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Abstract

From both comparative biology and translational research perspectives, there is escalating interest in understanding how
animals navigate their environments. Considerable work is being directed towards understanding the sensory transduction
and neural processing of environmental stimuli that guide animals to, for example, food and shelter. While much has been
learned about the spatial orientation behavior, sensory cues, and neurophysiology of champion navigators such as bees and
ants, many other, often overlooked animal species possess extraordinary sensory and spatial capabilities that can broaden
our understanding of the behavioral and neural mechanisms of animal navigation. For example, arachnids are predators that
often return to retreats after hunting excursions. Many of these arachnid central-place foragers are large and highly conducive
to scientific investigation. In this review we highlight research on three orders within the Class Arachnida: Amblypygi (whip
spiders), Araneae (spiders), and Scorpiones (scorpions). For each, we describe (I) their natural history and spatial naviga-
tion, (II) how they sense the world, (IIT) what information they use to navigate, and (IV) how they process information for
navigation. We discuss similarities and differences among the groups and highlight potential avenues for future research.

Keywords Homing - Learning walks - Path integration - Spatial cognition - Neuroethology

Introduction

The class Arachnida belongs to the phylum Arthropoda
which includes, among others, insects and crustaceans.
The approximately 98,000 described species of arach-
nids are divided into eleven orders, a few of which have
attributes that make them outstanding research animals for
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navigation studies. For example, several are large, enabling
the relatively easy ablation or masking of sensory organs for
sensory-based navigation studies. Some can even accom-
modate radio transmitters. Many are long lived and easily
maintained in the laboratory. Additionally, they live in a
variety of habitats—from simple to complex—which opens
comparative opportunities to study nuances related to navi-
gation. Also, several species accept laboratory facsimiles
of their native habitats, which allows for well-controlled
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behavioral studies. Some have even proven highly adapt-
able and accessible to electrophysiological recordings, ena-
bling direct studies of sensory capacities that might underlie
navigation.

Leveraging some subset of the above-mentioned attrib-
utes and techniques, robust spatial orientation information
is now available for three arachnid orders: Amblypygi (whip
spiders), Araneae (spiders), and Scorpiones (scorpions).
Animals in these three orders display homing behavior at
distances ranging from centimeters to hundreds of meters
and different characteristics of spatial orientation have been
the focus of study across these groups. Path integration and
learning walks, for example, have been explored predomi-
nantly in spiders and scorpions, while the role of distinct
sensory information in homing has been the primary focus
of amblypygid research. Each of these groups has excep-
tional sensory attributes that make them important contribu-
tors to the neuroethological literature: the antenniform legs
and enlarged mushroom bodies of amblypygids, the eyes and
lyriform organs of spiders, and the pectines of scorpions.

This review focuses on amblypygid/spider/scorpion: (I)
natural history and spatial navigation, (II) sensory abilities,
(IIT) sensory information used for navigation, and (IV) pro-
cessing of information for navigation. It builds upon recent
reviews of arachnid spatial orientation (Gaffin and Curry
2020; Ortega-Escobar 2017, 2020) by incorporating impor-
tant new research findings and focusing added attention on
sensory systems that subserve specific navigational behav-
iour. We draw comparisons among the three groups while
also being cognizant of the unique environmental and evo-
lutionary forces that have selected for different neuroetho-
logical solutions to complex navigational challenges. We
begin by describing and synthesizing the current literature
for each group and pointing out the special behaviours and
sensory attributes that have brought notice to these animals.
In the end we place what we know about these animals in
the context of general principles gleaned from other animal
models, point out gaps in the literature, and suggest crucial
avenues for further research.

Spatial orientation in Amblypygids
Natural history and spatial navigation

Amblypygids look like fictitious creatures one might see in
a science fiction movie and, perhaps not surprisingly, they
had a big-screen debut in the Harry Potter movie Goblet of
Fire. These unusual looking arachnids are characterized by
a dorso-ventrally flattened body, large raptorial pedipalps
with species-specific supination (Seiter et al. 2022), and an
elongate first pair of walking legs referred to as ‘antennif-
orm legs’ that have taken on a sensory function (Weygoldt
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2000; Fig. 1a). Not fictitious at all, amblypygids (sometimes
called whip spiders because of their elongate antenniform
legs) are nocturnal predators that can be found throughout
the tropics and subtropics, with some species also inhabiting
more temperate and desert zones (Weygoldt 2000; Chapin
and Hebets 2016). These remarkable animals have changed
little over evolutionary time, with complete fossils dating
back to the Carboniferous (300 mya) and fossil fragments
dating back 385 mya, to the Devonian (Dunlop 2010; Haug
and Haug 2021). The order is monophyletic (Ban et al. 2022)
and not particularly diverse in comparison to other arachnid
orders, with just 255 currently described species compared
to the spider Order Araneae with more than 50,300 cur-
rently described species (World Spider Catalog accessed 8
September 2022). But despite their strange appearance and
elusive nocturnal behavior, amblypygids are quickly becom-
ing a model study system in sensory ecology and navigation
research due to their unique sensory and processing systems
and their documented prowess at nocturnal homing.

Homing

In the field, amblypygids emerge from a home shelter—from
crevices of tree buttresses or from under rocks—at night to
hunt for prey in the vicinity of the shelter. An individual may
be observed nightly over several weeks or months near the
base of the same tree, demonstrating high site fidelity (Beck
and Gorke 1974; Weygoldt 1977; Hebets 2002). Individu-
als have also been observed to wander distances of 30 m or
more in the rainforest understory and to return to the loca-
tion at which they were originally sighted several nights later
(Hebets 2002).

Beck and Gorke (1974) were the first to investigate
amblypygid navigation in the field. In an early displace-
ment study, nine Heterophrynus batesii were collected
at night after they had emerged from the shelter of their
crevices and were moved 2.5-7.5 m from their resident
trees. Each individual returned to the tree from which it
was removed on the same night it was displaced (Beck
and Gorke 1974). The team also displaced one individual
10 m, and observed that it also returned to its original
tree sometime between two to five nights later. Beck and
Gorke (1974) noted that displaced individuals appeared to
sample the air space around them with their antenniform
legs, as if to orient themselves. To explore this observation
further, the researchers secondarily displaced one subject
after clipping the distal 30-50 articles of its antenniform-
leg tarsi, which are the loci of olfactory, chemosensory
and mechanosensory sensilla (Foelix 1975; Beck et al.
1977; Foelix and Hebets 2001; Santer and Hebets 2011b;
Fig. 1b). They searched for this subject at the tree from
which it was removed for several nights afterward, but it
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Fig. 1 The sensory structures hypothesized to be involved in naviga-
tion by amblypygids and results of displacements in the field. a Para-
phrynus laevifrons fitted with a radio transmitter. b Scanning electron
microscope image of the distal end of a Phrynus marginemacula-
tus antenniform leg and three types of sensilla from left to right: B,
bristle (mechanosensory and contact chemosensory); P, multiporous
sensillum (olfactory and hypothesized to be essential for amblypygid
navigation); and C, club sensillum (contact chemosensory). ¢ Trajec-
tories of nocturnally displaced Paraphrynus laevifrons (misidenti-

was never seen again. The inability of this manipulated
animal to find its shelter hinted that amblypygid naviga-
tion involves odors or other cues detected by sensilla on
the antenniform legs (Weygoldt 2000).

The results of Beck and Gorke (1974) were corroborated
and extended 40 years later by several nocturnal displace-
ment experiments using Phrynus pseudoparvulus and Para-
phrynus laevifrons. These species inhabit the rainforests of
Central America and, like H. batesii, reside in tree crev-
ices or holes at the base of a tree or in the ground. Dis-
placed Phrynus pseudoparvulus, like H. batesii, success-
fully returned to their home tree when displaced up to 4.5 m.
When displaced longer distances (6—8.7 m), they returned
in 1-3 nights (Hebets et al. 2014b). Individuals equipped
with radio transmitters demonstrated that the return route of
individuals displaced longer distances typically involves a

O Tree (H, home)
* Release site, R

Catchment zone
(buttress) in direction
of movement

A

fied as Phrynus pseudoparvulus in Hebets et al. 2014b; see Bingman
et al. 2017), tracked with telemetry. Lines indicate the direction of
movement from the release site (R) (top) or a stopover tree (middle,
bottom). Numbers near arrowheads indicate the mornings after dis-
placement that an individual was observed at a particular site. The
question mark (middle) indicates that the exact morning that the sub-
ject returned to its home tree could not be determined. The catchment
zone is the extension of tree buttresses in the direction an individual
moved. [Results adapted from Hebets et al. 2014b]

temporary residency in a crevice of one or more other trees
(Hebets et al. 2014b, Fig. 1c).

In a telemetry study exploring the relative importance of
different sensory inputs in nocturnal homing, the majority of
Paraphrynus laevifrons individuals with all sensory systems
intact returned to their home tree within 5 days after a 10 m
displacement. The return routes again included multiple
temporary stops (Bingman et al. 2017). Paraphrynus laevi-
frons have even been observed to successfully navigate back
to the tree from which they were captured over the course of
several nights from displacement distances as far as 25 m (1
of 2 displaced individuals returned; Wiegmann et al. 2016).

How do amblypygids sense the world?

Like all arachnids, amblypygids have eight legs, but they
only use six for walking. As previously mentioned, their first
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pair of walking legs are modified into extraordinarily long
sensory appendages (> 2.5 times the length of other walking
legs) that can span more than 60 cm (Igelmund 1987; Wey-
goldt 2000; Foelix and Hebets 2001). These elongated legs
are highly articulated, facilitating a large range of motion,
and they are covered with distinct types of sensory hairs
(Weygoldt 2000; Foelix and Hebets 2001; Santer and Hebets
2011b).

Based upon morphology, there are seven distinct types
of sensilla on the antenniform legs of amblypygids—bris-
tles (contact chemosensory and mechanosensory), leaflike
sensilla (mechanosensory), porous sensilla (olfactory), club
sensilla (chemosensory) and rod sensilla (unknown function)
(reviewed in Foelix and Hebets 2001; Santer and Hebets
2011b). To date, most of the anatomical analyses of sensilla
has been done on various Heterophrynus species and most of
this work was done in the 1970s through early 1990s (Foe-
lix 1975; Beck et al. 1977; Igelmund 1987; Igelmund and
Wendler 1991a, 1991b). An excellent summary of sensillum
type, location, length, diameter, base and pore characteris-
tics, and presumed modality of sensation can be found in the
review by Santer and Hebets (2011b, Table 1 therein). The
majority of the antenniform leg sensilla are found on the
distal most segments, and this, coupled with the length and
numerous articulations of these legs, enable the animals to
directly sample the environment in a controlled manner over
a very large area relative to their body size. For example,
individuals can reach into crevices with their bodies safely
outside; they can sample air outside of the boundary layers
of tree surfaces; and they can interact with potential rival
conspecifics from a distance of several centimeters.

In addition to the previously discussed sensilla,
amblypygids also possess trichobothria, or filiform sensilla
capable of detecting air particle displacement (Reissland
and Gorner 1985; Barth 2000). Although trichobothria are
notably absent on the tarsus of the antenniform legs of pre-
viously studied Heterophrynus species, a few trichobothria
do occur on other antenniform leg segments and many more
can be found on the walking legs (Igelmund 1987; Weygoldt
2000). These hairs enable amblypygids to detect air particle
movement. They have been demonstrated to be involved in
intraspecific communication in Phrynus marginemaculatus,
as trichobothria on the patella of the walking legs can detect
air particle movement generated through the ritualistic ago-
nistic displays involving antenniform leg vibrations (Fowler-
Finn and Hebets 2006; Santer and Hebets 2008, 2011a).

Chemo- and mechanoreception
While particular sensilla morphology suggested an olfac-
tory function, the capacity for amblypygids to detect air-

borne chemicals (i.e. to smell) using their antenniform legs
was confirmed with an electrophysiological study in the
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early 2000s (Hebets and Chapman 2000). In this study, the
majority of 42 distinct chemicals from a range of chemical
classes were successful in eliciting an excitatory or inhibi-
tory response from an antenniform leg of the amblypygid
Phrynus marginemaculatus, demonstrating that these arach-
nids can indeed detect airborne odors. No electrophysiologi-
cal studies to date have explored contact chemoreception in
amblypygids despite the presence of numerous presumed
contact-chemosensory sensilla and the potential role of
substrate-borne chemical stimuli to influence amblypygid
navigation.

In terms of mechanoreception, an electrophysiological
study of walking leg trichobothria demonstrated that air
vibrations are sufficient to excite the trichobothria on the
patella of this same species (Santer and Hebets 2008).

In addition to detecting air particle vibrations,
amblypygids are also likely able to detect muscle contrac-
tions, hemolymph pressure, gravity, and vibrations on the
substrate using slit sensilla, or mechanoreceptive slits in the
cuticle, which are sensitive to cuticular stress (Barth 2002).
The number and type of slit sensilla found on the antennif-
orm legs of H. elaphus can be found in the review by Santer
and Hebets (2011b, Table 2 therein; (based on work by
Igelmund 1987)). To date, there are no electrophysiological
studies exploring the sensory capacity of these sense organs,
but one might expect that they are capable of proprioception;
a function demonstrated by lyriform organs in spiders (see
Spatial Orientation in Spiders).

Vision

Amblypygids possess eight eyes that broadly resemble the
morphological characteristics of other arachnids. Their one
pair of median eyes are slightly larger than their six lateral
eyes and are elevated on the front region of prosoma, while
one pair of three lateral eyes are found further back on the
sides of the prosoma (Weygoldt 2000; Santer and Hebets
2011b; Lehmann and Melzer 2018). Like in many other
arachnids, the rhabdomeres of the median eyes point towards
the light and lack a tapetum while the rhabdomeres of the
lateral eyes point away and possess a reflecting tapetum
(Weygoldt 2000; Lehmann and Melzer 2018). Unfortunately,
little is known about the neuroanatomy and physiology of
the amblypygid visual system (reviewed in Lehmann and
Melzer 2018; see also Sinakevitch et al. 2021). No physi-
ological studies have been published on amblypygid vision,
and thus, the capacity for visual detection remains largely
unknown.

In summary, previous morphological and physiological
studies on amblypygid sensory systems conclude that these
nocturnal arachnids can taste (using contact chemorecep-
tive sensilla), smell (using multiporous sensilla), and can
detect mechanoreceptive signals/cues (using trichobothria
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and other mechanoreceptive sensilla including slit sensilla)
with their extraordinarily long sensory antenniform legs.
Their vision has been much less studied as has their mecha-
noreceptive capacity in terms of proprioception.

What information do amblypygids use to navigate?

The amblypygid antenniform legs and their associated sen-
sory organs are presumed to underlie their proficient noc-
turnal navigation (Beck and Gorke 1974; Weygoldt 2000;
Wiegmann et al. 2016) and numerous recent studies have
provided additional support for this presumption. In this sec-
tion, we summarize the evidence to date regarding the role
of different sensory information in spatial orientation and
navigation in amblypygids. As you will see, most navigation
studies on amblypygids have thus far focused on allothetic
cues for navigation. We also note that while most laboratory-
based studies on amblypygid navigation and spatial orienta-
tion have employed experimental designs on a horizontal
plane, spatial orientation on a vertical surface that more
closely resembles the natural habitats of many species has
also been established in the laboratory (Casto et al. 2020).

Chemosensory-based navigation

Two independent field studies used sensory-manipulated
individuals in displacement trials to determine the impor-
tance of olfaction in nocturnal homing. In one study, zero of
six Paraphrynus laevifrons individuals with the distal tips
of their antenniform legs painted with nail polish, which
covered the entire tarsus and thus the olfactory sensilla (see
Hebets and Chapman 2000 for evidence of antenniform leg
olfaction), were able to return home after a displacement of
10 m; and only one of five individuals with the tips of the
antenniform legs cut to ablate olfactory inputs were able
to successfully home (Bingman et al. 2017). In a study of
Phrynus pseudoparvulus, individuals with the distal 1 cm
of anteniform leg tarsi similarly cut were less likely to
return home following a displacement of 8§ m compared to
olfaction-intact individuals (Hebets et al. 2014a). The same
results were found when individuals were simply displaced
from their shelter to the opposite side of their home tree
(Hebets et al. 2014a). These field-study results strongly sup-
port a role of olfaction in amblypygid spatial orientation and
navigation, but do not necessarily negate the importance of
other sensory modalities.

In the laboratory, the nocturnal activity of amblypygids
has been studied in arenas with artificial shelters. Results of
these studies also support the hypothesis that navigation and
shelter recognition, the terminal phase of a navigation route,
rely on inputs from the antenniform legs with particular reli-
ance on olfaction. For instance, Phrynus marginemaculatus
wanders nightly in an arena and can be conditioned to return

to a specific shelter that is cued by an odor (Graving et al.
2017). Self-deposited chemical cues have also been shown
to be used for shelter recognition by P. marginemaculatus,
suggesting that contact chemoreception may facilitate ref-
uge detection at close range (Casto et al. 2019). In addition,
shelter recognition by individuals that have been trained to
discriminate between shelters based on odors is dramatically
impaired when the tips of the antenniform legs are clipped
(Wiegmann et al. 2019).

Vision-based navigation

The visual systems of both Phrynus pseudoparvulus and
Paraphrynus laevifrons have been manipulated in field
experiments involving displacement trials to explore the
importance of vision in nocturnal homing. The results are
equivocal. In one study, ten Phrynus pseudoparvulus had
removable, occlusive dental resin covering all eight of their
eyes and just one individual successfully homed (10%) after
a displacement of 8 m. This result was not statistically dis-
tinct from the three of 10 (30%) vision-intact individuals that
successfully homed (Hebets et al. 2014a). In another study,
six of 10 visually deprived Paraphrynus laevifrons—all eight
eyes painted with black nail polish—successfully returned
home after a displacement of 10 m while eight of 10 control
individuals returned (Bingman et al. 2017). These studies
have small sample sizes and leave open a role for vision in
nocturnal homing. The lack of statistical differences in the
performance of vision-intact and vision-deprived individu-
als, however, suggests that vision is unlikely to be the domi-
nant modality in amblypygid spatial orientation.

Although vision does not appear to be essential for successful
navigation in the field, individuals can be trained to discrimi-
nate between shelters based on visual cues in the laboratory.
Flanigan and colleagues (2021a) trained P. marginemacula-
tus to discriminate between two shelters based on patterns of
black and white stripes, positioned on the ceiling or walls of
an arena. The subjects successfully solved the discrimination
problem when the visual stimuli were positioned on the ceil-
ing of the arena, an ability that is lost when visual input to the
medial eyes is obstructed. Performance on the discrimination
task was less robust when stimuli were positioned on the arena
walls (Flanigan et al. 2021a). These results match earlier work
on ants (Oliveira and Holldobler 1989) and suggest that, like
ants, amblypygids that inhabit rainforests might use canopy ori-
entation to navigate to a shelter.

Magnetoreception-based navigation
Magnetoreception does not appear to play a major role in
amblypygid spatial orientation. When procedures similar

to those used by Wiegmann and colleagues (2019) were
employed to train P. laevifrons to discriminate between
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shelters based on a magnetic anomaly characterized by high
total field intensity and 180° shift in the polarity of the ambi-
ent magnetic field, individuals failed to learn the discrimi-
nation task after 50 trials conducted over 10 daily sessions
(Wiegmann et al. 2020). Similarly, in a field experiment,
individual Phrynus marginemaculatus fitted with a powerful
magnet exhibited return rates after displacement that were
as good as individuals fitted with a similar-sized brass disc
(Wiegmann et al. 2020).

Mechanoreception-based navigation

Mechanoreception-based navigation has not been stud-
ied to the same extent as chemical-based navigation in
amblypygids. Nonetheless, amblypygids are clearly capa-
ble of mechanoreception-based learning, as they have been
trained under two distinct experimental designs to discrimi-
nate between shelters based on tactile cues (Flanigan et al.
2021b; Santer and Hebets 2009).

Prior field experiments that used clipping of the antennif-
orm leg segments to demonstrate decreased homing success
were interpreted as supporting a primary role of olfaction
in homing (Hebets et al. 2014a; Bingman et al. 2017), but
these manipulations affected more than just olfactory sen-
silla (Santer 2019). Amblypygid antenniform legs uniquely
possess an array of at least seven giant sensory afferents with
cell bodies located in the distal-most segments of the anten-
niform leg (Igelmund and Wendler 1991a, 1991b; Spence
and Hebets 2006; Santer and Hebets 2011b). At least four of
these giant neurons (GNs) are known to have a mechanosen-
sory function, with two (GN1 and GN2) known to receive
overlapping fields of inputs from sensilla at the tip of the
antenniform leg. Two additional GNs (GN6 and GN7) are
stimulated with slit sensilla sensitive to movement between
the 21st and 22nd articulation of the antenniform leg dis-
tal-tip (Igelmund and Wendler 1991a, 1991b; Spence and
Hebets 2006; Santer and Hebets 201 1b). Finally, Santer and
Hebets (2009, 2011b) describe the distinctive movements
of the antenniform legs when amblypygids sample tactile
stimuli. These movements are suggested to facilitate the
coding of tactile information like shape and texture. Thus,
based upon the sensory and processing system alone, there
appears strong potential for a role of mechanosensation in
amblypygid navigation (Santer 2019).

Multisensory-based navigation

The olfactory and tactile experiments conducted in the labo-
ratory suggest, like the field studies, that the navigational
abilities of amblypygids may be primarily mediated by sen-
sory inputs to their antenniform legs and that olfactory cues,
which could in principle function at long distances, may
be critical. However, overcoming the sensory and cognitive
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challenges associated with navigating distances of 10 m or
more while embedded in the sensory noise in the under-
story of a dense tropical rain forest would seem to benefit
from a protective redundancy that could come with a spatial
representation derived from the integration of multisensory
inputs (Wiegmann et al. 2016). Therefore, the experimental
demonstration that vision is not necessary for Paraphrynus
laevifrons to navigate back to its home refuge (Bingman
et al. 2017) does mean that vision does not contribute to
navigational success when visual cues are available (see
Flanigan et al. 2021a). But is there any evidence of multi-
sensory control of amblypygid spatial behavior, and if so,
what nervous system structures might be important for any
multisensory control?

In a revealing study, Flanigan et al. (2021b) successfully
trained amblypygids to recognize a home shelter character-
ized by both a distinctive olfactory and tactile cue (Fig. 2).
The surprising result was that when individuals were tested
for shelter recognition with either of the two stimulus ele-
ments alone, they were unable to locate their home shelter
(Fig. 2). The authors concluded that the amblypygids learned
a configural (see Pearce 2002), multisensory and odor-tactile
representation of the home shelter. In other words, the home
shelter was uniquely recognized by the integrated associa-
tion of the odor and tactile stimuli such that neither of the
stimuli alone could control behavior. It was proposed that
such a configural and integrated multisensory representation
would support navigation by reducing ambiguity in encoding
a shelter’s defining sensory characteristics, as predicted by
Wiegmann et al. (2016).

In a follow-up study, the same experimental design was
employed to test for the ability of multisensory configural
learning within a sensory modality, where the paired stimuli
were now two distinct olfactory cues (Bostelman et al. in
prep). Although open to alternative interpretations and in
need of clarifying experiments, the results suggest that the
whip spiders did not learn a within-modality, configural rep-
resentation to recognize their home shelters. When only one
of the two olfactory stimuli was present, the amblypygids
were just as good in recognizing their home shelter com-
pared to when both stimuli were presented together
(Bostelman et al. in prep). Thus, current data suggest that
amblypygids are capable of multimodal configural learning,
but not unimodal multicomponent configural learning.

Using a different experimental setting not involving
navigation, Lehmann et al. (2022) similarly offered evi-
dence, albeit without statistical verification, that transfer
of concept learning was easier when the stimuli used were
of different sensory modalities. Specifically, the research
team used delayed tactile matching and nonmatching tasks
to determine if Phrynus marginemaculatus and Paraphry-
nus laevifrons could learn the concept of same/different.
Following this same/different training, the team then tested
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Fig.2 Amblypygids are able to use the configuration of multimodal
cues to recognize a shelter (Flanigan et al. 2021b). Experimental
design of experiments (left panel) in which subjects were trained to
discriminate between accessible (CS+) and inaccessible (CS—) shel-
ters (plastic cylinders) cued by tactile (T) or olfactory (O) stimuli,
where T (sandpaper that varied in coarseness, blue parallelograms)
and O (odorants geraniol or 1-hexanol, red and blue clouds in cylin-
ders) stimuli were conditioned either singly (top left panel) or as pairs
(bottom left panel; modified from Flanigan et al. 2021b Fig. 1). In
tests, subjects were given a choice between two inaccessible shelters
cued by conditioned stimuli. Individuals trained on a single cue read-
ily discriminated between shelters in tests (top right panel), whereas
subjects trained on TO pairs of stimuli failed to discriminate between
shelters that were cued by only the tactile or olfactory element of
the CS+and CS- (bottom right panel; modified from Flanigan et al.
2021b Fig. 2). Filled circles in boxplots are group means; lines in
IQR boxes are medians; whiskers indicate the lowest and highest val-
ues within 1.5 IQR of the upper and lower quartiles; and open circles
are outliers. An asterisk indicates a stronger association with the inac-
cessible shelter cued by T, O or OT in tests than the chance expecta-
tion of 0.5

whether individuals could transfer this learning to a novel
cross-modal odor stimulus. Though results were not sig-
nificant, there was an intriguing trend towards increased
learning capacity in the cross-modal tests (Lehmann et al
2022).

Taken together, these results point to the capacity of
amblypygids to learn complex, configural representations
of multimodal environmental stimuli, which can be used at
least for the home refuge recognition phase of navigation.
We hypothesize that the same multimodal associative learn-
ing can be employed for approximating the direction home
from farther distances.

How do amblypygids process information
for navigation?

The capacity for integrated, multisensory configural learning
necessarily raises the question of how the amblypygid nerv-
ous system supports such an ability. The integration of sen-
sory information in amblypygids is presumed to take place
in the mushroom bodies, a brain neuropil hypothesized to
underlie complex behavior (Strausfeld 1998). Although the
likely homology between the mushroom bodies of different
arthropod groups has not been completely resolved (Straus-
feld et al. 1998, 2020; Loesel and Heuer 2010; Farris 2005;
Wolff and Strausfeld 2015; Wolff et al. 2017), it is notable
that in insects, the mushroom bodies are known to support
complex learning based on the integration of multimodal
sensory inputs (Menzel 2001; Strausfeld and Reisenman
2009; Strausfeld et al. 2009; Avargueés-Weber and Giurfa
2013; Giurfa 2013). Indeed, in honeybees the mushroom
bodies are required for configural, but not elemental olfac-
tory learning (Devaud et al. 2015).

In the context of navigation, the importance of the insect
mushroom bodies for integrated, multisensory guidance of
spatial behaviour has been well described (e.g., Mizunami
et al. 1998; Wessnitzer and Webb 2006; Cruse and Wehner
2011; Webb and Wystrach 2016). It is therefore noteworthy
that the mushroom bodies of amblypygids are among the
largest found in arthropods (Strausfeld et al. 1998; Wieg-
mann et al. 2016; Sinakevitch, et al. 2021), suggesting that
the amblypygid mushroom bodies support the type of multi-
modal sensory learning described in insects. Consistent with
this hypothesis is the organization of multimodal sensory
inputs into the amblypygid mushroom bodies as described
in the seminal study of Sinakevitch et al. (2021).

Mushroom body integration

The mushroom bodies of amblypygids are notably large and
complex (Sinakevitch et al. 2021), as are the mushroom bod-
ies of Thelyphonida (vinegaroons) (Lehmann and Melzer
2019); especially as compared to some other arachnid orders
including Araneae (true spiders) (Steinhoff et al. 2020),
Solifugae (camel spiders or sun scorpions) (Sombke et al.
2019) and Pseudoscorpiones (Stemme and Pfeffer 2022).
Among arachnids, multimodal inputs into the mushroom
bodies have only been recently described in amblypygids
(Sinakevitch et al. 2021).

The glomeruli of the mushroom body calyces in
amblypygids are substantially larger than their insect equiv-
alents (Lehmann and Melzer 2018; Sinakevitch al. 2021).
In amblypygids, distinct mushroom body calyx subdivi-
sions are characterized by large and small glomeruli, which
receive olfactory and visual inputs, respectively (Sinakevitch
et al. 2021; Fig. 3). Although anatomically dissociated at
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Fig.3 a Photograph of Phrynus marginemaculatus; left (11-14) and
right legs (rl-r4) indicated; note the elongated antenniform leg 11
(distal part of rl omitted); cyan line indicates vertical plane of sec-
tion as shown in b, ¢, e and f; red trapezoid indicates horizontal view
as shown in (d). b Summarizing sketch (vertical section) of mush-
room body MB input pathways. Left side shows visual, right side
olfactory input. Olfactory afferents oAf originating from sensilla on
the antenniform leg terminate in the primary olfactory glomeruli oG;
from there, olfactory projection neurons (oPN) connect to the large
calycal glomeruli (1G). Visual afferents vAf originating from the lat-
eral eyes supply the lateral medulla (pink; not labelled) from where
visual projection neurons YPN supply the small calycal glomeruli
sG; esophagus Es; mushroom body lobes MBL. ¢ Photomicrograph
of a vertical section through the central nervous system; ventral pri-
mary olfactory glomeruli oG and the corresponding secondary olfac-
tory glomeruli located dorsally in the mushroom body calyx MBC
color-coded in cyan; smaller visual MBC glomeruli color coded in
magenta. d Three-dimensional reconstruction of the mushroom body
(dorsal view) showing the lobes MBL and the calyx MBC; visual and
olfactory calycal regions color-coded as in (b, ¢); arcuate body AC.
e Photomicrograph of the approximate area boxed in (d). Small (sG;
visual) and large (0G; olfactory) calycal glomeruli color coded as in
previous panels. f Section from tracer-filled preparation with color-
coded small and large glomeruli; large glomeruli with input fibers
from ventral olfactory glomeruli; small glomeruli supplied by fine
axons of visual interneurons; approximate area boxed in (e). Arrows
indicate directions dorsal do, anterior an, and medial me; scale bars
5 mm (a), 200 pm (b —e), 20 pm (f)
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the level of the calyx, which appears to be an input region
for ascending olfactory information from the antenniform
leg neuromere and visual information from the lateral and
medial eye medulla in the brain (Fig. 3), the organization
of the mushroom bodies would still enable integration of
olfactory and visual inputs in the mushroom body lobes or
within the matrix of the large and diverse number of axonal
inputs to the neighboring reticulate body. There is also a
shared region of visual input from the median and lateral
eyes—the second lateral eye visual neuropil (Lehmann and
Melzer 2018). This shared region of overlap between the
median and lateral eye terminals is also seen in Xiphosura
(horseshoe crabs) and Scorpiones. Finally, the organization
of the reticulate body (a paired structure near the ventral
mushroom body lobes and calyces) appears particularly well
suited to support associative memory processes reminiscent
of the vertebrate hippocampus (Wolff and Strausfeld 2016;
Sinakevitch et al. 2021).

The neuroanatomical revelations that emerge from Sinak-
evitch et al. (2021) and Lehmann and Melzer (2018) have
profound implications for understanding multicomponent
and multimodal sensory, associative learning in the context
of amblypygid navigation. To date, only olfactory-mech-
anosensory multisensory (configural) learning has been
described in amblypygids (Flanigan et al. 2021b). Sinak-
evitch et al. (2021) note that olfactory and mechanosensory
inputs from the antenniform legs are segregated at the level
of the antenniform leg neuromere but did not investigate
possible mechanosensory projections to the mushroom bod-
ies. If our hypothesis is correct that the mushroom bodies
are necessary for learning based on multimodal sensory inte-
gration, then we would expect that mechanosensory inputs
should also reach the mushroom bodies.

The parallel inputs of olfaction and vision into the mush-
room body calyces is somewhat paradoxical, especially with
respect to how much of amblypygid behaviour is controlled
by vision. On the one hand, the anatomical finding is consist-
ent with the robust visual associative learning described in
amblypygids (Flanigan et al. 2021b), and the suggestion that
despite their underdeveloped eyes a considerable amount
of the amblypygid brain is involved in visual processing
(Sinakevitch et al. 2021; Fig. 3). On the other hand, at the
very least, vision is unnecessary for amblypygids to navi-
gate home after being displaced in the field (Bingman et al.
2017). It would be informative if the demonstrated multisen-
sory integration of olfactory and mechanosensory inputs in
support of shelter recognition could be replicated with vision
as one of the sensory inputs.

Finally, recent behavioural data suggest that the integra-
tion of multisensory inputs in support of spatial-associative
learning is successful when inputs are of a different modal-
ity (Flanigan et al 2021b) but not when they are of the same
modality, or at least two distinct odors (Bostelman et al. in
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prep). Acknowledging that experimental confirmation for the
absence of within-olfaction associative/configural learning
is still needed, it is nonetheless tantalizing to speculate that
successful between sensory-modality associative integra-
tion combined with failed within sensory-modality asso-
ciative integration may suggest much about the anatomical
organization of the mushroom bodies. For example, given
the segregation of the calyx glomeruli associated with olfac-
tion and vision (Fig. 3), it would appear unlikely that the
actual integration of multisensory inputs takes place at the
level of the calyces. It would seem that the mushroom body
lobes or reticulate body are likelier candidates as the site(s)
of integration. Also, the suggestion that amblypygids are
seemingly unable to integrate holistically separate olfactory
inputs suggests that different olfactory processing streams
lack the anatomical connectivity to support such integration.
Further behavioral experiments, with designs like those used
to study similar olfactory discrimination problems in insects,
are needed to confirm this (Devaud et al. 2015).

Spatial orientation in Araneae (i.e. spiders)
Natural history and spatial navigation

Unlike their nocturnal hunting amblypygid relatives that
reside in crevices or holes during the day and come out at
night to forage, the more than 50,300 species of spiders
(World Spider Catalog, accessed 08 September 2022) dem-
onstrate a variety of lifestyles and hunting strategies. In
general, spiders have three primary approaches for getting
their prey: (1) web-building; (2) sit and wait in a burrow
or retreat and walking out for passing prey; or (3) active
pursuit (Nentwig 1987; Barth 2002; Foelix 2011). Similar
to amblypygids, spiders using this third strategy sometimes
also have home burrows or shelters. Given these varied hunt-
ing strategies, many spiders must have spatial orientation
mechanisms for returning to their burrow or shelter follow-
ing foraging, or other, excursions.

There is an impressive range of distances that various
spiders travel before returning to a home site. These dis-
tances range from a few centimeters (funnel-web spider,
Agelena labyrinthica, Gorner and Claas 1985) to about a
half meter (Drassodes cupreus, Dacke et al. 1999; Central
American spider, Cupiennius salei, Seyfarth et al. 1982;
wolf spider, Lycosa tarantula, Ortega-Escobar and Munoz-
Cuevas 1999), to hundreds of meters (the Namib Desert spi-
der, Leucorchestris arenicola, Ngrgaard 2005). Given some
of these extraordinarily navigational feats, it is no wonder
that scientists have spent decades exploring the mechanisms
underlying spider navigation.

One of the earliest studies of spider spatial orientation
was carried out on the Lycosidae spider, Arctosa perita, that

exhibits active pursuit of the prey. This species was shown
to exhibit zonal orientation, or movement at right angles
from one zone such as a river or lake, to the shore where the
spider lives. Papi (1955) determined that the escape direc-
tion of each A. perita population varied according to the
zone of the river it inhabited. Papi found that (a) the spiders
used the sun as a cue to navigate their way to their shore; (b)
the spider’s escape direction remained constant throughout
the day; and (c) the spiders had the capacity of perceiving
polarized light and using it for orientation. This study laid
the foundation for future work exploring the role of sensory
inputs in spider navigation.

Path integration

Studies of the mechanisms of spider navigation have been
leveraged by the impressive amount of knowledge that has
been accumulated in insects with regards to mechanisms
underlying navigation (Collett 2019; Heinze et al. 2018). As
such, path integration has been a focal mechanism of study
for spider navigation researchers.

Path integration is a form of route-based homing in which
the animal continuously updates its position relative to its
departure point. During its outbound journey, the animal
integrates the direction and distance of each route fragment
to calculate a home-bound vector for its return (Papi 1992a,
b). The vector’s distance can be measured using idiothetic
information, or information obtained by the animal via pro-
prioceptors when it moves, such as stimulation of lyriform
organs or by the optic flow across the eyes. Simultaneously,
the vector’s direction can be derived from either idiothetic or
allothetic information, or information used to calculate the
angle of turn relative to stable external reference cues, such
as polarized light patterns, visual landmarks, etc.

Path integration has been demonstrated to be important in
several types of spiders that emerge from retreats to capture
prey. Using foraging trials, for example, Cupiennius salei, a
spider that sits and waits, was shown to immediately return
to the location of a previously encountered prey (Barth and
Seyfarth 1971; Seyfarth et al. 1982). In the experiment,
the spiders were induced to drop their prey item (a fly) and
were then chased into a nearby semicircular corridor. Upon
emerging from the corridor’s exit, the spider moved in the
direction of the prey item that it dropped (Fig. 4a). Similarly,
when the wolf spider Lycosa tarantula, a spider that sits
and waits, was coaxed to move along adjoining walls of a
rectangular terrarium and then displaced to the center of a
large circular arena, it walked in a direction parallel to the
one it would have taken to return to the burrow had it not
been displaced (Ortega-Escobar and Munoz-Cuevas 1999)
(Fig. 4b). Finally, it has been suggested that path integration
is involved in the return of male Namib Desert spiders, Leu-
corchestris arenicola, a sit-and-wait spider, to their burrows
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Fig.4 Path integration in a
Cupiennius salei (a), Lycosa
tarantula (b), and Leucorches-
tris arenicola (c). a The spiders
were chased away from previ-
ously captured prey into and
through a semicircular corridor.
After emerging from the end of
the corridor, they walked in the
direction (mean =+ standard devi-
ation) of the yellow arrow; 0°
would mean a straight line from
the exit point to the fly. b Path
integration in Lycosa taran-
tula. A female was displaced
(blue arrows) in a 60X 30 cm
terrarium placed in the labora-
tory. When the spider reached
the end of the short leg, it was
removed in a glass and placed in
a 90 cm diameter arena oriented
in the same direction; the
inward path searching for the
virtual burrow (black solid line)
was approx. 40 cm in length and
after this the systematic search

(loops) began. ¢ The longest b
path, 810 m, registered for a

spider, a male of L. arenicola

living in the Namib Desert. [c is

adapted from N@rgaard (2005)]

<+

¥ «——0O Burrow

after a night of long-distance (up to 810 m) searching (N@r-
gaard 2005) for females (Fig. 4c¢).

In addition to the above-mentioned non-web building
spiders, the web-building black widow, Latrodectus hes-
perus, has been shown to use path integration for homing
(Sergi et al. 2021). Most spiders that took circuitous out-
bound paths from retreats on the edge of their web sheets
took shorter, more directed inbound paths. Furthermore,

@ Springer

displaced spiders moved in a direction parallel to puta-
tive homebound vectors. Finally, spiders whose webs
were rotated in their absence made navigational errors
and engaged in systematic searching movements such as
moving around the web, plucking, or tugging on its lines.
These studies all suggest that multiple spider species use
path integration for navigation.
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Learning walks

In both walking and flying hymenopterans (bees, ants, bum-
blebees, and wasps), individuals will engage in locomotory
patterns that include moving in circles or arcs as they leave
their nest. During these movements they look back to face
the nest, gathering nest-directed visual information from
different viewpoints. Such locomotory patterns have been
termed learning walks (Collett and Zeil 2018; Zeil and Fleis-
chmann 2019) and spiders have also been shown to engage
in them.

Naive male Leucorchestris arenicola perform sinusoidal
movement patterns when departing their burrows (N@rgaard
et al. 2012). These movement patterns are limited to the area
near the burrows, and they change shape and become less
pronounced as the spiders gain experience. It is hypothesized
that these sinusoidal movement patterns are analogous to
learning walks and learning flights observed in some hyme-
nopterans. Leucorchestris arenicola does not walk in circles
or arcs near the burrow, but the sinusoidal movements may
similarly allow the animals to gather burrow-related visual
information from various directions.

How do spiders sense the world?

Mechanoreception and vision have been the two prominent
sensory systems studied in association with spider spatial
orientation.

Mechanoreception

Mechanoreceptors are particularly well developed in spi-
ders, especially the compound slit sense organs or lyriform
organs (Barth 2002, 2020). These organs consist of a vari-
able number of up to 30 parallel, closely spaced cuticular
slits. The dendritic tips of two mechanosensitive neurons
attach to specialized cuticular structures within the slits
(French et al. 2002). It is proposed that mechanotransduction
takes place at the dendritic tips and that the structure only
responds when the stimulus is a compressive strain (French
et al. 2002).In the most-studied spider from a mechanical
sense point of view, Cupiennius salei, the lyriform organs
are situated on the extremities close to the leg joints (Barth
2002) where forces are strong and transmitted from one leg
segment to the next (Barth 2002).

Vision

In terms of vision, most spider species have eight eyes
placed on the anterior part of the prosoma. From a frontal
perspective they appear to be arranged roughly in two rows
(Foelix 2011; Morehouse 2020), although salticids have four
eyes arranged on the sides of the carapace and four eyes

facing forward (Harland et al. 2012). Spider eyes are of a
camera-type composed of a cuticular lens, a cellular vitreous
body, and a retina with rhabdomeric photoreceptors (Blest
1985). If we consider the two-row arrangement, the first row
contains the antero-median (AME) and the antero-lateral
(ALE) eyes, and the second row contains the postero-median
(PME) and postero-lateral (PLE) eyes (Land 1985; Foelix
2011; Morehouse 2020). The AMEs are usually called the
principal eyes, while the others are referred to as the sec-
ondary eyes. Both principal (AMEs) and secondary eyes
(ALEs, PMEs, and PLEs) project to first-order optic neuropil
(ON1) which then projects to the second-order optic neuro-
pil (ON2). However, the AME neuropils are different from
those of secondary eyes, which also are different among
them. The AME second-order neuropil projects to the “cen-
tral body” or “arcuate body” while the second order neuropil
of the secondary eyes projects to the “mushroom bodies”.

There are important functional differences between prin-
cipal (AME) and secondary eyes: the rhabdoms of the AME
photoreceptors are close to the vitreous body while the rhab-
doms of all the other eyes are inverted such that the receptor
cell nuclei lie between the rhabdoms and the vitreous body.
Also, in the families in which it has been studied, only the
AME:s have a variable number of muscles to facilitate retina
movement and only the secondary eyes have a tapetum, a
guanine-based reflective surface immediately behind the
rhabdoms (Eakin and Brandenburger 1971; Homann 1971;
Kovoor et al. 1993; Land 1985; Mueller and Labhart 2010;
Schroer 2017).

A significant factor regarding spider spatial orientation
is also the visual field of the eyes. For example, the field
of view of the AMEs of the wolf spider Lycosa tarantula
and the funnel-web spider Agelena labyrinthica is directed
towards the sky while their ALEs face towards the substra-
tum (Kovoor et al. 1993; Schroer 2017). Therefore, for these
spiders, the AMEs appear to perceive the position of the
sun or the pattern of polarized light, and ALEs the ground
structure.

The detection of polarized light has shown to be critical
for many navigating arthropods. In insects, polarized light
analyzers consist of two sets of photoreceptors with orthogo-
nally oriented microvilli. The receptors in this POL area
(POL for polarization) are arranged in the superior region
of the compound eye called the dorsal rim area (Wehner
and Strasser 1985; Labhart and Meyer 1999; Wehner and
Labhart 2006; Mathejczyk and Wernet 2017). Are there
orthogonally oriented microvilli in spiders?

Histological studies of lycosid (Lycosa tarantula,
Kovoor et al. 1993; Geolycosa godeffroyi, Geolycosa sp.
and Pardosa prativaga, Dacke et al. 2001) and agelenid
(Agelena gracilens, Schroer 1974, 1976; Agelena laby-
rinthica, Schréer 2017) retinas have shown that the AME
retina is asymmetrical. The inferior part of the retina has a
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Fig.5 Organization of spider a
photoreceptors. a Central and
ventral parts of the AME retina
in Agelena gracilens. left:
Arrangement of the rhabdoms
in the two ventral popula-

tions (magenta double-headed
arrows) orthogonal between
them. right: Arrangement of the
rhabdoms (red lines) in three or
four sides of the cells. b Central
and ventral parts of the AME
retina in Lycosa tarantula. left:
Light microscope photograph of
the AME retina; the central part
shows vitreous body cells; a:
central retina; b: ventral retina.
right superior: Cells of the
central retina with rhabdomeres
(red lines) on all faces. right
inferior: Cells of the ventral
retina with rhabdomeres in

two parallel faces; there are

two cell populations accord-
ing to the rhabdom orientation
(magenta double-head arrows).
¢ Retina of the PME of Dras-
sodes cupreus. left superior:
Horizontal section through

the PME retina showing a
regular rhabdomere arrange-
ment; white zones: photore-
ceptor cell somata; gray lines:
rhabdomeres. right superior:
Enlargement of the box in left
superior showing the paral-

lel microvillar arrangement.
inferior: Schema showing the
V-shaped tapetum (black and
gray) and the arrangement of
microvilli (yellow); arrow: one
possible path of light through
the retina by double reflection.
[a is adapted from Arthropod
Structure & Development
(2017), 46(2), 196-214. c is
adapted from The Journal of
Experimental Biology (2001),
204, 2481-2490.]

striped-like region, which has photoreceptor cells with rhab-
domeres arranged on two parallel sides with two groups of
cells orthogonal to each other (A. labyrinthica, Fig. 5a; L.
tarantula, Fig. 5b). However, rhabdomeres are located on
all sides in the central photoreceptor cells. Therefore, the
ventral part of the retina in lycosids and agelenids could be
a POL area, looking towards the sky (the optic axis of the
L. tarantula AME:s is oriented 20° upwards and 15° lateral
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to the sagittal plane, Kovoor et al. 1993; whereas the optic
axis of A. labyrinthica is tilted by 45° in relation to the hori-
zontal plane, Schroer 2017). This could explain behavioural
(Gorner 1958; Ortega-Escobar and Munoz-Cuevas 1999;
Dacke et al. 2001) and physiological (Magni et al. 1965)
results related to polarized light detection.
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The AME retina of L. tarantula is moved by the con-
traction of two antagonistic muscles (Kovoor et al. 1993)
attached to its lateral external surface. Ophthalmoscopic
observations reveal that the retina can move both up and
down. The AME retina of A. labyrinthica only possesses
one muscle that can produce a rapid trembling that can
also be observed ophthalmoscopically (Schroer 2017).
The movements of the retina caused by muscle contrac-
tion could serve to simultaneously detect all the possible
e-vector angles at each point in the sky in a manner analo-
gous to the fan-like array of the ommatidia in the dorsal
rim area of some insect species (Zeil et al. 2014).

A completely different mechanism for analyzing sky-
light polarization is found in the gnaphosid spider Dras-
sodes cupreus (Dacke et al. 1999, 2001; Mueller and
Labhart 2010). Drassodes cupreus use a completely dif-
ferent pair of eyes—the posterior median eyes (PMEs)—to
analyze skylight polarization (Dacke et al. 1999, 2001).
The PMEs of D. cupreus are arranged with their long axis
perpendicular to each other. In each eye, the photoreceptor
microvilli are oriented parallel to each other and the eye
long axis (Fig. 5c); therefore, the microvilli of each eye
could perceive polarized light parallel to the eye long axis.
In this way, the pair of PMEs in D. cupreus is analogous to
the ventral retina of lycosid and agelenid AMEs with one
eye detecting polarized light in one plane, and the other
eye detecting it in a plane orthogonal to the first. Dacke
et al. (1999) discovered that this spider has a reflecting
tapetum consisting of two flat mirrors with an angle of
approximately 95° between them (see also Mueller and
Labhart 2010). The angled tapetum strongly polarizes the
reflected light with an e-vector parallel to the microvilli
of the photoreceptor cells (Fig. 5¢) (Dacke et al. 1999;
Mueller and Labhart 2010).

Most photoreceptors of the Drassodes cupreus PME are
called “main receptors” (Dacke et al. 1999), which have
microvilli oriented parallel to the eye's long axis. There
are two receptors with microvilli aligned predominantly
parallel to the eye's short axis called “shallow receptors”
(Dacke et al 1999) or “central receptors” (Mueller and
Labhart 2010). The disposition of the main receptors can
be found in all the secondary eyes. Dacke et al. (1999)
made intracellular recordings of two main receptors to
measure their polarization sensitivity ratios and obtained
values of 7.6 and 9.1, higher than those measured in the
dorsal rim area of the desert ant Cataglyphis, 6.3 (Labhart
1986), or the honeybee, 6.6 (Labhart 1980). One of the
cells was recorded for long enough to measure its spec-
tral sensitivity which peaked in the ultraviolet (350 nm).
While the ALEs and PLEs could also provide input to
the polarized-light compass, as these eyes are polarized
similarly to the PMEs, Dacke et al. (2001) stated that an
overlap of the field of view of each pair of ALEs or PLEs,

would need to be greater to be able to compare the signals
from cells with different polarization axes.

What information do spiders use to navigate?
Mechanoreception-based navigation

Cleverly designed experimental studies have explored the
role of mechanoreceptive cues from the lyriform organs in
guiding spider movement. Using Cupiennius salei, spiders
were allowed to capture a tethered fly which was suspended
above the arena floor. Upon capture, an electric current was
passed through the fly, whereupon the spider left the prey
and was chased off through the semi-circular corridor (Sey-
farth and Barth 1972; Seyfarth et al. 1982). After a period of
immobility, the spider searched for the prey at the original
capture site with little error (Fig. 4a). Next, animals with
various lyriform organs ablated were tested using the same
design. Intact and control animals (with small holes in the
cuticle near the lyriform organs) had a 95% success rate
while the success rate for all the groups with mechanically
ablated lyriform organs was 33% or less. The experimental
procedure used in C. salei ruled out the possibility of the
spider using cues (e.g., visual, gravitational, substrate, or
olfactory) other than mechanical information coming from
its lyriform organs (Seyfarth and Barth 1972; Seyfarth et al.
1982). This behavioural study then, suggested that the lyri-
form organs are necessary for correct evaluation of travel
direction. Furthermore, in addition to the difference in suc-
cessful returns, the intact and control groups differed sig-
nificantly from the experimental groups in the mean starting
direction, the correct direction, and in their mean angular
deviation. The experimental groups with all tibia lyriform
organs ablated or with all femur lyriform organs ablated
showed uniform distributions in the mean starting direction.
These studies highlight the importance of mechanosensory
idiothetic information gathered during the spider’s outbound
journey for calculating a goal-directed vector for its return
trip.

Seyfarth et al. (1982) carried out another study in C. salei
that focused on distance assessment rather than direction.
Using a similar design as discussed previously, they made
rectilinear chases after the spider left the fly, displacing the
spiders 20 to>40 cm in intervals of 5 cm from the capture
point. They also made curvilinear chases, in which the spi-
ders were displaced by a mean distance of 38 cm. There
were similar intact, control, and ablated groups as in the
study carried out by Seyfarth and Barth (1972), and they
measured the distance walked from the point where it had
been displaced to where it made the first sharp turn search-
ing for the lost prey. In the rectilinear chases, successful
returns depended on the distance chased and the function-
ing of the lyriform organs. When intact spiders were chased
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20 cm, all returns were successful, but for>41 cm chases,
success rate fell to 60%. The operated spiders failed to get to
the goal (the lost prey) in two-thirds or more of the returns
except for the 20 cm group in which the success was around
50%. Similarly, in curvilinear chases, only the intact (with
eyes covered) and control (with small holes in the cuticle
near the lyriform organs) walked a mean distance that was
similar to the mean distance traversed through the semi-cir-
cular corridor, and this was independent of the chase direc-
tion through the corridor (the animal turning to left or to
right to enter it). However, the sensory ablated spiders (with
all tibia lyriform organs ablated or with all femur lyriform
organs ablated) had successful returns of less than 50% and
therefore could not adequately measure the distance walked.
These studies highlight the importance of mechanorecep-
tive information from lyriform organs in distance, as well
as direction, detection.

The capacity to measure distance walked by propriocep-
tive cues was also tested in Lycosa tarantula. Ortega-Esco-
bar and Ruiz (2014) displaced spiders linearly a distance of
30 cm from their burrow through a longitudinal corridor and
transferred them to a parallel corridor in which the burrow
was absent. The distance walked by spiders was measured
when they had all their eyes uncovered (the control test) and
with all their eyes covered (the experimental test; Fig. 6, 1st
experiment). Spiders with all their eyes uncovered searched
for the burrow mainly before arriving to the virtual burrow
while spiders with all their eyes covered searched for the
virtual burrow along the entire corridor. In conclusion, it
appears that L. tarantula does not use proprioceptive cues
during its diurnal walks to measure the distance walked;
however, this kind of study has not been carried out during
the night.

Vision-based navigation

Sky-based—Vision is important in the navigation of the wolf
spider L. tarantula. In studies conducted under a natural sky
and with the sunlight blocked by an opaque screen, the spi-
ders showed burrow orientation if the sky was not overcast,
or when a polarizer sheet was absent (Ortega-Escobar and
Munoz-Cuevas 1999). If the sky was overcast or a polarizer
sheet was present, they showed a systematic search, that is
they searched in ever increasing loops “trying” to find their
burrows. This demonstrated the importance of polarized
light and further demonstrated that it was detected through
the AMEs. In a follow-up laboratory-based study, Ortega-
Escobar (2006) described the role of the anterior lateral eyes
(ALEs) in spatial orientation. The rationale for this study
was that the visual field of the ALEs is directed towards
the substratum (Land 1985) and therefore the spiders could
observe changes that could be used for path integration.
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Fig.6 Distance measurement in Lycosa tarantula. A spider was
placed in a channel 52 cm long and 9.5 cm wide. Spiders lived in this
channel (burrow: black circle) for three days prior to the beginning
of the study. The procedure consisted of gently pushing the spider
30 cm from its burrow, removing it in a transparent glass cup, and
transferring it to the same point in the test channel. The burrow was
absent in the test channel but its position is marked by a red circle.
In all the experiments, the grey boxes and the black line inside them
show the interquartiles and median, respectively. The red dashed line
shows the spider’s position after walking 30 cm; the red continuous
line shows the position of the burrow. In the first experiment, the test
channel was as the same length as the control, i.e. 52 cm; in the sec-
ond and third experiments, the test channel was longer, 90 cm (this
greater length is indicated by two parallel slanted lines). In all the
experiments, the covered eyes appear green. Given the visual field of
the anterior median eyes (AMESs), it was not necessary to cover them.
[Adapted from Ortega-Escobar and Ruiz (2017)]
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When only ALEs were uncovered, spiders took an inbound
path, as we shall describe later (Substrate-based), in which
visual and proprioceptive information was added.

Vision also appears involved in the nocturnal homing of
the Namib Desert spider Leucorchestris arenicola (Fig. 4c).
It is unlikely that the spiders use the sun or the moon (or
their patterns of polarized light) since these spiders are
strictly nocturnal, and even prefer moonless nights (N@r-
gaard et al. 2006). Gravity (as measured by the slope of the
substrate) has also been dismissed (N@rgaard et al. 2003).
Vision appears to be important because those spiders with
all their eyes covered moved very short distances of 50 cm or
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less; or, if they moved farther than 50 cm they were not able
to return to their burrows (N@rgaard et al. 2008). Probably,
males did not return because their sexual motivation induced
them to navigate, while most females and immature spiders,
without sexual motivation, managed to return to their bur-
rows from those short distances. The role of vision in the
L. arenicola learning walks is also suggested by N@rgaard
et al. (2012) who hypothesized that during the sinusoidal
outbound journey the spider could scan the panorama around
the burrow using the ALEs and PLEs.

Following the discovery that L. arenicola spiders need
visual information to carry out their long-distance homing,
N@rgaard et al. (2008) selectively covered various groups of
eyes and measured the resulting homing success. The spiders
in the group with only their PMEs uncovered exhibited the
lowest homing success, even less than the spiders with all
their eyes covered. The group with only their AMEs uncov-
ered showed the highest homing success, which did not dif-
fer from the eyes-intact control group. The group with only
their ALEs uncovered also showed high homing success.
Therefore, L. arenicola spiders appear to use their AME and
ALE eyes for navigation.

The potential role of vision in homing was also studied
in the gnaphosid Drassodes cupreus, a spider using strategy
two. The study used a 1.5 m diameter circular arena that
contained four symmetrically placed shelters that the spiders
could use to spin their web (Dacke et al. 1999, 2001). After
one day of habituation and construction of the webs, the
experiments began in the presence or absence of a polar-
izing sheet over the arena using animals with various eyes
covered. The rate of return of the spiders to their home shel-
ters served as the dependent variable. Among animals with
their eyes uncovered, three of the ten spiders returned to
their shelters after the first foraging trip when the light was
unpolarized, while nine of the ten spiders returned to their
shelters in the presence of the polarizing sheet. Only three
of ten spiders with their secondary eyes covered returned to
their shelters under polarized light. Based on morphological
and physiological characteristics, the PMEs were implicated
as the polarized light detectors important in visual homing.

Substrate-based—Numerous studies have suggested a
role of the ALEs of Lycosa tarantula in successful hom-
ing. In an initial study (Ortega-Escobar 2006), spiders were
placed in a rectangular terrarium with an artificial burrow
placed in the middle of a long side of the terrarium. After
five days of habituation, each spider was displaced along
the terrarium wall, to one of the corners on the wall oppo-
site its burrow. They were then caught and transferred to
the center of an arena 90 cm in diameter. Two groups of
spiders were used: one group in which all the eyes were
uncovered (control phase) and afterward all eyes but ALEs
were covered (experimental phase) and a second group with
a similar control phase but in which all eyes except the ALEs

were uncovered (experimental phase). The results showed
that only spiders with their ALEs uncovered traveled in the
correct direction to a virtual burrow. In a later study, Ortega-
Escobar (2011) showed that after being displaced on a black-
and-white grating in the outward path, the spiders placed
on the same grating but rotated by 90° showed trajectories
that were less linear, initially directed towards the virtual
burrow and followed by a change of direction of nearly 90°.
The grating rotation made the searching directions very scat-
tered, suggesting that the rotation of the substrate had been
perceived by the spider, and that the inward path was an
integration of both proprioceptive and visual information. A
further set of experiments, in which either ALEs or AMEs/
PMEs/PLEs were masked, showed that only the ALEs are
used to perceive substrate structure. The studies carried out
on circular arenas (Ortega-Escobar 2006, 2011) excluded
the use of silk or olfactory information for home orienta-
tion, although these stimuli could play a role in natural con-
ditions (for example, the male L. tarantula follows female
silk threads when looking for the female burrow, J. O.-E
observation). Thus, in L. tarantula, the ALEs appear to be
important for learning substrate patterns used in homing.

Ortega-Escobar and Ruiz (2017) also performed a study
like the previous one, but the substratum was a grating of
black-and-white stripes (A =1 cm) that allowed them to test
for a role of external visual cues on distance assessment.
Following a training phase (learning walks), the distance
walked by two groups of spiders was measured—group 1
had their ALEs covered while group 2 had their PLEs and
PMEs covered. (Fig. 6, 2nd and 3rd experiments, respec-
tively). While all manipulated spiders (with some eyes
covered) walked significantly less than the control spiders
when searching for the burrow, the highest effect was due
to the absence of function of the ALEs. This study provides
evidence for visual cues on the substrate to play a role in
distance determination during navigation.

Multisensory-based navigation

The funnel web spider, Agelena labyrinthica, uses multi-
modal sensory cues to move from their burrows to regions of
interest (Gorner 1958; Mittelstaedt 1983; Gorner and Claas
1985), akin to other arachnids (Hebets et al. 2014a). In this
case, the central nervous system brings together both visual
and proprioceptive information. As for vision, when the spi-
der was studied outside under a polarization filter whose
direction of maximal transmission was either parallel or
perpendicular to the e-vector of the sky polarization, only
spiders under the parallel filter moved directly home (Gorner
and Claas 1985). The position of the sun was not important
since Santschi’s mirror experiments (an experiment where
direct sun is screened from the animal and reflected with a
mirror to the other side of the animal’s trajectory; Santschi
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1911; Wehner 2016) showed the spiders deviated by only a
few degrees from the correct direction to their retreat. The
spiders also use proprioceptors on their legs to glean infor-
mation about the elasticity pattern of the web as well as
gravity (Gorner 1958).

The situation is a little different in laboratory-based stud-
ies of Agelena labyrinthica. Scientists examined the spider’s
use of light cues for homing using an experimental design
in which the spider’s web is placed in a circular frame in a
darkened laboratory with two light sources whose beams
intersect at the center of the web. In one test the spider was
lured while one of the lights was on. When she took the prey
and was homing, the first light was turned off and the second
light turned on (somewhat like the mirror experiment). The
spider’s response was to run in an intermediate direction
derived from optical information from the new light and
stored idiothetic information from its outbound movements
(Gorner and Claas 1985). In this experiment, where the spi-
der did not have polarized-light pattern information, it used
artificial light sources and web structure for orientation.

Considering both laboratory and outdoor experiments,
Agelena labyrinthica navigates by using multisensory infor-
mation, coming from the web structure and from either
polarized light patterns or artificial light sources. This state-
ment does not imply that other species cited in this review do
not rely on multimodal sensory information, but rather that
most studies have only taken one sense into consideration.

How do spiders process information for navigation?
Light detection and processing

Of the 50,000 plus of described spider species, relatively few
have been studied with respect to visual system processing
and navigation. In those species, however, we do find some
differences. In Lycosa tarantula and Cuppienius salei, each
secondary eye has its own ON1 and ON2. In Marpissa mus-
cosa, the connectivity of the AME is similar to that of L.
tarantula and C. salei (ON1, ON2 and arcuate body) while
that of the secondary eyes is different. In M. muscosa, there
is a different ON1 for each eye, but there is a shared ON2
between the anterior lateral and posterior lateral eyes (L.
tarantula, Kovoor et al. 1993, 2005; C. salei, Strausfeld and
Barth 1993, Strausfeld et al. 1993; jumping spider Marpissa
muscosa Steinhoff et al. 2020). Any navigational relevance
of these centers and different connection patterns remains
mostly unknown.

Unlike some insects in which polarization neuron pro-
jections have been described (cricket optic lobe: Labhart
1988; fruit-fly optic lobe: Sancer et al. 2019; locust anterior
optic tubercle and central complex: Homberg 2004; Heinze
et al. 2009; Heinze 2014), we only know the visual pathway
from polarized-light receptors to the central brain in Lycosa
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tarantula. In this species these cells project to the AME
first-optic neuropil in an area separated from that which
receives axons from non-polarized-light receptors (Kovoor
et al. 1993). In the AME optic nerve, axons from central
and inferior areas of the retina could be differentiated by
their diameter, with the thinner fibers corresponding to the
polarized-light receptors. The visual pathway of Agelena
has not yet been described, and no record has been made of
polarization neurons in any spider’s visual center.

Spatial orientation in scorpions
Natural history and spatial navigation

Nearly all scorpions are nocturnal (Warburg and Polis 1990;
Warburg 2013), emerging in the early evening to hunt using
exquisite seismic sensors on their legs that guide them to
prey vibrations (Brownell and Farley 1979a, b, c). Scorpions
feed mostly on other arthropods, such as crickets, beetles,
spiders, and moths, but in some cases, they consume other
scorpions (Polis 1979; Polis and Farley 1979). Many scorpi-
ons dig burrows or enhance pre-existing retreats (Eastwood
1978; Polis et al. 1986; Polis 1990; Adams et al. 2016) that
offer protection not only from predators such as birds, bats,
grasshopper mice, and other scorpions (Polis 1979; Polis
and Farley 1979, 1980; McCormick and Polis 1990) but
also from harsh environmental conditions (Bradley 1988;
Brownell 2001; Kaltsas et al. 2009; Becker and Brown
2016).

Most scorpion field studies have been concerned with
population distributions relative to various environmen-
tal factors. A spate of papers on the desert sand scorpion
Paruroctonus mesaensis (now Smeringerus mesaensis) from
the Mojave Desert chronicled surface densities, sex and
age demographics, intraguild predation, cannibalism, etc.
(Polis 1980; Polis and Farley 1980; Polis et al. 1985, 1986).
These studies also took advantage of the remarkable phe-
nomenon of scorpion fluorescence (Fig. 7a) (Stachel et al.
1999; Frost et al. 2001; Stahnke 1972). A long-term study
of S. mesaensis showed that burrow fidelity and home-range
geometry varied among age classes and sexes (Polis et al.
1985). While all individuals showed some degree of hom-
ing, mature males moved longer distances and did not reuse
the same burrow for extended periods. Mature females and
immatures were highly faithful to their burrows and their
movements were mostly concentrated to a circular pattern
within 1 m of the burrow.

These natural history accounts have inspired detailed
spatial-temporal tracking of scorpions (Kaltsas and Mylo-
nas 2010; Gaffin 2011). Some examples of home burrow
navigation in the field were captured in a study of P. uta-
hensis in a sandy region of the Northern Chihuahuan
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Fig.7 Tracking scorpion excursions in the field. a A female scor-
pion (P. uthahensis), photographed under UV light, is shown emerg-
ing from its sand burrow [photo by M. Hoefnagels]. b A long pole is
impaled into the sand and supports an IR camera trained on the area
around a scorpion burrow. The camera feed runs to a nearby trailer
for video storage and processing. ¢ Tracing of a scorpion (red lines)
in response to cricket stimuli (black dashed lines). The black dots
indicate stimulus position every 2 s the numbers adjacent red lines
indicate time in seconds after the beginning of the cricket move-
ments. On the left side (Night 1) an 11 s cricket excursion took it near
to the scorpion burrow (B). The scorpion emerged from its burrow
about 10 s after the cricket passed and made two short loops before

Trailer

10 cm

returning to its burrow at 41 s. On the right side (Night 2) a cricket
was dropped within 5 cm of the burrow and made a large counter-
clockwise loop before jumping~11 s later. The scorpion emerged
quickly from its burrow as the cricket circled close to the burrow and
nearly caught the insect (at point marked 11%*). d A different scorpion
is lured from its burrow by tossing and dragging a 2Xx2 cm piece of
duct tape folded over the end of a strand of dental floss past the scor-
pion’s burrow. In this case, the animal emerged immediately after
the lure hit the sand (point 2*). The scorpion made a few short loops

before returning to its burrow 38 s after emerging. [Plots adapted
from Gaffin 2011]
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Desert (Gaffin 2011). UV flashlights were used to spot
adult scorpions at their burrow thresholds (Fig. 7a), and
IR cameras were positioned to capture video of scorpion
surface movements (Fig. 7b). The animals emerged from
their burrow retreats within seconds of a passing vibra-
tional stimulus, such as insects walking near the burrow
(Fig. 7c) or artificial lures pulled across the sand (Fig. 7d)
and returned to their burrows soon after (less than 2 min).
Importantly, the animals did not retrace their outbound
paths for their returns, which argues against the animals
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using their own chemical cues or mechanosensory detec-
tion of their own footprint patterns to return home. The
animals also tended to make additional looping forays,
ostensibly in search of the elusive prey, before making
meandering returns to their burrows.

Scorpions lend themselves well to laboratory investiga-
tions. The animals are readily collected using blacklights,
are long-lived (several years depending on species (Polis
and Sissom 1990)), and easily maintained. Sand scorpions
are particularly adaptable navigation subjects because the
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«Fig.8 Laboratory assays show signs of path integration and learning
walks. a Evidence of path integration in M. eupeus. Left: A box con-
taining an acclimated scorpion is placed in the middle of a large cir-
cular sand-lined arena under various light conditions and monitored
via an overhead camera. A hinged panel in the box opens to allow
the animal access to the arena. The animal is allowed 3 h to reach
the wall (phase 1=short-dashed line) and up 3 more hours (phase
2=Ilong-dashed line) to pass a fictive border line (white circle perim-
eter) and return to the box. The animal is tracked every 2 s (dots) after
it crosses the border line until it reaches the box, and its path is com-
pared to a home-directed vector (wide gray arrow). Several measures
were extracted from these homing bouts, including whether the devia-
tions of the home path from the home vector are normally distrib-
uted (upper left graph) or not (upper right graph). The lower graph
at right shows the percentage of normal and non-normal paths for
sighted animals under white and red light and blinded animals under
white light (adapted from Prévost and Stemme 2020). b Evidence of
learning walks in P. utahensis. An animal is introduced into a circu-
lar sand-lined arena that contains a small mound of moistened sand.
The animal is monitored through the evening via an IR camera. Once
the animal shows its initial sign of burrow digging in the mound, its
subsequent movements are plotted every 2 s until it resumes walking
along the arena perimeter. In this example, about 200 s of movement
arranged in four looping excursions of various sizes are plotted. The
data are transformed linear distance to the burrow vs the cumulative
path length (top graph) and the individual loops are delineated based
on each return to the burrow (vertical gray dashed lines). The walks
are then superimposed in the bottom graph. [Adapted from Gaffin
et al. 2022]

simplicity of their habitat allows facsimiles of their envi-
ronment in the laboratory (Camp and Gaffin 1999; Bost
and Gaffin 2004; Vinnedge and Gaffin 2015; Prévost and
Stemme 2020; Gaffin et al. 2022). Well-controlled lab stud-
ies can mitigate variables that confound field investigations,
such as fluctuations in temperature, wind, rain, light levels
(including moon phase), and insects. Furthermore, in the
field, scorpions often go for days without emerging, espe-
cially if they have recently captured prey (Bradley 1982;
Polis 1990). In the lab, scorpion activity can be enhanced
by restricting food.

Path integration

A clever, lab-based navigation study produced evidence of
path integration in scorpions (Prévost and Stemme 2020).
The study used a sizeable circular (150 cm diam, 38 cm ht),
sand-filled arena equipped with overhead lights and cameras.
First, each scorpion, Mesobuthus eupeus, was maintained
for at least four months in a small box containing a protec-
tive shelter to serve as a home refuge. Next, the box was
placed in the center of the arena, and a trial was initiated by
gently opening a side panel to allow the animal access to the
large arena. The animals’ departures and return paths were
monitored under various light conditions using animals with
eyes intact or covered. The departure paths meandered more
than the return paths and, concordant with the field obser-
vations described earlier, the departure and return angles

were dissimilar. The shapes of return paths were analyzed
(e.g., perpendicular distance from home vector, indices of
straightness, distributions of deviations from a direct path)
after the animals left the arena wall and crossed a fictive
circular border line (Fig. 8a left). The researchers predicted
that in a true homing bout, the deviations from a direct path
would be normally distributed. Interestingly, in support of
their predictions for path integration, for both sighted and
blinded scorpions under white light, the path deviations
from home-directed vectors were all normally distributed.
However, only about 50% of the deviations were normally
distributed for sighted animals under red light (Fig. 8a right).

The above study yielded several interesting observations,
e.g., differential homing activity under white, red, and IR
light, but the directed home-bound paths of the blinded
scorpions strongly suggested the animals were using path
integration to calculate home-bound vectors. The researchers
suggested that the homing bouts were less direct in sighted
animals under red light because the relatively safe low light
environment induced them to explore more before return-
ing home. Moving forward, displacement studies (Ortega-
Escobar 2002; Wolf 2011) are crucial for further exploring
path integration and determining the environmental, sensory
(visual and chemo-tactile), and idiothetic (self-motion cues)
factors involved in navigation.

Learning walks

Another lab-based study revealed evidence of putative learn-
ing walks in scorpions (Gaffin et al. 2022). In this case,
the animals were allowed to establish their own homes in
lightly moistened sand mounds in the middle of circular are-
nas (76 cm diam) while being monitored through the day
and night via overhead IR cameras. The scorpions, adult
Paruroctonus utahensis, found and readily dug burrows in
the mounds. Immediately after their first digging behavior,
the animals made variously sized looping excursions away
from and back to the burrow site (Fig. 8b). These loops were
also inducible by encouraging animals to find and accept a
small partially buried paper disc as a place to begin a burrow
(i.e., without a mound). These paths have elements in com-
mon with learning walks in various ant species that make
looping excursions immediately after emerging from their
nests for their initial foraging bouts (Wehner et al. 2004;
Narendra et al. 2013; Fleischmann et al. 2016; Collett and
Zeil 2018; Jayatilaka et al. 2018; Zeil and Fleischmann
2019; Deeti and Cheng 2021).

How do scorpions sense the world?
Scorpions have several well-developed senses for trans-

ducing allothetic (environmental) information. For exam-
ple, basitarsal slit sensilla (arced grooves on the distal end
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of each basitarsus) allow scorpions to detect the seismic
waves of their arthropod prey up to a half meter away in
loose, unconsolidated sand (Brownell 1977, 2001; Brownell
and Farley 1979a, b, c). Similar to those discussed in
amblypygids, pedipalpal trichobothria respond to minute
air currents (MefBlinger 1987; Ashford et al. 2018; Muray-
ama and Willemart 2019), and tarsal organs respond to near-
range humidity (Foelix and Schabronath 1983; Gaffin et al.
1992). Additional tarsal structures include mechanosensory
sensilla that detect surface compressional waves (Brownell
and Farley 1979a) and curved, pore-tipped sensilla that taste
ground-based chemicals (Foelix and Schabronath 1983).
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There are even photosensitive elements in the metasoma
(Zwicky 1968, 1970a, b; Geethabali and Rao 1973) and
behavioural studies suggest a putative olfactory function for
the pedipalps (Nisani et al. 2018), perhaps within the enig-
matic constellation array sensilla (Fet et al. 2006). However,
when it comes to spatial navigation, the two most salient
organs are the pectines and median eyes, which we address
in the next sections.
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«Fig. 9 Anatomy and physiology of pectines and median eyes. a Each
of the paired pectines extends laterally from the ventral mesosoma
and is composed of a spine (consisting of marginal and medial lamel-
lae and fulcra) and a series of ground-directed teeth. al Expansion
of several distal teeth reveal fields of peg sensilla (ps) on distal sur-
faces of each tooth (to). Mechanosensory hair sensilla (hs) extend
from various parts of the pecten spine. a2 Expansion of a patch of
peg sensilla (ps) shows their close spacing and regular arrangement
of their slit-shaped terminal pores (tp). a3 A longitudinal cut through
a peg sensillum reveals dendritic outer segments of several chem-
osensory neurons (red) terminating in a fluid-filled chamber and a
single mechanosensory neuron (blue) terminating near the peg base
(cu=cuticle). a4 Top shows a stimulant-containing pipette mov-
ing every 10 s between 0 and 20 microns of a recorded peg tip that
induces high-frequency barrages of peg neural activity. Middle trace
shows sample extracellular electrophysiological recording of spon-
taneous spiking from a peg of P. utahensis that contains A, and A,
(red) and B (black) cell activity; the spike types have characteristic
waveforms as shown in the superimposed expansions at right. Lower
panel is a cross-correlogram of near-temporal A cell activity relative
to B cell firings (upper is a raster plot, lower graph sums activity over
the entire record). Note the clear inhibition of A cell activity immedi-
ately after B cell firing along with an inhibitory rebound ~ 50 ms later.
There is also an increase in A cell activity immediately prior to B cell
firing (asterisk). At right is a proposed feedback circuit to account for
this behaviour. a5 Sensory projections of pecten neurons to posterior
portion of CNS (PN =pecten nerve; LMPN =lateral mechanosensory
pecten neuropil; PPN1-3 =posterior pecten neuropils1-3; APN=ante-
rior pecten neuropil; VLST, CLST, DLST =ventral, central, dorsal
lateral sensory tracts). b The median eyes are centrally located on
the dorsal prosoma. bl Each of the paired median eyes consists of
a cuticularly derived lens, a cellular vitreous body, and a retina. b2
upper: Expanded region of the retina shows the lens, vitreous body
(vb), and receptor cells (rc). Each receptor cell contains a rhabdomere
(rm) formed of arrays of microvilli that abut rhabdomeres of adjacent
receptor cells. The dendrites of arhabdomeric cells (ac) are synapti-
cally connected to the receptor cells just proximal to the rhabdo-
meric region. Pigment cells (pc) photo-isolate retinular cell clusters.
b2 lower: A cross section of a retinular unit (dashed line) shows five
receptor cells with their rhabdomeres abutted at large angles to each
other and that together form a star-shaped rhabdom (rh). The pigment
granules of dark-adapted eyes migrate to the peripheral and proximal
regions of the receptor cells (left) while pigment granules of light-
adapted eyes migrate distally and closer to the rhabdomeres (right).
b3 Receptor cells (rc) project to the first median eye visual neuropil
(M1) while arhabdomeric cells (ac) project to the second median
eye visual neuropil (M2) in the protocerebrum. b4 A horizontal cut
through the protocerebrum shows the putative relay of arhabdomeric
cell information through median optic nerve (MON) to M2 to the
arcuate body (ab) and/or the mushroom bodies (mb). Input from the
lateral eyes courses through the lateral eye neuropil (LON) to the first
lateral eye visual neuropil (L1) and second lateral eye visual neuro-
pil (L2) which adjoins M2 (M/L2). Center bottom shows the rela-
tionship of the pectinal and visual projections (pd =pedipalp nerve;
1-4=walking leg nerves 1-4; pn=pecten nerve; vn=ventral nerve
cord). [Images adapted from Drozd et al. 2020, 2022; Gaffin and
Walvoord 2004; Gaffin and Shakir 2021; Gaffin and Brownell 2001;
Locket 2001; Fleissner and Fleissner 2001b; Lehmann and Melzer
2013]

Chemo- and mechanoreception—pectines

Of all impressive scorpion assets—fluorescent epicuticle,

neurotoxic tail, extreme seismic and visual sensitivity—
perhaps the most impressive are the pectines. These paired
midventral organs extend from the second mesosomal seg-
ment of all scorpions (Wolf 2017). Each pecten is com-
posed of a flexible spine and a species-specific number of
teeth (Fig. 9a) adorned on their distal, ground-facing sur-
faces with arrays of minute, peg-shaped sensilla (Fig. 9al)
of various densities (Gaffin and Brownell 2001; Ali et al.
2001). The peg sensilla arise from flexible cuticular bases
(Fig. 9a2) and vary in shape from short paddle forms to
taller thinner structures (Prendini et al. 2006; Booncham
et al. 2007). A slit-shaped pore at the tip of each peg
communicates with a fluid-filled chamber that receives
the dendritic outer segments of at least 10 bipolar, chem-
osensory neurons (Ivanov and Balashov 1979; Foelix and
Miiller-Vorholt 1983; Wolf 2017). In addition, the dendrite
of a mechanosensory neuron with a characteristic tubular
body terminates near the base of each peg (Fig. 9a3) (Foe-
lix and Miiller-Vorholt 1983; Melville 2000; Wolf 2008).

Electrophysiological responses of bimodal peg sensilla
to chemicals and mechanical stimuli are easily obtained by
impaling the bases of individual sensilla with either tung-
sten or saline-filled glass electrodes. Baseline extracellular
recordings typically have a few spontaneously active units
with circadian rhythmicity, increasing in activity during
evening hours (Gaffin and Brownell 1997a). Chemosensory
responses obtained by blowing vapors of volatile organic
compounds (typically > 1072 M) across the peg tip has
shown that peg neurons are broadly responsive to a variety
of chemicals in the 5-9 carbon chain length (e.g., alcohols,
aldehydes, esters, ketones, etc.) and to a variety of aromatics
(Gaffin and Brownell 1997a). Instead of blowing chemicals,
a more realistic approach involves filling a glass pipette tip
with a pure volatile substance and using a micromanipulator
to maneuver the tip very near to a recorded peg, allowing
the chemicals to diffuse out (Fig. 9a4 upper panel) (Gaffin
and Walvoord 2004; Gaffin and Shakir 2021). This technique
yields precise, repeatable neural responses, but only when
the stimulant is very near to the peg (<20 microns). Robust
chemical responses can also be obtained by flooding the peg
fields with oil and touching the peg tip with the open end of
a saline-filled glass electrode which also contains a water-
miscible stimulant (Knowlton and Gaffin 2009, 2011a). This
technique isolates stimulants to individual pegs; it can also
be used to quickly gather responses from patches of adjacent
pegs (Knowlton and Gaffin 2010). Importantly, this work has
shown that while the pegs have a rich repertoire of respon-
sivity, each peg essentially responds the same to similar
stimulants and that multiple pegs responding in concert are
required to discern the difference between two chemicals
(Knowlton and Gaffin 2011b).

Mechanosensory responses can often be induced by
tapping on the recording electrode or moving it from side
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to side (Gaffin and Brownell 1997a; Gaffin 2001). These
mechanosensory responses are characterized by graded, high
frequency firing (> 100 Hz) of a quickly adapting, quickly
recovering unit that has a distinct waveform (Gaffin and
Brownell 1997a; Peeples and Gaffin (accepted)). Further, the
response is not binary; rather, response intensity increases
directly with degree of peg deflection (Peeples and Gaffin
(accepted)). This response variation has implications for the
coding of textural information, a topic we take up at the end
of this section.

Another intriguing feature of peg sensilla is that morpho-
logical cross-sections of neural elements proximal to the cell
body region reveal copious axo-axonic chemical synapses
(Foelix and Miiller-Vorholt 1983). Several configurations
exist, but a common one is a dyad synapse in which one cell
is presynaptic to two other neurons. There are also indica-
tions of axons being both pre- and post-synaptic to other
neurons. The expression of these synapses can be assayed
by electrophysiology. For example, in the sand scorpions
P. utahensis and S. smeringerus, baseline recordings usu-
ally reveal three active neurons (Gaffin and Brownell 1997a,
2001; Gaffin and Walvoord 2004; Knowlton and Gaffin
2011b). The two most active cells (A; and A,) have similar
biphasic waveforms while a third (B) is triphasic and less
active (Fig. 9a4). Cross-correlating the activity of the A
cells relative to the B cell shows patterns of synaptic inter-
actions where the B cell inhibits the activity of the A cells
for tens of milliseconds followed by an inhibitory rebound
(Fig. 9a4 lower panel) (Gaffin and Brownell 1997b; Gaffin
2002, 2010). These patterns of synaptic interaction continue
even after severing the pectines from the body, verifying
that the synaptic effects are confined to the pecten and do
not involve CNS feedback (Gaffin and Brownell 1997b).
This activity pattern of one cell influencing two others may
be the physiological expression of the dyad synapse noted
above. Further, especially in higher frequency records, there
is evidence that the A cells excite the B cells (directly or
indirectly), with the B cells in turn suppressing the A cell
activity (Fig. 9a4 sample circuit) (Gaffin and Shakir 2021).
This simple feedback mechanism appears to prevent adap-
tation of the A cells, perhaps keeping them in a dynamic
firing range.

Vision

Scorpions have two sets of eyes: the median and lateral
eyes. The lateral eyes occur in groups of two to five near the
antero-lateral corners of the prosoma, whereas the paired
median eyes arise from a small protuberance at the midline
of the dorsal prosoma (Fig. 9b). Both median and lateral
eyes are ocelli with a single crystalline lens, derived from
and continuous with the surrounding cuticle, that focuses
light onto a retina (Locket 2001). Because of their position,
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small size, lack of a vitreous layer, and fused rhabdoms,
the lateral eyes do not resolve images and are unlikely to
be involved in navigational behaviors. However, they are
sensitive to extremely low light levels and are intricately
involved (along with the median eyes) in Zeitgeber (timing
cue) perception for adjusting the scorpion’s well-described
circadian clock system (Fleissner 1974, 1977a, b, ¢; Schliwa
and Fleissner 1980; Fleissner and Fleissner 2001b).

In contrast, the median eyes have many features that make
them prime candidates for spatial orientation. These eyes are
camera-like, focusing light across a cellular vitreous layer
to a dense retina of photoreceptive elements (Fig. 9bl).
The eyes are fixed relative to the animal’s orientation and
there is no tapetum at the base of the retina (Locket 2001).
Together, the median eyes have a 360° panoramic field of
view, with 40 degrees of overlap above the animal (Locket
2001). The retina is made up of repeating cylindrical reti-
nular units (Fig. 9b2) that each contain about five receptor
cells which have stacked arrays of photo-sensitive micro-
villi called rhabdomeres (Fleissner 1985; Root 1990; Locket
2001) that abut in the center of the retinular units to form
starfish-shaped rhabdoms in cross-section (Belmonte and
Stensaas 1975; Root 1990; Fleissner and Fleissner 2001b;
Locket 2001). Each retinular unit also has an arhabdomeric
cell that extends its dendrites among the receptor cells just
proximal to the rhabdomeres (Schliwa and Fleissner 1979).
Pigment cells surround and photo-isolate the retinular units
from each other (Locket 2001).

The receptor cells contain pigment granules that migrate
daily from proximal, peripheral locations to distal, cen-
tral locations within the cells (Fig. 9b2). The migration
is controlled by an intricate efferent neurosecretory fiber
(ENSF) system (Fleissner 1974; Fleissner and Fleissner
2001b; Locket 2001) that originates in the protocerebrum
and is adjusted by Zeitgeber influences (Fleissner 1977a, b;
Fleissner and Fleissner 2001b). Dark adaptation unmasks
the median eye rhabdoms, resulting in a significant increase
in sensitivity (~ 107 W-m™ vs~ 102 W-m~2 when light
adapted) (Machan 1968; Fleissner and Fleissner 2001a;
Locket 2001). The extreme variance in light sensitivity of
the median eyes underscores the importance of conducting
scorpion navigational studies using dark-adapted animals
during their normal nighttime activity periods (Fleissner
and Fleissner 2001a) and without extraneous light intrusion.

The discussion of path integration above noted that
animals use outbound information to deduce approximate
home-bound directions. In some cases, outbound turns can
be integrated by comparing orientations to a consistent
external reference, such as polarized light direction. Scor-
pions are known to be behaviorally responsive to polarized
light (Brownell 2001; Horvath and Varja 2004). Polarized
light sensitivity may be related to the property of birefrin-
gence of the median eye lens, which projects a cross pattern
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onto the retina that rotates in relation to the direction of
polarization (Carricaburu 1968; Locket 2001). While the
rhabdomeres of scorpion receptor cells are at large angles
relative to each other, and such arrangements have been
shown to be important in polarized light detection of other
animals (Rossel 1989), it is not known if the divergent angles
contribute to polarized light detection in scorpions. Differen-
tial stimulus intensity as generated by the birefringent lens
would differentially stimulate underlying retinular units and
could provide a neural accounting of polarized light from the
moon or setting sun (Locket 2001). However, a given set of
visual sensors is typically dedicated to object vision or for
polarized light vision, but not for both (Wehner 2001; How
and Marshall 2014).

What information do scorpions use for navigation?

As suggested in the earlier section on path integration, it
is important for navigating animals to use outbound infor-
mation to calculate the direction and length (distance) of
home-directed vectors (Papi 1992a, b). Rotational informa-
tion can be deduced by integrating outbound turns relative
to a steady external referent (such as polarized light direc-
tion, geomagnetic fields, or starlight patterns). Rotational
and translational (distance walked) information can also be
deduced by idiothetic cues such as differential activity of leg
joint sensors (proprioceptors), as shown for C. salei (Barth
and Seyfarth 1971; Seyfarth and Barth 1972; Seyfarth et al.
1982; Barth 2002) or by monitoring optic flow rates from
opposing eyes (Ortega-Escobar 2002, 2006, 2011; Ortega-
Escobar and Ruiz 2014). In spiders, cuticular strain and joint
displacements are monitored by minute slit sensilla arranged
individually or in groups such as lyriform organs (Seyfarth
and Barth 1972; Barth 2012).

Mechanoreception-based navigation

Scorpions do not have lyriform organs, but they do have
groups of slits in various patterns near the joints along with
many isolated slits along the length of the legs (Barth and
Wadepuhl 1975; Barth and Stagl 1976; Stemme pers comm).
While recordings from sensory elements of the dorsal leg
nerve have been correlated electrically with joint movements
(Weltzin and Bowerman 1980; Root 1990), and recordings
have been made from motor neurons of leg ganglia in semi-
intact scorpion preps (Bowerman and Burrows 1980), selec-
tive ablation studies are needed to determine the role of slit
sensilla in path integration. Nonetheless, the previously
discussed study by Prévost and Stemme (2020) provided
strong evidence for proprioceptive-based path integration in
Mesobuthus eupeus. The most accurate homing bouts were
performed without visual information, strongly indicating
proprioceptive path integration.

A clear next step in exploring scorpion sensory navigation
is to use animals with compromised proprioceptive organs
(as discussed in Prévost and Stemme 2020) to disrupt the
flow of walking and turning information that can be gleaned
from differential leg joint activity (Seyfarth and Barth 1972).
Also, the rich mechanosensory input from arrays of peg sen-
silla and of pectinal hair sensilla on the midventral pectines
should be considered. Differential flow of textures across
the sweeping right and left pectines could serve to moni-
tor the animal’s movements and turns. Reversibly covering
the pectines could shed light on their involvement in path
integration.

Vision-based navigation

In addition to mechanoreception-based path integration,
idiothetic information could be gained by scorpions by
monitoring optic flow past the lateral or medial eyes. Visual
information is also likely during learning walks. Although
elements of path integration are likely involved in guiding
the animals back to their burrows during learning walks,
without blinding the animals it is not possible to narrow the
sensory information source. Experiments are needed using
animals with various structures compromised (eyes, pec-
tines, proprioceptive organs) to deduce the important sen-
sory components in these walks.

How do scorpions process information
for navigation?

Vision processing

Visual information gathered in the median eyes flows along
two distinct routes, with the receptor and arhabdomeric
cells projecting to different neuropils (Fig. 9b3). The recep-
tor cells conduct graded potentials to the first median eye
visual neuropil (aka lamina) (Babu 1985; Fleissner and
Fleissner 2001b; Locket 2001; Lehmann and Melzer 2013),
where they interact with interneurons and terminals from
the efferent neurosecretory fiber (ENSF) system involved
in circadian rhythmicity. The arhabdomeric cells conduct
action potentials to the second median eye visual neuropil
(aka medulla) (Fleissner and Fleissner 2001b; Locket 2001;
Lehmann and Melzer 2013), which does not receive ENSF
input. The terminals of the arhabdomeric neurons synapse
with interneurons that may relay information to the arcuate
body (Hanstrom 1923; Babu 1985; Root 1990) and perhaps
the mushroom bodies (Fig. 9b4). When thinking about the
acquisition and use of visual information for navigation, it is
important to consider the spacing and density of the retinular
units which send information via the axons of the arhab-
domeric cells to higher processing areas. In Androctonus
australis, the retina is estimated to contain about 500—-600
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such units (Fleissner 1985). We will discuss possible impli-
cations of these visual projections for navigation following
an overview of pectin information processing.

Pectines processing

Neurons from the bimodal peg sensilla travel in the pec-
tinal nerves to neuropils located ventrally and caudally in
the subesophageal ganglion (Fig. 9a5). The neuropils parse
to posterior pectinal neuropils (PPN1-3) and an anterior
pectinal neuropil (APN). Notably, peg afferents remain
topographically arranged in all subregions of PPN, with
proximal pegs projecting medially and distal pegs laterally
(Brownell 1998, 2001; Wolf 2008, 2017; Wolf and Harzsch
2012; Hughes and Gaffin 2019; Drozd et al. 2020). It will be
interesting to trace second order neurons from the PPN and
APN to see if a relationship exists with the mushroom bodies
and/or arcuate body. Neurons from mechanosensory sensilla
on the pectinal spine (labeled “hs” in Fig. 9al) also converge
and travel the pectinal nerve to the posterior CNS (Melville
2000), but do not enter the PPN (Drozd et al. 2022). Instead,
they diverge and send collaterals to the lateral mechanosen-
sory pecten neuropil (LMPN) as well as fibers to the neu-
romere region of the 3rd and 4th walking legs and branches
to contralateral arborizations dorsal to the PPN and ipsilater-
ally to the 3rd and 4th walking leg neuromeres (Drozd et al.
2022). This parallel mechanosensory system appears to be
a circuit for regulating pecten height and thus position of
peg fields relative to the surface. The spine of each pecten
precedes the pegs as the organ travels across the ground, and
the protruding mechanosensory hairs are the first points of
obstacle contact (Schneider et al. 2003). The stimulation of
the sensilla (Kladt et al. 2007) appears to reflexively sum-
mon leg 3 and 4 motor neurons to alter body posture (Drozd
et al. 2022). The pectines are also supplied with muscle and
it will be interesting to see if there is a direct relay back to
the organs for further micro adjustments.

Chemo-textural familiarity hypothesis

Clearly, scorpions have rich sensory capabilities. Of par-
ticular interest are the enormous matrices of sensory units
present in the pectines and median eyes. The number of
chemo-tactile peg sensilla exceeds 100,000 in some species
(Swoveland 1978), and there are at least 1000 visual arhab-
domeric projections from the two median eyes (Fleissner
1985). But how could such matrices be deployed to guide
navigation back to a home burrow? One possibility is the
navigation by chemo-textural familiarity hypothesis (Gaf-
fin and Brayfield 2017; Gaffin and Curry 2020), which was
inspired by the navigation by scene familiarity hypothesis
for ants (Baddeley et al. 2011, 2012). The premise is that
on early homebound journeys, scorpions use their pectines
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to gather textural and chemical information that they later
use to guide their movements towards familiar tastes and
touches to return home after longer forays. Of course, for
this hypothesis to be valid, there must be innate behaviours
for acquiring home-directed “glimpses” of the environment,
since everything experienced while moving away from
their burrow is 180-degrees rotated from glimpses directed
towards their burrow (Gaffin et al. 2022). In this regard, the
recent discovery of path integration (Prévost and Stemme
2020) and learning walks (Gaffin et al. 2022) in scorpions
is exciting and could be crucial for acquiring such home-
directed information.

Additionally, for navigation by familiarity to be valid,
the sensor and environmental complexity must be suf-
ficient to avoid aliasing (confusing similar appearing
scenes from different locations). From a sensor complex-
ity point of view, the pectines and median eyes are excep-
tional. For example, the pectines of a female P. utahensis
have about 20 teeth per pecten and about 100 pegs per
tooth, adding up to about 4000 pegs (2¥20%100) between
the two pectines. Even if the pegs generated only two
states of neural activity (“on” or “off”), there would be
274000 detectable patterns, more than an Excel spread-
sheet can express. In reality, the pegs are not binary; they
respond to many different chemicals and concentrations,
as well as to mechanical deflections that also are not
binary (Peeples and Gaffin (accepted)). The number of
detectable stimuli increases the number of states (the base
number) of our equation, which increases the number of
detectable patterns precipitously. If we add the 1000 vis-
ual units to the mix (i.e., trimodal sensory input) ... well,
you get the point.

Some computer simulations have been developed based
on known parameters of the scorpion pectinal system (Gaf-
fin and Brayfield 2017; Musaelian and Gaffin 2020). In
some of these models, substrate textural differences are
represented by shades of black and white and chemicals
by colors. Simulations are useful in that thousands of
simultaneous navigational experiments can be performed
using high throughput supercomputers, and sensory and
environmental variables can be systematically altered
to determine optimal performance conditions (Musae-
lian and Gaffin 2020). These simulations are generating
proof-of-concept models of familiarity navigation while
also shedding light on what could be the unit of informa-
tion in terms of pectinal input to the CNS. Along these
lines, since the neural projections from pectinal teeth to
the CNS are topographically maintained (Brownell 1998,
2001; Wolf 2008; Drozd et al. 2020) and since the size of
sand grains from the animals’ natural habitat span mul-
tiple teeth (Brownell 2001; Gaffin and Walvoord 2004),
it is tempting to suggest that the tooth may be the unit of
information with the aggregate activity of the pegs on each
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tooth contributing to a greater number of states. Going
back to our female P. utahensis example with 40 teeth
across two pectines and assuming (very conservatively)
that the pegs have only two states, then there would be 100
possible states per tooth when aggregating the peg popu-
lation. This leads to 100740 =1 x 10%° detectable pattern
(a number Excel can handle, but enormous nonetheless).
Further, computer models of scene familiarity suggest that
such blurring of the environment actually enhances route
following fidelity (Gaffin et al. 2015; Gaffin and Brayfield
2016, 2017; Musaelian and Gaffin 2020).

A lot more research is needed to describe the kinetics
of pecten movement relative to the substrate. Accounts
have been mostly anecdotal, yet descriptions vary from the
pectines intermittently tapping the ground to continuously
dragging across the substrate as the animal walks (Alexan-
der 1958; Williams 1966; Gaffin and Brownell 1992; Gaffin
and Walvoord 2004). Navigation via purely chemo-textural
familiarity would argue for continuous substrate sampling
via dragging. Even blurring through parallel summation of
peg responses would not seem adequate in highly discon-
tinuous sampling. However, we must also realize that scorpi-
ons have outstanding median eyes that cover all 360 around
them and are sensitive to star light level. As such, it is possi-
ble that the chemo-tactile information from the pectines and
visual panoramic information from the eyes blend together at
higher levels to further lock the animal onto familiar paths.
In addition, home-bound vectors gleaned by path integra-
tion must always be considered. It could also be that pecten
draggers become pecten tappers with multiple experiences
with a given substrate. Simply put, much more behavioral
research is needed to resolve all these questions.

Discussion

Amblypygids, spiders, and scorpions each bring something
unique to the table when it comes to understanding the
mechanisms underlying spatial orientation and navigation.
Importantly, they expand our knowledge of sensory systems
involved in arthropod navigation well beyond vision and
contribute to our understanding of neural processes underly-
ing such complex behavior. While synthesizing the research
advances associated with amblypygid, spider and scorpion
navigational prowess and associated mechanisms, we identi-
fied both gaps in our understanding of each taxonomic group
and missed research opportunities. These gaps and missed
opportunities appear to be the result primarily of (i) biases
in sensory focus, (ii) distinct conceptual areas of focus, and
(iii) different levels of baseline neuroanatomical information.
Likely due to distinct natural histories and potentially their
phylogenetic distance (though many hypothesize that all three
orders belong to Arachnopulmonata, see Sharma et al. 2014;

Giribet and Edgecombe 2019; Ballesteros et al. 2022), each
system appears to have developed its own research culture
and approach, with minimal overlap across systems. We urge
future research to integrate across these systems to advance a
broader understanding of arachnid and arthropod navigation.

The primary sensory modalities tested for influencing
navigation in amblypygids, spiders and scorpions are not the
same, making it challenging to identify generalized patterns
among the three groups. Building off the olfactory capa-
bilities of the antenniform legs, for example, amblypygid
studies have focused primarily on testing the role of olfac-
tion in navigation, while olfaction has not been studied at
all in spiders. There are a few accounts of olfactory-guided
orientation in scorpions, but the dense contact chemorecep-
tive peg sensilla on the pectines and their topographically
ordered CNS projections have commanded most of the
research attention. In contrast, spider studies have focused
predominantly on visual information, with particular atten-
tion paid to polarized light and substrate-based cues. Indeed,
the role of polarized light and associated eye structure in
spiders has greatly expanded our appreciation for this sen-
sory modality in arachnid navigation. In amblypygids, how-
ever, visual masking studies suggest that vision is unimpor-
tant. But recent findings in amblypygids demonstrate that
individuals can learn overhead visual patterns. This visual
learning, combined with the knowledge that there are visual
inputs into the mushroom bodies of amblypygids, suggests
the potential for visual canopy orientation; a suggestion that
remains to be tested. The jury is still out on visual navigation
in scorpions—few studies have addressed this question. Yet
anatomical and physiological accounts suggest that vision
could play a very important role, especially under very low
light conditions (Fleissner and Fleissner 2001a). Finally,
mechanoreception-based navigation has been studied in spi-
ders and scorpions, with a strong focus on proprioception
and path integration. In contrast, despite antenniform leg
ablation studies likely impacting mechanoreception (Santer
2019), this sensory modality has not been the focus of
amblypygid studies. Perhaps surprisingly, manipulations of
mechanoreception have not been carried out in amblypygids
or scorpions, yet such experiments could provide critical
information on the importance and use of this sensory input.

Conceptually, path integration and learning walks, both
mechanisms frequently studied in insects, have helped
guide spider and scorpion navigation studies. In contrast,
amblypygid studies have focused more on allothetic, sen-
sory-based learning and its relationship to navigation.
As such, it is difficult to discern at this point whether
amblypygids use path integration or learning walks. Simul-
taneously, we know little about whether spiders or scorpions
display modality-specific learning capacities. Furthermore,
the hypothesized integration center of the enlarged mush-
room bodies in amblypygids has led to multiple studies

@ Springer



772

Journal of Comparative Physiology A (2023) 209:747-779

exploring multimodal navigation and learning. Multimodal-
ity per se, in contrast, is only now beginning to be discussed
and integrated into spider and scorpion research. Given that
many spider or scorpion experiments were designed to test
path integration while amblypygid studies were designed to
test modality-specific learning, synthesizing results across
systems is currently challenging. Nonetheless, the advances
made in each group can be adapted for other groups. Moving
forward, amblypygid studies focused explicitly on path inte-
gration and mechanoreception-based navigation borrowing
techniques and designs from spider and scorpion are needed,
as are modality-specific and multimodal studies of spider
and scorpion learning.

Elegant electrophysiological studies have provided a
wealth of information on the sensory capacities of scorpion
pectines, paving the path for future behavioural studies. The
giant fiber system of amblypygids has also been explored
with electrophysiology, as has their olfactory capacity, but
its structure and potential function has not been directly
related to a potential role in navigation in the same man-
ner that the pectines have. The computer simulations using
scorpion pectinal systems, for example, might be useful for
exploring the antenniform leg system of amblypygids.

Finally, our knowledge of basic neuroanatomy and sen-
sory processing across all three groups is non-uniform and
there are several notable gaps. In amblypygids, we now
know that visual and olfactory information send inputs into
the mushroom bodies, for example, but we know little about
mechanoreceptive inputs into higher order processing cent-
ers. The behavioural data suggesting that amblypygids are
capable of configural multimodal, but not multicomponent
unimodal, stimuli open new questions regarding sensory
processing and functional integration. In spiders with dif-
ferent lifestyles, a polarized-light pattern analyzer analogous
to that in insect compound eyes has been described, but its
connection with the central nervous system is unknown.
Similarly, little is known about the inputs to the mushroom
body or arcuate body in scorpions. Many exciting research
questions remain.

Conclusions

No matter the reason—that they are nocturnal, cryptic,
secretive, venomous, and/or subjects of scary fables and
movies—arachnids are not well represented in the scientific
literature compared to their arthropod relatives. A cursory
Google Scholar search with the terms “bee” and “ant” yields
a combined 6,510,000 entries, while “spider”, “scorpion”,
and “whip spider” produces only 365,700. This~ 18:1 litera-
ture ratio is far out of line with the number of described spe-
cies for these groups (~34 K to~50 K respectively). Arach-

nids are also overlooked compared to their insect relatives
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in spatial orientation studies. For example, of the 18 papers
in this special edition, 15 have titles where the animal group
can be deduced. All 15 papers concern arthropods and 14
cover insects in subphylum Mandibulata, 10 of which refer-
ence hymenopterans. The only non-mandibulate paper is this
one that covers arachnids in subphylum Chelicerata. This
bee/ant prevalence may also lead to oversampling of vision
compared to other modalities. Judging from the titles, 10
appear related to vision, 2 indicate multisensory, and 1 olfac-
tion. Arachnids may thus be useful animals for closing this
sensory-bias gap owing to their significant mechanosensory,
chemosensory (olfaction and contact chemoreception), and
multisensory abilities. Finally, the diversity of taxa studied
within the arachnids is also quite small. In this review, we
discuss only 4 amblypygid species, 7 spider species, and
4 scorpion species. If we are to ever obtain a broad under-
standing of navigational capacities and their underlying neu-
ral mechanisms, we need to broaden the representation of
arachnids in navigation studies.
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