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Abstract
A fundamental understanding of animal sensory systems is crucial for comprehending their interactions with the environ-
ment and with other conspecifics. However, knowledge gaps persist, particularly in arachnids like the order Solifugae. 
While certain solifuge setae and palpal papillae have been studied structurally and electrophysiologically, providing evi-
dence of chemoreception and mechanoreception, the sensilla on their walking legs remain unexplored. Notably, elongated 
sensilla on the femur and tibia of the 4th walking legs resemble trichobothria in other arachnid orders yet their function 
remains unknown. Thus, this study investigates whether these sensilla serve a mechanosensory function. Using electro-
physiological and behavioral assays on Eremobates pallipes (Eremobatidae), we assessed the response of the elongated 
4th leg sensilla to– (i) air particle movement and– (ii) air pressure changes. Air particle movement stimuli were generated 
using a speaker placed in the near field of the elongated sensilla that emitted low-frequency pure tones (10–1000  Hz). 
Air pressure stimuli involved forceful blowing on the sensilla. No response to air particle movement was observed, but 
a mechanosensory response to air pressure stimuli was detected. Electrophysiological data identified a fast-adapting and 
fast-recovering cell, and behavioral observations revealed a startle response. Our electrophysiology results suggest a 
mechanosensory role of elongated sensilla on the 4th walking legs of solifuge, indicating that although they are not sensi-
tive enough to detect air particle movement stimuli, they can receive and respond to air pressure stimuli. Our behavioral 
experiments similarly show that these sensilla are not sensitive enough to detect air particle movement but respond to 
more forceful mechanosensory stimuli.

Keywords  Air particle movement · Nearfield sound · Mechanoreception · Camel spider · Predator avoidance · Sensory 
ecology
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Introduction

Animals receive information from both their environment 
and other animals (e.g., conspecifics, heterospecifics, prey, 
predators) using a combination of sensory systems (Rowe 
1999; Bradbury and Vehrencamp 2011; Hebets 2011; 
Higham and Hebets 2013). Specific sensory systems are often 
specialized for distinguishing stimuli of particular physical 
form - e.g., light, airborne chemicals, surface chemicals, 
pressure waves, etc. (Hebets and McGinley 2019). Recep-
tion of these stimuli provides animals with information that 
may be used in decision-making regarding foraging, mate 
finding, or that evoke anti-predator behavior, among others. 
Despite their importance, however, much remains unknown 
regarding the sensory capacities of numerous common, yet 
overlooked and understudied, organisms. Arachnids are one 
such group where fundamental revelations regarding sen-
sory capabilities await discovery.

There are well over 110,000 species of arachnids (class 
Arachnida) (Agnarsson 2023) encompassing animals with 
diverse lifestyles (e.g., free-living, ectoparasites), living in 
distinct environments (e.g., leaf-litter; underwater; aerial), 
and engaging in often-unique behavior (e.g., net-casting; 
spitting silk/glue) (Yeargan 1975, 1994; Alberti and Zeck-
Kapp 1986; Hebets and Chapman 2000; Beccaloni 2009; 
Stafstrom et al. 2020). Consequently, arachnids possess 
diverse and often taxon-specific sensory structures - e.g., 
elongate antenniform legs of amblypygids (Santer and 
Hebets 2011a), enlarged anterior median eyes of jumping 
spiders (Harland and Jackson 2002), pectines of scorpi-
ons (Foelix and Müller-Vorholt 1983; Gaffin and Brownell 
1997a; Wolf 2017), slit sensilla or lyriform organ in vari-
ous arachnids (Pringle 1955; Brownell 1977; Barth and 
Bohnenberger 1978; Brownell and Farley 1979; Young et 
al. 2016) and malleoli of solifuges (Brownell and Farley 
1974), among others. While the sensory structures in many 
arachnids have been studied, ongoing investigations con-
tinue to uncover new functions. For example, amblypygid 
antenniform legs are not only sensory structures capable of 
receiving olfactory (Hebets and Chapman 2000; Hebets et 
al. 2014) and tactile information (Santer and Hebets 2011b), 
but they also produce air particle displacement, or air-borne 
vibrations, used for communication during agonistic inter-
actions (Fowler-Finn and Hebets 2006; Santer and Hebets 
2008, 2011a). Net-casting spiders can ‘hear’ airborne vibra-
tions of flying insects from up to 2 m away using vibration 
sensors on the tips of their legs (Stafstrom et al. 2020); the 
orb-weaving spider Argiope bruennichi was recently shown 
to smell with sensilla on their legs (Talukder et al. 2025); 
and the antero-lateral eyes of jumping spiders help their 
principal eyes track moving prey, increasing the precision of 
the principal eye (Jakob et al. 2018). These are all examples 

of novel functions discovered in previously studied sensory 
structures. Many arachnid groups, however, possess a vari-
ety of distinct sensory structures whose functions remain 
unknown. In particular, many of the multiple types of arach-
nid sensilla have unconfirmed functions.

Arachnid sensilla are often mechanosensory and/or che-
mosensory, with numerous examples coming from research 
on Cupiennius salei (Barth 2000). Mechanoreception in 
particular is well documented in trichobothria and lyriform 
organs (Barth 2004) and has more recently been shown to 
be important in communications (Rundus et al. 2010; Choi 
et al. 2019; Kundu et al. 2022). Spiders also use mechano-
reception in prey capture (Klärner and Barth 1982; Barth et 
al. 1995; Friedel and Barth 1997) and predator avoidance 
(Suter 2003) as well as for finding mates (Gibson and Uetz 
2008; Kundu et al. 2022). Given the demonstrated impor-
tance of mechanoreception in the lives of numerous spiders 
(Foelix and Chu-Wang 1973; Barth 2000, 2004; Suter 2003) 
and other arachnid orders (amblypygids Fowler-Finn and 
Hebets 2006; Santer and Hebets 2008, 2011a), we hypoth-
esize that the extraordinarily long sensilla on an understud-
ied relative - Order Solifugae - also has a mechanosensory 
function. Given their length and superficial similarity with 
trichobothria, we hypothesize that these hairs may even 
function to detect air particle movement, or near-field sound 
(Rundus et al. 2010; Choi et al. 2019; Kundu et al. 2022).

Solifuges are a fascinating group of arachnids that vary 
in appearance, particularly related to body size and “hairi-
ness” (Hewitt 1935; Punzo 1998; reviewed in Hebets et al. 
2023). Over 1,200 species of solifuges have been identified 
worldwide and they are found predominantly in xeric envi-
ronments on all continents except Antarctica and Austra-
lia (Schmidt 1993; Beron 2018; reviewed in Hebets et al. 
2023). While these strong-jawed and fast-moving predators 
(Linsenmair 1968; Wharton 1986; Punzo 1998; reviewed 
in Hebets et al. 2023) are adept at both catching prey and 
escaping predators (Punzo 1998; Wharton and Reddick 
2014; reviewed in Hebets et al. 2023), little is known about 
how solifuges acquire, process, and respond to environ-
mental information. Sensorially, solifuges are best known 
for their malleoli, or racquet organs (Brownell and Farley 
1974) which are present on the 4th pair of walking legs 
and function in detecting chemical signals (Brownell and 
Farley 1974; Sombke et al. 2019). Despite often being cov-
ered with sensilla of different forms, lengths, and presum-
ably, function (Cushing and Casto 2012), few studies have 
explored these sensilla. Only one study to date has exam-
ined the form and function of the sensilla (termed setae/
papillae) on solifuge pedipalps. The distal pores on the setae 
suggested a function in chemoreception (Cushing and Casto 
2012). Transmission electron microscopy (for structure) 
followed by electrophysiology (for function) confirmed a 
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mechanosensory function of these papillae (Cushing et al. 
2014) with a possibility of chemoreception. The numerous 
additional sensilla on the walking legs of solifuges remain 
unstudied, including the extraordinarily elongated sensilla 
that are the focus of this study.

The extremely elongated sensilla on the 4th walking 
legs of some solifuges (Fig.  1) superficially resemble the 
trichobothria sensory sensilla found in most other arach-
nid orders. Consequently, some authors have cited the long 
hairs of solifuges as trichobothria (Cloudsley-Thompson 
1961; Shultz 1990; Selden and Shear 1996). Although 
these sensilla feature a socketed base, they differ from true 
trichobothria due to the lack of a distinct bothrium (cup-
shaped cuticular structure), which makes them structurally 
different (Shultz 1990; Barth and Holler 1999). The absence 
of trichobothria is shared with arachnid orders Opiliones 
and Ricinulei (Reissland and Görner 1985), as well as Para-
sitiformes (Lindquist 1984). Although the relationship of 
Solifugae to other arachnid orders has remained ambigu-
ous, the majority of more recent studies leveraging genetic/
genomic data indicate a sibling relationship with Acari-
formes (Alberti and Peretti 2002; Pepato et al. 2010; Dabert 
et al. 2010; Sharma et al. 2014; Ballesteros et al. 2022); a 
group that notably possesses trichobothria. Given the lack of 
robust phylogenetic placement for Solifugae, it is unclear if 
these elongated sensilla represent modified, homologous, or 
analogous structures relative to trichobothria. Further, since 
these sensilla have thus far avoided physiological investiga-
tion, no functional, anatomical, or physiological data exist 
to inform hypotheses on their evolutionary relationship to 
trichobothria. Consequently, establishing even a basic/fun-
damental understanding of solifuge sensory ecology will 

greatly expand the breadth and depth of future behavioral, 
ecological, and evolutionary understanding.

We are not the first to be intrigued by the extraordinarily 
long leg sensilla of solifuges, which can be more than twice 
as long as the trichobothria in other arachnids with respect 
to body length (Barth et al. 1993; Weygoldt 2000). Numer-
ous early authors noted their abundance (Bernard 1896; 
Barrows 1925; Hilton 1932) and a potential function in prey 
capture was first explored by Bolwig in the 1950s (1952). 
He found no effect of removing the elongated sensilla from 
the pedipalps, but the removal of the elongated sensilla from 
the first leg or the entire body reduced foraging capacities 
(Bolwig 1952). In 1968, solifuges were again noted to pos-
sess long, fine sensilla sensitive to the slightest touch, but 
their function was, and still is, poorly understood (Grasse 
1968). Conversely, the trichobothria of spiders are well 
known to facilitate the detection of air particle movement 
(Barth 2002), which is important in environmental inter-
actions such as predator avoidance (Suter 2003) and prey 
capture (Friedel and Barth 1997), among others. Similar to 
spiders, solifuges are also both predators and prey (e.g., to 
birds, bats, etc.; Arlettaz et al. 1995; Anderson et al. 1999; 
Catenazzi et al. 2009) and could thus also benefit from 
detecting air particle movement. The structural similarity of 
the elongated sensilla to that of trichobothria as well as their 
similar predator/prey lifestyle lead us to ask the following 
question: can these elongated sensilla also detect air particle 
movement (i.e. movement of air particles in the near field 
of the animal)? To answer our question, we employed both 
electrophysiological and behavioral approaches.

Electrophysiological analyses have been very useful in 
understanding the biology of signal reception by arachnid 
sensory structures. The dorsal tarsal organs of sand scor-
pions (Smeringurus mesaensis), for example, were shown 
to be sensitive to humid air stimuli by electrophysiology 
(Gaffin et al. 1992). Electrophysiological studies have also 
revealed synaptic interactions between sensory neurons 
in peg sensilla on the pectines of scorpions (S. mesaensis, 
Hadrurus arizonensis, Centruroides vittatus), which are 
likely involved in the processing of chemical informa-
tion (Gaffin and Brownell 1997a, b; Gaffin 2002; Gaffin 
and Shakir 2021). Furthermore, while performing electro-
physiological studies on the tarsi of antenniform legs of an 
amblypygid (Phrynus pseudoparvulus), it was found that 
sensilla on these legs were responsive to a vast number of 
chemicals, confirming an olfactory function (Hebets and 
Chapman 2000). Building from these arachnid electrophys-
iology studies, we adapted similar techniques to broaden 
our understanding of the sensory function of the elongated 
sensilla on the 4th walking legs of solifuges. Using elec-
trophysiology in addition to behavioral observations, we 
explored the sensitivity of these sensilla to two different Fig. 1  Solifuge (Eremobates pallipes) (arrows point to two elongated 

sensilla on femur and tibia of right 4th walking leg)
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We used extracellular electrophysiology to record the 
electrical signature of cells at the base of individual sen-
silla and the responses of the solifuges to various stimuli. 
Out of the 12 available animals, we collected reliable data 
for air particle movement and air pressure stimuli from five 
(Table 1). We have shown two sets of representative data 
for each experiment in this study. As electrical signals vary 
amongst different cells of an animal and between animals, 
we have not combined the recording data from different ani-
mals or different sensilla.

To analyze the elongated sensilla deflection and behav-
ioral responses to different stimuli, we collected two soli-
fuges (Eremobatidae, species unknown due to immaturity), 
from Cedar Point Biological Station in Ogallala, Nebraska, 
USA (41°12’30.7"N, 101°38’45.7"W, 967 masl) between 
July 20 - August 5, 2022, using pitfall traps with bright 
lights (Cushing and González-Santillán 2018). We note that 
these immature solifuges did not display notable differences 
in their elongated sensilla as compared to the mature Ere-
mobates pallipes used in the electrophysiology studies. We 
used these animals to observe (i) elongated sensilla deflec-
tions with a high-speed video camera and (ii) individual 
behavioral responses to stimuli. We conducted these obser-
vations at Cedar Point Biological Station immediately fol-
lowing the capture of the solifuges. After the experiments, 
we placed the individuals in 70% alcohol and deposited 
them in the collection of the Hebets’ laboratory at the Uni-
versity of Nebraska-Lincoln.

Elongate sensilla deflection

To examine the potential mechanical response of the elon-
gated sensilla on the 4th leg to different frequencies of air 
particle movement, we subjected each solifuge to a cool-
ing period in a glass vial for 3–5 min by placing them in a 
refrigerator (-20ºC). Once the solifuge was immobilized, we 

types of mechanosensory stimuli - (i) air-particle movement 
and (ii) air pressure. There has been no previous study on 
the elongated sensilla on the hindlegs of solifuges, espe-
cially using electrophysiology in combination with behav-
ioral tests, thus making this a novel endeavor.

Methods

Study animals

For the electrophysiology studies, we collected 12 soli-
fuges (Eremobates pallipes) near the visitor center of the 
Rocky Mountain Arsenal National Wildlife Refuge, Colo-
rado, USA (39°50’4.23” N, 104°50’21.52” W) between July 
24–26, 2021. We initially housed each individual in a small 
Tupperware container with paper towel bedding that we 
replaced every day. Solifuges were exposed to natural day/
night cycles, and we fed them 1–2 small live crickets (pur-
chased from PetSmart) daily. Immediately prior to the elec-
trophysiology experiments, we sent the solifuges overnight 
to the University of Oklahoma, Norman, OK, USA. Ani-
mals arrived on August 3, 2021, and we conducted experi-
ments from August 4–8, 2021. During this time, we housed 
the solifuges in small plastic containers (diameter: 11 cm, 
height: 10  cm) with mesh lids. We filled the containers 
about halfway with sand and added a few small rocks. We 
fed each solifuge one ~ 1.3 cm live cricket (Gryllodes sigil-
latus from Ghann’s Cricket Farm) each day. Solifuges have 
poor survival in captivity (Cushing et al. 2014) and when 
the animals naturally expired, we put them in 70% ethanol. 
We retained the preserved specimens in the collection of the 
Hebets’ laboratory at the University of Nebraska-Lincoln 
following laboratory policy in the absence of any national 
or University-wide regulations for working with arachnids.

Table 1  Biology of solifuges used in electrophysiological recordings and their recording details. The table contains Animal ID, sex, weight (mg), 
and cephalothorax width (mm) along with the type of stimuli used, # of recordings, and in which figures the data are visualized. The acronyms 
used for stimuli are APM (Air Particle Movement stimuli), AP (Air Pressure stimuli), and PB (Passive Breath stimuli). The acronyms used for the 
location of the sensilla on the 4th pair of legs are LT (Left Tibia), RT (Right Tibia), LF (Left Femur), and RF (Right Femur)
Animal ID Sex Weight (mg) Cephalo-

thorax width (mm)
Type of Stimuli Location of hair # of recordings Data

A Male 110 3.64 APM LT 2 Figure 2
B Female (gravid) 700 5.49 APM LT 1 SI. 7

RT 1 Data not shown
AP LT 3 Figure 3; SI. 9 A

RT 1 SI. 8, 9B
PB RT 3 Figure 4; SI. 10

C Male 480 4.74 APM LF 1 Data not shown
AP LF 3

D Female (gravid) 600 6.47 APM RF 1 Data not shown
E Female 560 5.29 AP LT 1 Data not shown
Note: Not all recording data is visualized in the figures
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abdomen and fourth pair of legs (SI. 1b). Then, we used 
modeling clay to keep the front of the body in place and pre-
vent escape (SI. 1b). We used additional double-sided tape 
as needed to restrain the animal from moving its legs during 
the experiment.

We affixed the slide with the solifuge to the first micro-
manipulator. We positioned the slide under the dissecting 
stereoscope inside the Faraday cage and focused the stereo-
scope on the base of an elongated sensilla on the femur and 
tibia of the left and right fourth pair of walking legs of the 
solifuges (Fig. 1). The sensilla were ~ 2.7–5.0 mm in length. 
We attached a tungsten recording electrode (that was elec-
trolytically sharpened in a 1 M NaNO3 solution) to the Leitz 
micromanipulator. While observing the base of the sensil-
lum under the stereoscope, we manipulated the recording 
electrode using the micromanipulator and pierced the base 
of the sensillum (SI. 1c). We also inserted a small piece of 
silver wire through the cuticle on the femur of either the left 
or right third walking leg to serve as the indifferent elec-
trode to complete the circuit. We used the oscilloscope, the 
Spike2 computer record, and the sound of the signal (using 
a PYLE PTA2 Stereo Power Amplifier attached to a pair of 
small Realistic speakers) to search for consistent spikes (i.e. 
action potentials), which let us determine if the electrode 
was detecting extracellular neural activity from sensillar 
neurons. After the recordings were made, we released the 
animals back into their containers. All experimental animals 
were active and foraging after they were released.

Experimental stimuli

Air particle movement stimuli. We used speakers to introduce 
an air particle movement stimulus (i.e. near field sound) to 
deflect the elongated sensilla. The near field is determined as 
the area closest to the source of the sound, generally within 
less than one wavelength of the sound frequency. With 
the inverse relation between wavelength and frequency, 
and knowledge of the speed of sound (~ 34000 cm/s), we 
determined the wavelength of the frequencies that we used 
(10–1000 Hz). The wavelength of 10 Hz is ~ 3400 cm while 
the wavelength of 1000 Hz is ~ 34 cm. Thus, we placed our 
speaker (DD Audio, DB65A) ~ 10 cm away from the elon-
gated sensilla ensuring near-field range for all frequencies 
used. We used an amplifier (Rolls, PA71plus MicroMix 
Power Amplifier) to connect the speaker to a laptop to play 
the sound files at 74dB, measured using a digital sound level 
(Brand: RadioShack, Model: Digital Sound Level Meter 
33-2055). For the first animal (Table 1, Animal A), we used 
sound frequencies of 10 to 1000 Hz (at 10 Hz increments 
until 300 Hz and then at 50 Hz increments to 1000 Hz) to 
observe any response to air particle movement. In between 
each sound frequency stimulus, there was a gap of one 

positioned it on a microscope slide with modeling clay to 
secure and immobilize the animal while exposing its left 4th 
leg. Subsequently, we placed the solifuge on a granite sur-
face to prevent the transmission of surface-borne vibrations. 
The stimuli were produced following the same methodol-
ogy as the electrophysiology study. We employed a high-
speed camera (Photron Fastcam1024PCI, Model: 100 K) to 
observe the sensilla movement in real-time with a computer 
set-up. We recorded the movement of the sensilla with the 
camera operating at 5000 fps with a shutter speed of 1/5000 
s in all the experimental frequencies (10–1000 Hz).

Air particle movement stimuli. The speaker was posi-
tioned 10 cm from the individual, and we played progres-
sively increasing frequencies 10 to 1000  Hz (at 10  Hz 
increments until 300 Hz and then at 50 Hz increments to 
1000 Hz) at different amplitudes (low: 70–80 dB, medium: 
81–96 dB, high: 100–105 dB). Moreover, we played each 
frequency for 3 s and observed whether the elongated sen-
silla exhibited any movement.

Air pressure stimuli. We (author FC) applied “forceful 
breaths” 20 cm from the immobilized individual narrowing 
our lips to almost a point and letting out a short burst of air 
(less than one second) at different intervals (following the 
air pressure stimuli protocol in the Electrophysiology study) 
to observe the potential deflection of the elongated sensilla 
to a single prolonged burst lasting 5–6  s. In addition, we 
generated a “forced airflow” with a syringe (by activating 
the syringe of 20 cc and pressing gently for a duration of 
5–6 s) also 20 cm from the immobilized individual.

Electrophysiology of sensilla

Experimental setup

The experimental setup was arranged inside a Faraday cage 
placed on a vibration-dampening table (Technical Manu-
facturing Corporation, Peabody, MA, USA, SI. 1a). We 
placed a dissecting stereoscope (Nikon Olympus, 105478) 
inside the cage, with a micromanipulator (World Precision 
Instruments, M3301L) to hold the animal on the left side 
and another micromanipulator (Leitz, 100894) to position 
the electrode on the right side (SI. 1a). We used an ampli-
fier (World Precision Instruments, DAM 80) to amplify the 
signals 1000 times over a bandwidth of 300–3000 Hz, dis-
played them on an oscilloscope (Tektronix, 5A18N), and 
relayed the signals through an analog-to-digital converter 
(CED, Micro3 1401) to a computer. We recorded all elec-
trophysiological responses using Spike2 version 8 (CED).

To prepare a solifuge for electrophysiology, we put the 
animal in the freezer (~ -17.8ºC) in a glass vial for 3–5 min 
so that it became immobile. Following inactivity, we placed 
the animal on a slide with double-sided tape to affix its 
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temperature, and/or olfactory stimuli, we conducted a sec-
ond stimulus set of ‘passive breaths’ to separate out the 
effects of those factors. This also acted as a control to the air 
pressure stimuli. For the passive breath stimuli, we opened 
our mouths wide and let out air in short bursts of around 
one second from ~ 23 cm away. We obtained three sets of 
recordings with the passive breath stimuli from one solifuge 
(Table 1, Animal B).

Analysis of electrophysiology recordings

To analyze our recordings using Spike 2 version 8 (CED), 
we first exported our data as smaller files focusing on each 
individual stimulus or set of stimuli. We then acquired the 
spike patterns from the software for all analyses. Based on 
the similarity in spike waveform shape, we color-coded the 
spikes for each experiment/animal. We sorted shorter and 
taller spikes (different in voltage range) separately (shown 
in the axes, Figs. 2b and 3b, SI. 7b, 8b) to capture all the 
spikes that may have changed shape through sensory adap-
tation. To determine if the solifuge sensilla could detect 
our artificial stimuli, we compared the spike patterns of the 
responses during stimulus presentations to the control peri-
ods (no stimuli present). We compared the ‘average number 
of spikes/s’ (calculated over 30s) between stimuli and con-
trol for the air particle movement stimuli.

For air pressure stimuli, we only showed the response 
spikes without the background spikes. We also performed 
autocorrelations (correlating the time series of an individual 
spike type against itself) and cross-correlations (correlating 
the time series from two different spikes against each other) 
for the responses to air pressure stimuli to explore whether 
the response might be from the same cell (Eggermont 1990) 
(Fig. 3c, SI. 8c). For air pressure stimuli at different inter-
vals, we collected ‘number of spikes/s’ in 1-second bins at 
the beginning of each air pressure stimulus/response at the 
specified intervals. We considered the recording in between 
the sets of stimuli responses as a control (data not shown). 
For the prolonged air pressure stimulus, we collected the 
number of spikes/s for one second before the start of the 
stimulus to four seconds after the start of the stimulus (total 
5 seconds in 100ms bins).

Statistical analysis

We analyzed the data using R version 4.1.2 (R Core Team 
2021). We used the packages tidyverse, ggplot2, rstatix 
(function, pairwise_t_test) and zoo (function rollmean). We 
tested to see if there were any trends in the ‘average num-
ber of spikes/s’ for the control (no sound playing) and each 
of the sound frequency stimuli. We considered the ‘average 
number of spikes/s’ from 10 Hz to 1000 Hz and applied a 

to two minutes where no frequencies were played. These 
parts of the recordings were referred to as the “control”. In 
total, 4 of our solifuges produced a total of six clear sets 
of recordings during our air particle movement stimulations 
(Table 1). We also performed a preliminary behavioral trial 
(SI. 2) with similar parameters.

Air pressure stimuli. We (author PK) used “force-
ful breaths” to introduce an air pressure mechanosensory 
stimulus to deflect the focal elongated sensilla (SI. 3). Our 
choice of using “forceful breaths’’ was driven by reliable 
responses observed in our preliminary tests and the need to 
conduct experiments quickly before the animals expired. 
Time pressure and fragility of these understudied arachnids 
severely limited our experimental options and forced us to 
be creative with air pressure stimuli. To provide comparable 
stimuli across deliveries, a single experimenter (PK) repeat-
edly narrowed their lips to almost a point and let out a short 
burst of air (less than one second) at different intervals. We 
(author PK) also introduced a prolonged burst lasting 5–6 
seconds. Given that the focus of this study was on the poten-
tial to detect stimuli and not on the relationship between 
stimulus characteristics and response, we only needed to be 
sure that our stimulus was indeed capable of stimulating our 
focal sensilla.

To ensure that our “forceful breaths” successfully moved 
the target sensillum, we captured a video (SI. 3) of the sen-
sillum during our forceful breath stimuli and used a Python 
script to capture the deflection of the sensillum (see SI. 4). 
By using a frame-by-frame subtraction method coupled with 
a contour generating algorithm, we documented the moving 
sensillum within a cropped area of the video and visually 
represented the angle of deflection within each frame (see 
SI. 4). Finally, we generated a graph showing the angle of 
sensillum deflection for 10 stimuli extracted from the video 
(see SI. 5).

For some sensilla, we tested the presence/absence of 
responses to the forceful breath stimuli (Table  1, Animal 
B, Animal C, Animal E). For one animal (Table 1, Animal 
B), we systematically tested the response to forceful breath 
stimuli. For Animal B, we introduced the short bursts at 
intervals of three seconds (3s), two seconds (2s), and one 
second (1s). We introduced all stimuli from ~ 23 cm away. A 
complete set of air pressure stimuli included multiple short 
bursts of forceful breath (10–12) at 3s, 2s, and 1s intervals. 
In between the stimuli with different intervals, we adminis-
tered rest periods of 15–30 s. We also performed a prelimi-
nary behavioral trial (SI. 6) with similar parameters.

We used prolonged forceful breath stimuli to determine 
the recovery of the cells. We collected three sets of system-
atic recordings of responses to forceful breath stimuli from 
two separate elongated sensilla in one solifuge (Table  1, 
Animal B). Since our breath stimuli also included humidity, 
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different interval stimuli with the control and with each 
other. The p-values for the combined pairwise t-test were 
adjusted by the Holm method. We used a rolling average 
method (1 second bins) to plot the response to prolonged 
forceful breath stimuli. The rolling average method is used 
to find long-term trends that might be hidden by intermittent 

linear regression trendline. We compared the ‘average num-
ber of spikes/s’ for the control and the frequency stimuli 
with a pairwise t-test.

With the ‘number of spike/s’ collected from Spike2 for 
the response to stimuli at different intervals, we performed 
combined pairwise t-tests to compare the responses to the 

Fig. 2  Lack of response to air particle movement stimuli (Animal A, 
Sensillum location: Left Tibia). (a) Representative electrophysiologi-
cal recordings from a long sensory hair on the tibia of the left 4th leg 
at control (no stimulus), 10 Hz, 50 Hz, 100 Hz, 500 Hz, and 1000 Hz 
(stimuli). The upper traces are the sorted shorter spikes, and the bot-
tom traces are the sorted taller spikes for each. Notice that there are 
no significantly different spikes appearing between the control and 
stimulus and the difference in axes scales. (b) The shorter spikes (Volt-

age: -3/+3.5 mV) are superimposed on the top and the taller spikes 
(Voltage: -20/+20 mV) are superimposed at the bottom. (c) There is 
no significant difference (p = 0.168; ns: not significant) between the 
average number of spikes/s of control and the response to air particle 
movement stimuli. The grey zone around the trendline (slope = 0.0012) 
is a 95% confidence interval. Data recorded at 15,152 samples/s [Note: 
Different colors are assigned to different waveforms and are consistent 
throughout the figure]
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Fig. 3  Phasic mechanosensory response to air pressure stimuli (Ani-
mal B, Sensillum location: Left Tibia). (a) Sample electrophysiologi-
cal responses from an elongated sensillum to short bursts of forceful 
breath separated by (i) 3s, 2s, and 1s intervals and (ii) 4 repetitions of 
prolonged forceful breaths (P1-P3). The upper trace shows the raw 
record while the shorter (S) amplitude spikes (superimposed in (b, left), 
Voltage: -2.5/+2.5 mV) are isolated in the middle trace and the taller 
(T) amplitude spikes (superimposed in (b, right), Voltage: -9/+7 mV) 
are isolated in the lower trace. Only response spikes are shown here. 
(c) Autocorrelation between the taller spikes (T v T), autocorrelation 
between shorter spikes (S v S) and cross-correlation between the taller 
and shorter spikes (T v S) suggesting that the responses are from the 
same mechanosensory cell (T v T y-axis is different from S v S and T v 

S) Arrow indicates origin or zero lag position. (d) There are significant 
differences between the number of spike/s of the control and that of 
the stimulus with different time intervals (control-3s: ****p < 0.0001, 
control-2s: ****p < 0.0001, control-1s: ****p < 0.0001). Adaptation of 
mechanosensory response is observed as the average number of spikes 
decreases with the decreasing time interval with a significant differ-
ence between the 3s and 1s interval stimuli (3s–1s: *p = 0.021). The 
grey circles show the real data points, the rhombuses show the aver-
age, and the error bars are standard deviations. (e) Mechanosensory 
response to prolonged air pressure stimuli shown with a rolling aver-
age (1 s bins) for the 3 repetitions. It shows peak response and recovery 
of the cell due to the stimulus. Data recorded at 15,152 samples/s
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produced by “forceful breaths”, and “forced airflows” with 
a syringe at 20 cm.

Electrophysiology

Air particle movement stimuli

For animal A, when exposed to sound frequency stimuli 
ranging from 10 to 1000 Hz (shown representative Control, 
10 Hz, 50 Hz, 100 Hz, 500 Hz, 1000 Hz), there was no dif-
ference in the spike patterns found in the control compared 
to that in response to the stimuli (Fig.  2a). For the Con-
trol traces, we chose a representative control segment that 
shows all the spikes that appeared throughout the record-
ings. There were four representative shorter spikes (Fig. 2a 
top of each) and two taller spikes (Fig. 2a bottom of each) 
interspersed throughout the recording. While some spikes 
were more common than others at different frequencies 
(10 Hz, 50 Hz, 100 Hz, 500 Hz, 1000 Hz), overall, we did 
not see any differences in spike patterns between the control 
and air particle movement stimuli. When we analyzed the 
average number of spikes/s, there was no significant dif-
ference between the control and the air particle movement 
stimuli (pairwise t-test statistic = 1.39, df = 72.34, p = 0.168; 
Fig.  2c). There was also no trend (slope = 0.0012) in the 
‘average number of spikes/s’ with increasing frequency. By 
examining the spike patterns of other solifuges, we found 
the same results - they did not systematically respond to any 
of the sound frequency stimuli (SI. 7, Animal B). The lack 
of systematic response to any of our stimuli suggests that 
these sensilla are not responsive to the air particle move-
ment produced by low frequencies of sound.

Air pressure stimuli

For Animal B, when exposed to air pressure stimuli, we 
observed a clear phasic mechanosensory response (Fig. 3a). 
There was a quick response to stimuli which decreased and 
stopped when exposed to continuous stimulation (P1-P3, 
Fig.  3a). The superimposed spikes show a similar pattern 
(shorter (S): Fig. 3b left, taller (T): Fig. 3b right). Another 
example from a different sensillum of the same animal also 
shows a similar response (SI. 8a, b).

We ran autocorrelations within the taller spikes (Fig. 3c, 
top trace: T v T) and within the shorter spikes (Fig. 3c, mid-
dle trace: S v S). The clearing around the origins (shown 
by an arrow) shows no other spike appearing at the same 
instant as focal spikes, suggesting that all the taller spikes 
are from the same cell, and all the shorter spikes are from 
the same cell (owing to the cell’s refractory period). Next, 
we ran a cross-correlation between the taller and shorter 
spikes (Fig. 3c, bottom trace: T v S) and again we observed 

fluctuations. We also provided the response with the raw 
data (SI. 9).

Behavioral responses to mechanical stimuli

We placed the animal in a plastic circular arena on a gran-
ite surface (25 cm x 10 cm). At the beginning of each trial, 
we positioned the solifuge in the middle of the arena inside 
a smaller circular barrier (10 cm x 5 cm) and let it accli-
matize for 30  min. We recorded the experiments in dark-
ness with an infrared camera with a “night-shot” function 
(Sony DCR-TRV 351). The darkness and granite substrate 
removed the possibility of animals responding to visual or 
substrate-borne stimuli. The surface was cleaned in between 
trials with ethanol. We observed the occurrence and latency 
of response behavior after applying the stimuli. The behav-
ior we scored included: (a) Flight behavior, the individual 
moves away from the stimulus; (b) Confrontation behavior, 
the individual moves or turns in the direction of the stimu-
lus; (c) Freezing behavior, the individual is in motion and 
stops after the stimulus; (d) Startle behavior, the individ-
ual slightly moves one of its appendages (following prior 
research by Cloudsley-Thompson 1961; Punzo 1998). We 
conducted the behavioral response experiments on two con-
secutive days (1st and 2nd iterations) for each animal with 
~ 24 h of rest to determine the consistency in their behav-
ioral responses.

The air particle movement and air pressure stimuli were 
the same as in the elongated sensilla deflection protocol. 
We also used tactile stimuli where we (author FC) touched 
the elongated sensilla on the 4th leg directly using an ento-
mological pin to observe the behavioral responses of the 
solifuge. We also touched other sensilla on the pedipalps 
as a control to compare the behavioral responses previously 
observed. We recorded all interactions with the individual 
solifuges to verify that the stimulus was applied correctly to 
the elongated sensilla.

Results

Elongate sensilla deflection

We found no discernible deflection of the elongated sensilla 
on the 4th leg with air particle movement stimuli (all fre-
quencies in low or medium amplitude) when the speaker 
was placed 10 cm away. Analysing the high-speed camera 
video, we observed a deflection movement of the sensilla on 
the 4th leg within the frequency range of 60–100 Hz when 
a high amplitude (100–105 dB) was used. We also observed 
deflection of the elongated sensilla under air pressure stimuli 

1 3

285



Journal of Comparative Physiology A (2025) 211:277–292

breath stimuli suggest mechanosensory properties of the 
elongated sensilla that is responsive to air pressure stimuli.

We found no evidence of a response to our passive breath 
stimulus. The arrows on the raw recording and correspond-
ing sorted spikes (Animal B, Fig. 4) show the instances when 
passive breath stimuli were used. We observed no change 
in spike activity around those stimulations. Another set of 
examples from the same sensillum also shows no response 
to the passive breath stimuli (SI. 10). The lack of response to 
passive breaths suggests that these sensilla did not respond 
to any temperature, humidity, or aromatic changes during 
our stimuli presentations.

To summarize, we observed mechanosensory electro-
physiological responses from the elongated sensilla on the 
4th pair of legs of solifuges that are responsive to air pres-
sure stimuli but were not responsive to air particle move-
ment stimuli at low frequencies (10–1000 Hz) or to passive 
breath stimuli. This suggests that these elongated sensilla 
have a mechanosensory function but are not sensitive 
enough to detect air particle movement.

Behavioral responses to mechanical stimuli

We did not find any discernible behavioral responses to 
any of the frequencies during the low amplitude air particle 
movement stimuli in either iteration for the tested animals. 
We did, however, observe some isolated behaviors. For 
example, one solifuge (Animal 1) walked while moving 
its pedipalps for 106 s after the 900 Hz stimulus in the 1st 
iteration. However, this response was not reproducible in 
the second iteration. During the medium and high amplitude 
stimuli, we also did not observe any discernible behavioral 
responses to any of the frequencies played.

Regarding the air pressure stimuli produced by both 
“forceful breaths” and “forced airflows”, we observed a 
startle response with a subtle pedipalp movement in both 
solifuges (Animals 1 & 2). Animal 1 also walked for 3s at 

a clearing around the origin or zero lag position (arrow) 
which also suggests that the taller and shorter spikes are 
all from the same mechanosensory cell. Such a cell seems 
likely sensitive to air pressure, with the difference in the 
waveform of the spikes likely due to changes in ionic con-
centrations across the cell’s membrane with prolonged 
mechanical stimulation as the shorter spikes show up after 
the taller spikes. We see similar results for a different sensil-
lum on the same individual (SI. 8c).

When analyzing the ‘number of spikes/s’ at the begin-
ning of each stimulus/response, we observed an adaptation 
to the air pressure stimuli. Along with significant differ-
ences between the control and the responses at the different 
time intervals (control-3s: pairwise t-test statistic = -26.44, 
df = 9.07, p < 0.0001; control-2s: pairwise t-test statistic = 
-14.52, df = 11.03, p < 0.0001; control-1s: pairwise t-test 
statistic = -15.8, df = 12.05, p < 0.0001), we observed a sig-
nificant difference in the ‘number of spikes/s’ between the 
3s and 1s interval responses (pairwise t-test statistic = 2.99, 
df = 20.51, p = 0.021) (Fig.  3d). Thus, when the stimuli 
were applied at very short intervals (1s), the cell’s response 
exhibited adaptation showing reduced spikes. This suggests 
that the recovery period of this cell is between 1s and 3s 
and that this cell is a quiescent cell that is fast adapting and 
fast recovering in response to the stimuli. The results from 
other sensilla also showed similar responses (SI. 8d, same 
individual different sensillum), however, we did not see a 
significant difference between the ‘number of spikes/s’ of 
the 3s and 1s intervals.

When exposed to a prolonged air pressure stimulus, we 
again observed a decrease in spike amplitude (Fig. 3a, e). 
The response to prolonged stimuli peaks quickly and sub-
sides within 4 s from the start of the stimuli (Fig. 3e). The 
raw responses (SI. 9a) also show a similar pattern of peaking 
and subsiding in ~ 4 s. The records from a different sensil-
lum on the same solifuge showed a similar response pattern 
(SI. 8e, 9b). In summary, the strong responses to forceful 

Fig. 4  Lack of response to passive breath stimuli (humidity, tempera-
ture, and olfaction control for air pressure stimuli) (Animal B, Sensil-
lum location: Right Tibia). The 10 arrows on the electrophysiological 

recording indicate when the stimulus was applied followed by sorted 
spikes. There is no response to the stimuli as evidenced by the lack of 
change in the spike pattern. Data recorded at 15,152 samples/s

 

1 3

286



Journal of Comparative Physiology A (2025) 211:277–292

with prolonged stimulation (Kobayashi and Irisawa 1964). 
The recovery period for this cell was between 1 and 3  s. 
Behaviorally, in response to the air pressure stimuli, soli-
fuges exhibited a startle response, indicated by small move-
ments of their appendages. Ultimately, despite not being as 
sensitive as trichobothria, these sensilla can still respond to 
air pressure changes, which may play an important role for 
these animals. Finally, in response to tactile stimulation of 
these sensilla, a clear and consistent confrontation response 
to the stimulus was observed, confirming a mechanosensory 
function.

One of the primary goals of this study was to determine 
if solifuges could detect air particle movement, as this has 
proven to be important for both prey and predator detec-
tion in other arachnid groups (Barth 2000, 2002). Despite 
not possessing true trichobothria (Shultz 1990; Barth and 
Holler 1999), we wondered if other elongated sensilla in 
solifuges might have a similar function. We chose to test 
the most likely candidates– the longest sensilla on the walk-
ing legs. With our experimental design, we found no evi-
dence that the solifuges in our experiments could detect air 
particle movement with these sensilla. In fact, we found no 
deflection of the elongated sensilla and no clear or consis-
tent behavioral responses to this type of stimulus. However, 
it is still possible that one or more of the many other sen-
silla spread across the walking legs can detect air particle 
movements. Preliminary observations, (SI. 11), indicate that 
smaller sensilla respond with visible movement to air parti-
cle movement stimuli (50 Hz ~ 110 dB) without eliciting any 
behavioral response but we observed no movement from the 
elongated sensilla. Future studies are needed to explore the 
function of additional solifuge sensilla.

We used artificial stimuli for our experiments here. In 
nature, however, sound frequencies do not appear as pure 
tones but instead are mixed with noise and other ecological 
information. Thus, it is possible that the sensilla are more 
specially tuned to biologically relevant stimuli. This seems 
unlikely though, as trichobothria of spiders can respond 
to a broad frequency range of 10–750 Hz (Barth and Hol-
ler 1999). Nonetheless, future studies exploring a broader 
range of stimuli and potentially more natural stimuli could 
be informative. It is important to note, however, that elec-
trophysiology studies on solifuges are challenging because 
of the difficulties in obtaining and maintaining live animals, 
making such studies difficult.

Though we did not find evidence of air particle move-
ment detection, we did find evidence that the elongated 
sensilla can detect more forceful mechanosensory stimuli, 
such as that caused by forceful breath-producing changes 
in air pressure. We also explored the animal’s behavioral 
response to air pressure stimuli. In line with our electro-
physiology results, we observed a startle response, i.e., 

the time of stimulation with the “forceful breath” on the 2nd 
iteration. However, there is no evidence that the individual 
is actually moving away from the stimulus, and therefore 
this was not classified as flight behavior. In addition, freez-
ing behavior could not be assessed as the animals always 
remained motionless when the stimulus was applied. After 
applying tactile stimuli to the elongated sensilla on the 4th 
leg, we observed that solifuges performed the confrontation 
behavior with a latency of less than 1s and moved their pedi-
palps or chelicerae for 3 to 27 s. The turn was often accom-
panied by a back-and-forth movement, body shaking and 
once walking for 23s (Animal 1, 2nd iteration). In the case 
of the pedipalp sensilla stimulation, we found a response of 
forward extension of the body with chelicerae movement 
for 2  s and walking for 24  s immediately after touching 
these sensilla.

In summary, our behavioral data do not reveal a discern-
ible pattern in solifuges in response to low or high ampli-
tude air particle movement stimuli applied to the elongated 
sensilla of the 4th leg. However, we did observe isolated 
behaviors following the application of air pressure and tac-
tile stimuli, such as movements of the pedipalps, walking, 
and confrontational behavior, among others. This provides 
support for the mechanoreceptor function of this sensilla.

Discussion

Our electrophysiological results and sensilla deflection 
observations suggest that solifuges do not use the elon-
gated sensilla on their 4th pair of walking legs to receive air 
particle movement signals, but that they can use these sen-
silla to detect air pressure and other tactile stimuli. Despite 
their superficially similar appearance to trichobothria (i.e., 
they are long and thin), these sensilla on solifuges did not 
respond to low-frequency air particle movement stimuli 
(10–1000 Hz) and did not exhibit deflection in response to 
this stimulus. Electrophysiological recordings showed no 
difference in spike patterns in response to air particle move-
ment stimuli compared to the control periods of stimulus 
absence. Furthermore, there was no specific behavioral 
response observed to air particle movement stimuli. In con-
trast, we found electrophysiological responses of the sen-
silla to air pressure changes generated by blowing and the 
sensilla also showed a visible deflection to these same stim-
uli. The electrophysiological response was phasic, i.e., the 
cell quickly responded to the stimuli but stopped respond-
ing in response to prolonged stimuli, and the cell responded 
in a fast adapting and fast recovering way. With decreasing 
intervals between the stimuli, the response exhibited adapta-
tion showing a decreased ‘number of spikes/s’, potentially 
due to decreased extracellular sodium ion concentration 
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courtship signals (Rundus et al. 2010; Choi et al. 2019; 
Kundu et al. 2022). However, since solifuges are fast-mov-
ing (Punzo 1998) and live mostly in xeric environments 
(Schmidt 1993), it is possible that detecting changes in air 
pressure and not in air particle movement is sufficient for 
them to receive meaningful biological information from 
their environment. We suspect that solifuges likely rely on 
information gathered from chemosensory and mechanosen-
sory sensilla on their pedipalps (Cushing et al. 2014), and 
possibly on their malleoli (Brownell and Farley 1974), to 
capture prey. It has also been noted that they capture terres-
trial prey with direct contact and that the elongated sensilla 
plays a role in this prey capture (Bolwig 1952). Thus, air 
particle movement does not appear important in the forag-
ing success of solifuges. Furthermore, there appears to be 
little opportunity for solifuges to use air particle movement 
during reproductive interactions. It has been observed, for 
example, that many male solifuges dig around the bur-
rows of females, who then appear from their burrows in 
response to the digging (Wharton 1986). If females are 
in burrows with males digging above, chemical and more 
forceful mechanical signals than air particle movement are 
likely important. Female-male encounters also demonstrate 
rapid transitions from initial contact to copulation (Rowsell 
and Cushing 2020), leaving little opportunity for near field 
communication.

We hypothesize that the main behavioral function of air 
pressure detection by the elongated sensilla on the 4th pair 
of walking legs in solifuges is predator avoidance. Solifuges 
are often predated by larger animals that may produce air 
pressure changes when moving quickly through the envi-
ronment (Arlettaz et al. 1995; Anderson et al. 1999). Large 
birds like raptors, owls, New World shrikes, Old World larks, 
wagtails, and bustards are known to be natural predators of 
solifuges (reviewed in Hebets et al. 2023). The response 
to more forceful mechanosensory stimuli could facilitate 
rapid escape responses by enabling solifuges to detect the 
flapping of wings by birds which produce changes in air 
pressure. Solifuges are also predated on by small mammals 
and reptiles (reviewed in Hebets et al. 2023). This function 
could be similar to the function of cerci in crickets, which 
clearly aid in escape behavior (Boyan and Ball 1990). It is 
less clear, however, how these mammalian and/or reptilian 
predators might generate air pressure cues that could elicit 
solifuge anti-predator responses. All of these functions 
require testing.

Our behavioral observations suggest that solifuges 
respond to air pressure stimuli with low-intensity displays 
like the startle behavior. We did not observe any high-
intensity displays (i.e., attack, stridulation, flight) (Cloud-
sley-Thompson 1961; Punzo 1998). This pattern could be 
attributed to the possibility that the intensity of our stimulus 

subtle pedipalp movement, with pedipalp and head move-
ments when exposed to these stimuli. We also found a clear 
and consistent confrontational response to a tactile stimulus 
from the elongated sensilla of the 4th pair of walking legs. 
The response to mechanosensory stimuli supports early 
observations of these elongated sensilla being responsive to 
the slightest touch (Grasse 1968). How the animal uses this 
information, however, remains to be tested.

This study is only the second study (Cushing et al. 2014) 
to perform electrophysiological recordings on the elusive 
solifuges and the first on the elongated sensilla of the 4th 
pair of walking legs. These animals are difficult to capture 
in large quantities needed for extensive studies (Cushing 
et al. 2014; Cushing and González-Santillán 2018). It took 
authors RRJ and EG several days to collect the 12 animals 
despite using both hand collecting and the light arrays meth-
ods. Solifuges are also sensitive to captivity and die easily. 
Out of the 12 animals, we collected reliable data from only 
five and unfortunately, these animals were not frozen for 
post-experiment anatomical analyses. Nonetheless, we are 
confident that the action potentials we collected came from 
sensory cells within the elongated sensillum. The photo in 
SI. 1c is the best evidence for this as the electrode is clearly 
within the socket of the sensillum. Extracellular signals can 
only be adequately detected within ~ 50–100 microns of a 
spiking cell, as they become indistinguishable from back-
ground noise at greater distances. Our action potentials had 
very good signal-to-noise ratios (some > 10:1), making it 
impossible that those signals could have emanated from a 
neighboring sensillum.

In future studies, if additional animals could be collected 
and maintained, it would be good to expand on our results 
with additional stimuli and additional experiments. Future 
studies could, for example, use a calibrated particle velocity 
sensor (e.g., an anemometric microflow device or pressure 
gradient microphone) positioned next to the sensilla to con-
firm the stimuli and enable a better estimation of near ver-
sus farfield sound stimuli. Given that this exploratory study 
took advantage of available animals, such equipment was 
not readily available at the time of experiments. Future stud-
ies could also record the response to the mechanical stimuli 
before and after ablation of the elongated sensilla, and this 
could be paired with behavioral ablation studies as well. We 
note, however, that all these studies would be challenging 
considering the availability of these elusive animals and the 
fact that they are often uncooperative in an experimental 
setting.

The detection of air particle movement using trichoboth-
ria is important for capturing prey in spiders (Barth 2000) 
or escaping predators in other arthropods (Tautz and Markl 
1978; Ashford et al. 2018). Recent studies also suggested 
the use of trichobothria in receiving air particle movement 
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Conclusion

We exposed the elongated sensilla on the 4th pair of walk-
ing legs of solifuges to artificial air particle movement and 
air pressure stimuli in an electrophysiology recording setup, 
and we evaluated in detail the deflection of the sensilla and 
the behavioral response of the individuals to these stimuli. 
From the analysis of the electrophysiology and behavioral 
data, our study suggests that the elongated sensilla on these 
4th legs function as mechanoreceptors. Both the sensilla 
and the animals were unresponsive to air particle move-
ment stimuli but were responsive to stronger air pressure 
stimuli. Furthermore, the phasic response pattern we saw to 
mechanosensory stimuli suggests the sensilla contain a fast 
adapting, fast recovering cell. More experiments explor-
ing chemoreception, hygroreception, thermoregulation, 
and natural behavioral analysis might provide us with more 
understanding of the function of these extraordinarily long 
sensilla in the solifuges’ environment.
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may not be enough to elicit these alternative types of behav-
ior. Alternatively, or additionally, freezing may be an adap-
tive response. Further studies are now needed to understand 
how solifuges respond to natural mechanosensory stimuli 
such as the beating wings of a bird, the incoming gliding 
motion of a large predator, or even high-speed wind, possi-
bly during a sandstorm (a possible abiotic condition in many 
solifuge habitats) (reviewed in Hebets et al. 2023).

We are confident that our electrophysiological responses 
were due to physical air pressure and not any other stimuli. 
To confirm that the observed response to our forceful breath 
stimulus was not due to any changes in temperature, humid-
ity, and/or chemical cues, for example, we used a passive 
breath stimulus. As expected, we observed no response to 
the passive breaths. It is worth emphasizing that we con-
ducted exploratory analyses to observe if there was an elec-
trophysiological response from the elongated sensilla to a 
chemical − 1-hexanol - but we did not find a discernible 
response (Kundu P. unpublished data). Our study thus pro-
vides no evidence of thermo-reception, hygro-reception, or 
chemoreception by these sensilla, but it cannot yet be ruled 
out. It is possible, for example, that our passive breath did 
not alter temperature, humidity, or chemical stimuli across 
the 23  cm that the breath traveled. Though unlikely, it 
remains possible that there are other biologically meaning-
ful stimuli, such as particular chemicals, that might elicit a 
response.

Though this study did not include any formal morpho-
logical analyses or exploration such as scanning electron 
microscopy, we did observe sockets at the base of the elon-
gated sensilla under a light microscope, suggesting a mecha-
nosensory function. Morphological explorations by electron 
microscopy of the elongated sensilla from the 4th pair of 
legs in other solifuges species did not reveal the presence 
of pores (Oviedo-Diego M. and Cargnelutti F. unpublished 
data) that would suggest a chemosensory function (Foelix 
1985), consistent with our findings. Further morphological 
analyses of hair structure and innervation might, however, 
provide insight into the potential for chemoreception. Ulti-
mately, our data provide no evidence of anything other than 
mechanoreception for these elongated sensilla on the 4th 
pair of walking legs of solifuges.

Now that a mechanosensory function, including the 
potential detection of air pressure, has been confirmed in 
solifuges, behavioral studies in field conditions are needed 
to relate this sensory capacity to meaningful natural stim-
uli (e.g., emulating potential predators) and thus natural 
function. While solifuge behavior remains poorly studied 
(reviewed in Hebets et al. 2023), with little known about 
natural anti-predator behavior, the knowledge of physiolog-
ical sensory mechanisms provided in this study provides a 
foundation for future research.

1 3

289

https://doi.org/10.1007/s00359-025-01731-y
https://doi.org/10.1007/s00359-025-01731-y


Journal of Comparative Physiology A (2025) 211:277–292

Barth FG, Wastl U, Humphrey JAC, Devarakonda R (1993) Dynamics 
of arthropod filiform hairs. II. Mechanical properties of spider 
trichobothria (Cupiennius salei Keys). Phil Trans R Soc Lond B 
340:445–461. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​r​s​​t​b​.​1​9​9​3​.​0​0​8​4

Barth FG, Humphrey JAC, Wastl U et al (1995) Dynamics of arthro-
pod filiform hairs. III. Flow patterns related to air movement 
detection in a spider (Cupiennius salei KEYS). Phil Trans R Soc 
Lond B 347:397–412. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​/​r​s​​t​b​.​1​9​9​5​.​0​0​3​2

Beccaloni J (2009) Arachnids. Natural History Museum, London
Bernard HM (1896) IV. The comparative morphology of the Galeodi-

dae. Trans Linn Soc Lond 2nd Series: Zool 6:305–417. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​0​9​​6​-​3​​6​4​2​.​​1​8​​9​6​.​t​b​0​0​3​9​3​a​.​x

Beron P (2018) Zoogeography of arachnida. Springer Berlin Heidel-
berg, New York, NY

Bolwig N (1952) Observations on the behavior and mode of orienta-
tion of hunting Solifugae. J Entomol Soc South Afr 15:239–240

Boyan GS, Ball EE (1990) Neuronal organization and information 
processing in the wind-sensitive cercal receptor/giant interneu-
rone system of the Locust and other orthopteroid insects. Prog 
Neurobiol 35:217–243. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​3​​0​1​-​0​0​8​2​(​9​0​)​9​
0​0​2​8​-​F

Bradbury JW, Vehrencamp SL (2011) Principles of animal communi-
cation, 2nd edn. Sinauer Associates, Sunderland, Mass

Brownell PH (1977) Compressional and surface waves in sand: used 
by desert scorpions to locate prey. Science 197:479–482. ​h​t​t​p​​s​:​/​​/​
d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​2​6​​/​s​c​​i​e​n​c​e​.​1​9​7​.​4​3​0​2​.​4​7​9

Brownell PH, Farley RD (1974) The organization of the malleolar sen-
sory system in the solpugid, Chanbria Sp. Tissue Cell 6:471–485. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​0​0​​4​0​-​8​1​6​6​(​7​4​)​9​0​0​3​9​-​1

Brownell P, Farley RD (1979) Detection of vibrations in sand by tarsal 
sense organs of the nocturnal scorpion,Paruroctonus mesaensis. 
J Comp Physiol 131:23–30. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​6​1​3​0​8​0

Catenazzi A, Brookhart JO, Cushing PE (2009) Natural history of 
coastal Peruvian solifuges with a redescription of Chinchippus 
peruvianus and an additional new species (Arachnida, Solifugae, 
Ammotrechidae). J Arachnol 37:151–159. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​6​3​
6​​/​H​0​​8​-​3​1​.​1

Choi N, Bern M, Elias DO et al (2019) A mismatch between signal 
transmission efficacy and mating success calls into question the 
function of complex signals. Anim Behav 158:77–88. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​n​b​​e​h​a​​v​.​2​0​​1​9​​.​0​9​.​0​1​7

Cloudsley-Thompson JL (1961) Observation on the natural history of 
the camel spider Galeodes arabs C. L. Koch (Solifugae: Galeodi-
dae) in the Sudan. Entomol mon mag 97:145–152. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​1​1​1​​/​j​.​​1​5​7​​0​-​7​​4​5​8​.​​1​9​​6​1​.​t​b​0​2​1​4​0​.​x

Cushing PE, Casto P (2012) Preliminary survey of the setal and sen-
sory structures on the pedipalps of camel spiders (Arachnida: 
Solifugae). J Arachnol 40:123–127

Cushing PE, González-Santillán E (2018) Capturing the elusive camel 
spider (Arachnida: Solifugae): effective methods for attracting 
and capturing solifuges. J Arachnol 46:384–387. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​
/​​1​0​.​1​​6​3​6​​/​J​o​​A​-​S​-​1​7​-​0​6​7​.​1

Cushing PE, Casto P, Knowlton ED et al (2014) Comparative mor-
phology and functional significance of setae called papillae on 
the pedipalps of male camel spiders (Arachnida: Solifugae). Ann 
Entomol Soc Am 107:510–520. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​6​0​3​​/​A​N​​1​3​1​4​
0

Dabert M, Witalinski W, Kazmierski A et al (2010) Molecular phy-
logeny of acariform mites (Acari, Arachnida): strong conflict 
between phylogenetic signal and long-branch attraction artifacts. 
Mol Phylogenet Evol 56:222–241. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​y​m​p​
e​v​.​2​0​0​9​.​1​2​.​0​2​0

Eggermont JJ (1990) The correlative brain: Theory and experiment in 
neural interaction. Berlin; New York: Springer-Verlag. ​h​t​t​p​​s​:​/​​/​c​
a​t​​a​l​​o​g​.​​n​l​m​.​​n​i​h​​.​g​o​​v​/​p​​e​r​m​​a​l​i​n​​k​/​​0​1​N​​L​M​_​I​​N​S​T​​/​1​o​​1​p​h​​h​n​/​​a​l​m​a​​9​9​​6​
7​8​4​9​2​3​4​0​6​6​7​6

Declarations

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​v​e​c​​o​m​m​o​​n​s​.​​o​
r​g​​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/.

References

Agnarsson I (2023) Grand challenges in research on arachnid diversity, 
conservation, and biogeography. Front Arachn Sci 2:1101141. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​8​9​​/​f​r​​c​h​s​.​2​0​2​3​.​1​1​0​1​1​4​1

Alberti G, Peretti AV (2002) Fine structure of male genitalia system 
and sperm in Solifugae does not support a sister-group relation-
ship with Pseudoscorpiones (Arachnida). J Arachnol 30:268–274. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​6​3​6​​/​0​1​​6​1​-​8​2​0​2​(​2​0​0​2​)​0​3​0​[​0​2​6​8​:​F​S​O​M​G​S​]​2​.​
0​.​C​O​;​2

Alberti G, Zeck-Kapp G (1986) The nutrimentary egg development of 
the mite, Varroa jacobsoni (Acari, Arachnida), an ectoparasite of 
honey bees. Acta Zool 67:11–25. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​4​6​​3​-​6​​
3​9​5​.​​1​9​​8​6​.​t​b​0​0​8​4​5​.​x

Anderson PC, Kok OB, Erasmus BH (1999) Diet, body mass and con-
dition of lesser kestrels Falco naumanni in South Africa. Ostrich 
70:112–116. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​0​​3​0​6​​5​2​5​​.​1​9​9​​9​.​​9​6​3​4​5​2​3

Arlettaz R, Dändliker G, Kasybekov E et al (1995) Feeding habits of 
the long-eared Desert Bat, Otonycteris hemprichi (Chiroptera: 
Vespertilionidae). J Mammal 76:873–876. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​2​​3​
0​7​​/​1​3​​8​2​7​5​7

Ashford K, Blankenship R, Carpenter W et al (2018) Response of the 
eastern sand scorpion, paruroctonus utahensis, to air movement 
from a moth analog. J Arachnol 46:226–230. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
6​3​6​​/​J​o​​A​-​S​-​1​7​-​0​9​7​.​1

Ballesteros JA, Santibáñez-López CE, Baker CM et al (2022) Com-
prehensive species sampling and sophisticated algorithmic 
approaches refute the Monophyly of Arachnida. Mol Biol Evol 
39:msac021. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​m​o​​l​b​e​v​/​m​s​a​c​0​2​1

Barrows WM (1925) Modification and development of the arachnid 
palpal claw, with especial reference to spiders. Ann Entomol Soc 
Am 18:483–516

Barth FG (2000) How to catch the wind: spider hairs specialized for 
sensing the movement of air. Sci Nat 87:51–58. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​0​7​​/​s​0​​0​1​1​4​0​0​5​0​0​1​0

Barth FG (2002) A spider’s world: senses and behavior. Springer, Ber-
lin; New York

Barth FG (2004) Spider mechanoreceptors. Curr Opin Neurobiol 
14:415–422. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​o​n​b​.​2​0​0​4​.​0​7​.​0​0​5

Barth FG, Bohnenberger J (1978) Lyriform slit sense organ: thresholds 
and stimulus amplitude ranges in a multi-unit mechanoreceptor. 
J Comp Physiol 125:37–43. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​6​5​6​8​2​9

Barth FG, Holler A (1999) Dynamics of arthropod filiform hairs. V. 
The response of spider trichobothria to natural stimuli. Philos 
Trans R Soc Lond B 354:183–192

1 3

290

https://doi.org/10.1098/rstb.1993.0084
https://doi.org/10.1098/rstb.1995.0032
https://doi.org/10.1111/j.1096-3642.1896.tb00393a.x
https://doi.org/10.1111/j.1096-3642.1896.tb00393a.x
https://doi.org/10.1016/0301-0082(90)90028-F
https://doi.org/10.1016/0301-0082(90)90028-F
https://doi.org/10.1126/science.197.4302.479
https://doi.org/10.1126/science.197.4302.479
https://doi.org/10.1016/0040-8166(74)90039-1
https://doi.org/10.1016/0040-8166(74)90039-1
https://doi.org/10.1007/BF00613080
https://doi.org/10.1636/H08-31.1
https://doi.org/10.1636/H08-31.1
https://doi.org/10.1016/j.anbehav.2019.09.017
https://doi.org/10.1016/j.anbehav.2019.09.017
https://doi.org/10.1111/j.1570-7458.1961.tb02140.x
https://doi.org/10.1111/j.1570-7458.1961.tb02140.x
https://doi.org/10.1636/JoA-S-17-067.1
https://doi.org/10.1636/JoA-S-17-067.1
https://doi.org/10.1603/AN13140
https://doi.org/10.1603/AN13140
https://doi.org/10.1016/j.ympev.2009.12.020
https://doi.org/10.1016/j.ympev.2009.12.020
https://catalog.nlm.nih.gov/permalink/01NLM_INST/1o1phhn/alma996784923406676
https://catalog.nlm.nih.gov/permalink/01NLM_INST/1o1phhn/alma996784923406676
https://catalog.nlm.nih.gov/permalink/01NLM_INST/1o1phhn/alma996784923406676
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/frchs.2023.1101141
https://doi.org/10.3389/frchs.2023.1101141
https://doi.org/10.1636/0161-8202(2002)030[0268:FSOMGS]2.0.CO;2
https://doi.org/10.1636/0161-8202(2002)030[0268:FSOMGS]2.0.CO;2
https://doi.org/10.1636/0161-8202(2002)030[0268:FSOMGS]2.0.CO;2
https://doi.org/10.1111/j.1463-6395.1986.tb00845.x
https://doi.org/10.1111/j.1463-6395.1986.tb00845.x
https://doi.org/10.1080/00306525.1999.9634523
https://doi.org/10.2307/1382757
https://doi.org/10.2307/1382757
https://doi.org/10.1636/JoA-S-17-097.1
https://doi.org/10.1636/JoA-S-17-097.1
https://doi.org/10.1093/molbev/msac021
https://doi.org/10.1007/s001140050010
https://doi.org/10.1007/s001140050010
https://doi.org/10.1016/j.conb.2004.07.005
https://doi.org/10.1007/BF00656829


Journal of Comparative Physiology A (2025) 211:277–292

Hewitt J (1935) Scientific results of the Vernay-Lang Kalahari expedi-
tion, March to September, 1930. The trap-door spiders, scorpions 
and solifuges. Ann Transvaal Mus 16

Higham JP, Hebets EA (2013) An introduction to multimodal commu-
nication. Behav Ecol Sociobiol 67:1381–1388. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​
1​​0​0​7​​/​s​0​​0​2​6​5​-​0​1​3​-​1​5​9​0​-​x

Hilton WA (1932) Nervous system and sense organs. XLIII Solpugida 
J Entomol Zool Pomona Coll 24

Jakob EM, Long SM, Harland DP et al (2018) Lateral eyes direct prin-
cipal eyes as jumping spiders track objects. Curr Biol 28:R1092–
R1093. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​u​b​.​2​0​1​8​.​0​7​.​0​6​5

Klärner D, Barth FG (1982) Vibratory signals and prey capture in orb-
weaving spiders (Zygiella x-notata, Nephila clavipes; Araneidae. 
J Comp Physiol 148:445–455. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​0​0​6​1​9​
7​8​3

Kobayashi M, Irisawa H (1964) Effect of sodium deficiency of the 
action potential of the smooth muscle of ureter. Am J Physiol Leg 
Content 206:205–210. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​5​2​​/​a​j​​p​l​e​​g​a​c​​y​.​1​9​​6​4​​.​2​0​
6​.​1​.​2​0​5

Kundu P, Choi N, Rundus AS et al (2022) Uncovering ‘Hidden’ sig-
nals: previously presumed visual signals likely Generate Air Par-
ticle Movement. Front Ecol Evol 10:939133. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​
3​8​9​​/​f​e​​v​o​.​2​0​2​2​.​9​3​9​1​3​3

Lindquist E (1984) In: Griffiths DA, Bowman CE, Acarology (eds) 
Current theories on the evolution of major groups of Acari and 
on their relationships with other groups of Arachnida, with con-
sequent implications for their classification. Wiley, New York, pp 
28–62

Linsenmair K (1968) Zur Lichtorientierung Der Walzenspinnen 
(Arachnida, Solifugae). Zool Jahrb Abt allg Zool Physiol Tiere 
74:254–273

Pepato AR, Da Rocha CE, Dunlop JA (2010) Phylogenetic position 
of the acariform mites: sensitivity to homology assessment under 
total evidence. BMC Evol Biol 10:235. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​1​
4​​7​1​-​2​1​4​8​-​1​0​-​2​3​5

Pringle JWS (1955) The function of the Lyriform organs of arachnids. 
J Exp Biol 32:270–278. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​4​2​​/​j​e​​b​.​3​2​.​2​.​2​7​0

Punzo F (1998) The Biology of Camel-spiders. Springer US, Boston, 
MA

R Core Team (2021) R: A language and environment for statistical 
computing. R foundation for statistical computing, Vienna, Aus-
tria. https://www.R-project.org/

Reissland A, Görner P (1985) Trichobothria. In: Barth FG (ed) Neu-
robiology of arachnids. Springer Berlin Heidelberg, Berlin, Hei-
delberg, pp 138–161

Rowe C (1999) Receiver psychology and the evolution of multicom-
ponent signals. Anim Behav 58:921–931. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​6​​
/​a​n​​b​e​.​1​9​9​9​.​1​2​4​2

Rowsell J, Cushing PE (2020) Mating behaviour of Eremobates pal-
lipes (say, 1823) (Arachnida: Solifugae: Eremobatidae). Arachnol 
18:399. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​1​5​​6​/​a​​r​a​c​.​2​0​2​0​.​1​8​.​4​.​3​9​9

Rundus AS, Santer RD, Hebets EA (2010) Multimodal courtship effi-
cacy of Schizocosa retrorsa wolf spiders: implications of an addi-
tional signal modality. Behav Ecol 21:701–707. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​0​9​3​​/​b​e​​h​e​c​o​/​a​r​q​0​4​2

Santer RD, Hebets EA (2008) Agonistic signals received by an arthro-
pod filiform hair allude to the prevalence of near-field sound com-
munication. Proc R Soc B 275:363–368. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​8​​
/​r​s​​p​b​.​2​0​0​7​.​1​4​6​6

Santer RD, Hebets EA (2011a) Evidence for air movement signals in 
the agonistic behaviour of a nocturnal arachnid (Order Ambly-
pygi). PLoS ONE 6:e22473. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​3​7​1​​/​j​o​​u​r​n​a​l​.​p​o​n​
e​.​0​0​2​2​4​7​3

Santer RD, Hebets EA (2011b) The sensory and behavioural biology of 
whip spiders (Arachnida, Amblypygi). Adv Insect Physiol, 1–64

Foelix RF (1985) Mechano- and chemoreceptive Sensilla. In: Barth 
FG (ed) Neurobiology of arachnids. Springer Berlin Heidelberg, 
Berlin, Heidelberg, pp 118–137

Foelix RF, Chu-Wang I-W (1973) The morphology of spider sensilla i. 
mechanoreceptors. Tissue Cell 5:451–460. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​
6​​/​S​0​​0​4​0​-​8​1​6​6​(​7​3​)​8​0​0​3​7​-​0

Foelix RF, Müller-Vorholt G (1983) The fine structure of scorpion sen-
sory organs. II. Pecten sensilla. Bull Br Arachnol Soc 6:68–74

Fowler-Finn KD, Hebets EA (2006) An examination of Agonis-
tic Interactions in the whip spider Phrynus marginemaculatus 
(Arachnida, Amblypygi). J Arachnol 34:62–76. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​
0​.​1​​6​3​6​​/​S​0​​4​-​1​0​4​.​1

Friedel T, Barth FG (1997) Wind-sensitive interneurones in the spider 
CNS (Cupiennius salei): directional information processing of 
sensory inputs from trichobothria on the walking legs. J Comp 
Physiol A: Sens Neural Behav Physiol 180:223–233. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​
r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​3​5​9​0​0​5​0​0​4​3

Gaffin DD (2002) Electrophysiological analysis of synaptic interac-
tions within peg sensilla of scorpion pectines. Microsc Res Tech 
58:325–334. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​2​​/​j​e​​m​t​.​1​0​1​4​0

Gaffin DD, Brownell PH (1997a) Response properties of chemosen-
sory peg sensilla on the pectines of scorpions. J Comp Physiol A: 
Sens Neural Behav Physiol 181:291–300. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​
/​s​0​​0​3​5​9​0​0​5​0​1​1​5

Gaffin DD, Brownell PH (1997b) Electrophysiological evidence 
of synaptic interactions within chemosensory sensilla of scor-
pion pectines. J Comp Physiol A: Sens Neural Behav Physiol 
181:301–307. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​3​5​9​0​0​5​0​1​1​6

Gaffin DD, Shakir SF (2021) Synaptic interactions in scorpion peg 
sensilla appear to maintain chemosensory neurons within 
dynamic firing range. Insects 12:904. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​3​​3​9​0​​/​i​n​​
s​e​c​t​s​1​2​1​0​0​9​0​4

Gaffin DD, Wennstrom KL, Brownell PH (1992) Water detection in 
the desert sand scorpion, Paruroctonus mesaensis (Scorpionida, 
Vaejovidae). J Comp Physiol A 170. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​B​F​​
0​0​1​9​9​3​3​8

Gibson JS, Uetz GW (2008) Seismic communication and mate choice 
in wolf spiders: components of male seismic signals and mating 
success. Anim Behav 75:1253–1262. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​n​
b​​e​h​a​​v​.​2​0​​0​7​​.​0​9​.​0​2​6

Grasse P (1968) Traite De Zoologie. Tome VI: Onychophores– Tar-
digrades– Arthropodes - trilobiomorphes– chelicerates. Masson, 
Paris

Harland DP, Jackson RR (2002) Influence of cues from the anterior 
medial eyes of virtual prey on Portia fimbriata, an araneophagic 
jumping spider. J Exp Biol 205:1861–1868. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​2​
4​2​​/​j​e​​b​.​2​0​5​.​1​3​.​1​8​6​1

Hebets EA (2011) Current status and future directions of Research in 
Complex Signaling. Curr Zool 57:i–v. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​c​z​​
o​o​l​o​/​5​7​.​2​.​i

Hebets EA, McGinley RH (2019) Multimodal signaling. In Choe JC 
(ed) Encyclopedia of animal behavior. Elsevier, pp 487–499 ​h​t​t​p​​
s​:​/​​/​p​s​y​​c​n​​e​t​.​​a​p​a​.​​o​r​g​​/​r​e​​c​o​r​​d​/​2​​0​1​8​-​​3​6​​3​8​2​-​0​6​2

Hebets EA, Chapman RF (2000) Electrophysiological studies of olfac-
tion in the whip spider Phrynus parvulus (Arachnida, Ambly-
pygi) J Insect Physiol 46:1441–1448. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​S​0​​
0​2​2​-​1​9​1​0​(​0​0​)​0​0​0​6​8​-​8

Hebets EA, Aceves-Aparicio A, Aguilar-Argüello S et al (2014) 
Multimodal sensory reliance in the nocturnal homing of the 
amblypygid Phrynus pseudoparvulus (Class Arachnida, Order 
Amblypygi)? Behav Process 108:123–130. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
1​6​​/​j​.​​b​e​p​r​o​c​.​2​0​1​4​.​0​9​.​0​1​4

Hebets EA, Oviedo-Diego M, Cargnelutti F et al (2023) A scientist’s 
guide to Solifugae: how solifuges could advance research in ecol-
ogy, evolution, and behaviour. Zool J Linn Soc 202:zlad174. ​h​t​t​p​​
s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​9​3​​/​z​o​​o​l​i​n​n​e​a​n​/​z​l​a​d​1​7​4

1 3

291

https://doi.org/10.1007/s00265-013-1590-x
https://doi.org/10.1007/s00265-013-1590-x
https://doi.org/10.1016/j.cub.2018.07.065
https://doi.org/10.1007/BF00619783
https://doi.org/10.1007/BF00619783
https://doi.org/10.1152/ajplegacy.1964.206.1.205
https://doi.org/10.1152/ajplegacy.1964.206.1.205
https://doi.org/10.3389/fevo.2022.939133
https://doi.org/10.3389/fevo.2022.939133
https://doi.org/10.1186/1471-2148-10-235
https://doi.org/10.1186/1471-2148-10-235
https://doi.org/10.1242/jeb.32.2.270
https://www.R-project.org/
https://doi.org/10.1006/anbe.1999.1242
https://doi.org/10.1006/anbe.1999.1242
https://doi.org/10.13156/arac.2020.18.4.399
https://doi.org/10.1093/beheco/arq042
https://doi.org/10.1093/beheco/arq042
https://doi.org/10.1098/rspb.2007.1466
https://doi.org/10.1098/rspb.2007.1466
https://doi.org/10.1371/journal.pone.0022473
https://doi.org/10.1371/journal.pone.0022473
https://doi.org/10.1016/S0040-8166(73)80037-0
https://doi.org/10.1016/S0040-8166(73)80037-0
https://doi.org/10.1636/S04-104.1
https://doi.org/10.1636/S04-104.1
https://doi.org/10.1007/s003590050043
https://doi.org/10.1007/s003590050043
https://doi.org/10.1002/jemt.10140
https://doi.org/10.1007/s003590050115
https://doi.org/10.1007/s003590050115
https://doi.org/10.1007/s003590050116
https://doi.org/10.3390/insects12100904
https://doi.org/10.3390/insects12100904
https://doi.org/10.1007/BF00199338
https://doi.org/10.1007/BF00199338
https://doi.org/10.1016/j.anbehav.2007.09.026
https://doi.org/10.1016/j.anbehav.2007.09.026
https://doi.org/10.1242/jeb.205.13.1861
https://doi.org/10.1242/jeb.205.13.1861
https://doi.org/10.1093/czoolo/57.2.i
https://doi.org/10.1093/czoolo/57.2.i
https://psycnet.apa.org/record/2018-36382-062
https://psycnet.apa.org/record/2018-36382-062
https://doi.org/10.1016/S0022-1910(00)00068-8
https://doi.org/10.1016/S0022-1910(00)00068-8
https://doi.org/10.1016/j.beproc.2014.09.014
https://doi.org/10.1016/j.beproc.2014.09.014
https://doi.org/10.1093/zoolinnean/zlad174
https://doi.org/10.1093/zoolinnean/zlad174


Journal of Comparative Physiology A (2025) 211:277–292

Proc Natl Acad Sci USA 122:e2415468121. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​
0​7​3​​/​p​n​​a​s​.​2​4​1​5​4​6​8​1​2​1

Tautz J, Markl H (1978) Caterpillars detect Flying Wasps by hairs sen-
sitive to Airborne Vibration. Behav Ecol Sociobiol 4:101–110

Weygoldt P (2000) Whip spiders: Amblypygi their biology, morphol-
ogy and systematics. Apollo books, Stenstrup

Wharton RA (1986) Biology of the diurnal Metasolpuga picta (Krae-
pelin) (Solifugae, Solpugidae) compared with that of nocturnal 
species. J Arachnol 14:363–383

Wharton RA, Reddick KL (2014) Solifuges (Arachnida: Solifugae) as 
predators and prey. Trans R Soc South Afr 69:213–216. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​1​​0​8​0​​/​0​0​​3​5​9​1​9​X​.​2​0​1​4​.​9​6​1​0​4​5

Wolf H (2017) Scorpions pectines– idiosyncratic chemo- and mecha-
nosensory organs. Arthropod Struct Dev 46:753–764. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​a​s​d​.​2​0​1​7​.​1​0​.​0​0​2

Yeargan KV (1975) Factors influencing the aerial dispersal of spiders 
(Arachnida: Araneida). J Kans Entomol Soc 48:403–408

Yeargan KV (1994) Biology of Bolas spiders. Annu Rev Entomol 
39:81–99. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​4​6​​/​a​n​​n​u​r​​e​v​.​​e​n​.​3​​9​.​​0​1​0​1​9​4​.​0​0​0​5​0​1

Young SL, Chyasnavichyus M, Barth FG et al (2016) Micromechani-
cal properties of strain-sensitive lyriform organs of a wandering 
spider (Cupiennius salei). Acta Biomater 41:40–51. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​o​​r​​
g​​/​​1​0​​.​1​0​​​1​​6​​/​j​.​a​c​t​​b​i​o​.​​2​0​1​​6​.​0​6​.​0​0​9

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Schmidt G (1993) Giftige Und gefährliche Spinnentiere: Humanpatho-
gene Skorpione (Scorpionida), Milben (Acarina) und spinnen 
(Araneida). Westarp Wissenschaften, Magdeburg, Essen

Selden PA, Shear WA (1996) The first mesozoic solifuge (Arachnida), 
from the cretaceous of Brazil, and a redescription of the palaeo-
zoic solifuge. Palaeontol 39:583–604

Sharma PP, Kaluziak ST, Pérez-Porro AR et al (2014) Phylogenomic 
interrogation of Arachnida reveals systemic conflicts in phyloge-
netic signal. Mol Biol Evol 31:2963–2984. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​
9​3​​/​m​o​​l​b​e​v​/​m​s​u​2​3​5

Shultz JW (1990) Evolutionary morphology and phylogeny of Aragh-
nida. Cladistics 6:1–38. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​1​1​​/​j​.​​1​0​9​​6​-​0​​0​3​1​.​​1​9​​9​
0​.​t​b​0​0​5​2​3​.​x

Sombke A, Klann AE, Lipke E, Wolf H (2019) Primary processing 
neuropils associated with the malleoli of camel spiders (Arach-
nida, Solifugae): a re-evaluation of axonal pathways. Zoological 
Lett 5:26. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​1​8​6​​/​s​4​​0​8​5​1​-​0​1​9​-​0​1​3​7​-​z

Stafstrom JA, Menda G, Nitzany EI et al (2020) Ogre-faced, net-cast-
ing spiders use auditory cues to detect airborne prey. Curr Biol 
30:5033–5039e3. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​1​6​​/​j​.​​c​u​b​.​2​0​2​0​.​0​9​.​0​4​8

Suter RB (2003) Trichobothrial mediation of an aquatic escape 
response: directional jumps by the fishing spider, Dolomedes tri-
ton, foil frog attacks. J Insect Sci 3:1–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​6​7​3​​/​
0​3​​1​.​0​0​3​.​1​9​0​1

Talukder MB, Müller CHG, Zhang D-D et al (2025) Olfaction with 
legs—spiders use wall-pore sensilla for pheromone detection. 

1 3

292

https://doi.org/10.1073/pnas.2415468121
https://doi.org/10.1073/pnas.2415468121
https://doi.org/10.1080/0035919X.2014.961045
https://doi.org/10.1080/0035919X.2014.961045
https://doi.org/10.1016/j.asd.2017.10.002
https://doi.org/10.1016/j.asd.2017.10.002
https://doi.org/10.1146/annurev.en.39.010194.000501
https://doi.org/10.1016/j.actbio.2016.06.009
https://doi.org/10.1016/j.actbio.2016.06.009
https://doi.org/10.1093/molbev/msu235
https://doi.org/10.1093/molbev/msu235
https://doi.org/10.1111/j.1096-0031.1990.tb00523.x
https://doi.org/10.1111/j.1096-0031.1990.tb00523.x
https://doi.org/10.1186/s40851-019-0137-z
https://doi.org/10.1016/j.cub.2020.09.048
https://doi.org/10.1673/031.003.1901
https://doi.org/10.1673/031.003.1901

	﻿Electrophysiological and behavioral responses of elongated solifuge sensilla to mechanical stimuli
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study animals
	﻿Elongate sensilla deflection
	﻿Electrophysiology of sensilla
	﻿Experimental setup
	﻿Experimental stimuli
	﻿Analysis of electrophysiology recordings
	﻿Statistical analysis


	﻿Behavioral responses to mechanical stimuli
	﻿Results


