In fact, the proportions of si-
lenced and control M. gracilis that stridulated were the same (5 of 12 individuals per treat-
ment). 

We also confirmed that sham- and stridulation-silencing treatments using beeswax (for 
our laboratory predation experiment with blue jays) were effective and harmless to M. gra-
cilis. As with our nail polish–based treatments, we found that silenced spiders indeed per-
formed the movements associated with stridulation but did not produce sound, but control 
spiders produced the sounds and movement associated with stridulation. Therefore, in 
our laboratory and field experiments, there should be no differential effects on stridulatory 
behavior per se between sham and silenced treatment groups—only the production of 
sound and vibrations via stridulation should be affected. 
 
Stridulation Laboratory Assay with Micrathena sagittata and Micrathena mitrata 
We repeated our laboratory assay for stridulatory behavior to explore whether Micrathena 
that differ in book lung cover morphology (part of the stridulatory organ in M. gracilis) 
also differ in their ability to stridulate. We collected adult female M. sagittata and M. mitrata 
from Oxford, Mississippi, USA. These congeners can be found sympatrically with M. gra-
cilis in the continental United States in multiple parts within each species’ range (Levi, 
1978). Micrathena sagittata do not have ridges on their book lung covers, so we predicted 
that they would not stridulate nor produce any movements associated with stridulating. 
Micrathena mitrata have narrowly spaced book lung cover ridges, so we considered it pos-
sible that they could stridulate but predicted that it would differ qualitatively from strid-
ulation in M. gracilis if they could. Along with M. gracilis, which has widely spaced book 
lung cover ridges (Magalhães & Santos, 2012), these species represent the three categories 
of book lung morphology that have been described within Micrathena (Magalhães & San-
tos, 2012). None of the M. sagittata (N = 5) and none of the M. mitrata (N = 5) stridulated in 
our laboratory assay. Anecdotally, none of these spiders stridulated when being prepared 
for the assay, or when being handled during the course of other laboratory experiments 
(N = 13 M. sagittata, N = 13 M. mitrata; T. B. Corey & E. A. Hebets, personal observations). 
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Figure A1. Exemplar spectrogram and waveform of stridulation by a male Mi-
crathena gracilis, recorded using a laser Doppler vibrometer. Amplitude units 
were standardized as in Figure 2 (see Methods, Experiment 1, for details). We 
could not adequately record the airborne sound produced by male stridulation 
using a microphone. 

 
Video S1. Laboratory assay of stridulatory behaviour in adult Micrathena gracilis. 
An experimenter applied a tactile stimulus simulating predator attack to indi-
vidual M. gracilis in four regular intervals (see Methods, Experiment 1). Cuticle-
borne vibrations were recorded using a laser Doppler vibrometer into a Focusrite 
Scarlett Solo interface and CaptureSync software. Audio presented here is rec-
orded from the laser Doppler vibrometer. 
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