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Abstract 
Amblypygids, or whip spiders, are nocturnally active arachnids which live in struc-
turally complex environments. Whip spiders are excellent navigators that can re-lo-
cate a home refuge without relying on visual input. Therefore, an open question is 
whether visual input can control any aspect of whip spider spatial behavior. In the 
current study, Phrynus marginemaculatus were trained to locate an escape refuge 
by discriminating between differently oriented black and white stripes placed ei-
ther on the walls of a testing arena (frontal discrimination) or on the ceiling of the 
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same testing arena (overhead discrimination). Regardless of the placement of the 
visual stimuli, the whip spiders were successful in learning the location of the es-
cape refuge. In a follow-up study of the overhead discrimination, occluding the me-
dian eyes was found to disrupt the ability of the whip spiders to locate the shelter. 
The data support the conclusion that whip spiders can rely on vision to learn and 
recognize an escape shelter. We suggest that visual inputs to the brain’s mushroom 
bodies enable this ability. 

Keywords: Amblypygi, Navigation, Occlusion, Spatial learning, Vision 

Introduction 

Visual guidance of behavior in terrestrial arthropods has been stud-
ied extensively in species that live and forage in structurally simple 
habitats (reviewed by Cheng 2012). For example, the desert ant, Cata-
glyphis fortis, uses atmospheric polarized light as a compass to guide 
their return journey to a nest (Wehner 2003; Collett 2012). Addition-
ally, visual landmark cues along a repeated, familiar route can be used 
to locate a goal (e.g., a nest or food source) (Fukushi and Wehner 
2004; Cheng et al. 2009; Collett 2012). The Australian desert ant, 
Melophorus bagoti, and the bull ant, Myrmecia pyriformis, have also 
been shown to use vision of the skyline panorama to guide naviga-
tion (Graham and Cheng 2009; Reid et al. 2011). As examples of visu-
ally guided spatial behavior in non-hymenopterans, the fiddler crab, 
Uca perplexa, also uses visual landmarks to guide navigation back to 
a nest after foraging (Murakami et al. 2017), and dung beetles have 
been shown to use celestial cues at night to push dung balls to their 
nests (Dacke et al. 2021). 

Visually guided, goal-directed behavior is also common in arach-
nids. For example, the funnel weaving spider, Agelena labyrinthica, 
has been shown to use visual cues to guide path integration on its 
web (Gorner 1962; Gorner and Claas 1985; Moller and Gorner 1994). 
In non-web-building spiders like the wandering spider, Leucorchestris 
arenicola, males have been shown to use visual cues for navigation at 
night (Norgaard et al. 2008). L. arenicola may amplify its light-gather-
ing capacity as it starts and stops along its journey, facilitating the de-
tection of features like the desert skyline (Norgaard et al. 2006). The 
ground spider, Drassodes cupreus, uses polarized light, detected by its 
secondary eyes, as a compass for returning to a previously established 
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refuge (Dacke et al. 1999). Using path integration, the wolf spider, Ly-
cosa tarentula, navigates home by relying on sun or polarized light 
cues processed by the anterior lateral and median eyes (Ortega-Esco-
bar and Munoz-Cuevas 1999; Ortega-Escobar 2011). 

Whip spiders are a group of arachnids (Order Amblypygi) that dis-
play robust navigational abilities (see reviews by Gaffin and Curry 
2020; Ortega-Escobar 2020). Whip spiders are nocturnal predators 
that faithfully occupy diurnal refuges on tree crevices, cliff banks and 
caves in tropical and subtropical habitats (Weygoldt 2000; Santer and 
Hebets 2011; Corey and Hebets 2017). In at least epigean species of 
whip spiders, activity—including exiting and re-entering a refuge— 
is highly correlated with the environmental light–dark cycles, where 
animals exit their refuge within the first hour of the dark phase and 
typically search for, and return to, their refuge within the last few 
hours before first light of dawn (Weygoldt 2000). Sensory guidance 
of their navigational behavior (Santer and Hebets 2009; Hebets et al. 
2014b; Bingman et al. 2017; Casto et al. 2019, 2020; Wiegmann et al. 
2019) seems to be overwhelmingly dependent on their antenniform 
legs (i.e., the thin, elongated front pair of nonambulatory legs), which 
have evolved to detect chemical and mechanical stimuli (Foelix et al. 
1975, 2002; Beck et al. 1977; Igelmund 1987; Hebets and Chapman 
2000; Foelix and Hebets 2001; Spence and Hebets 2007). Vision does 
not appear necessary for whip spiders to navigate between their home 
shelter and hunting sites (Beck and Gorke 1974; Hebets et al. 2014b; 
Bingman et al. 2017; Graving et al. 2017). However, most species of 
whip spiders have eight simple eyes, one pair of median eyes and a bi-
lateral set of three eye pairs positioned antero-laterally on the dorsal 
surface of the prosoma (Weygoldt 2000; Fig. 1a), raising the question 
of whether any aspect of their navigational behavior could be guided 
by vision. The development of whip spider median and lateral eyes 
is like that found in other arthropods (Paulus 1979; Weygoldt 2000; 
Lehmann and Melzer 2018) and shares similar developmental gene 
control (Gainett et al. 2020). As such, the cellular organization of the 
median eyes, which develop from an invagination during embryogen-
esis, is more densely packed with retinula cells compared to the lat-
eral eyes, and the closed rhabdoms are everted with respect to incom-
ing light (Weygoldt 2000). By contrast, the lateral eyes, as a group, 
have a wide field of view and low resolution that may serve to detect 
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variation in ambient light levels (Weygoldt 2000). The lateral eyes 
of Phrynus marginemaculatus have an irregular rhabdomeral orga-
nization and a tapetum that appears to be canoe-shaped (Geberhardt 
1983 as cited in Weygoldt 2000). This suggests images are not well fo-
cused on the lateral eye retinae (Land 1985). Additionally, recent neu-
roanatomical evidence revealed that the large mushroom body calyces 
of whip spiders have neural inputs from associated visual neuropils 
(Sinakevitch et al. 2021), suggesting that vision plays an important 

Fig. 1 a) Whip spider prosoma with lateral eye pairs (LE) and median eyes (ME). b) 
Schematic representation of the training and testing arena used in the experiments. 
Visual cues are presented as they would be on an overhead trial. Subjects are accli-
mated in the “start box” before and between the training and test trials of their daily 
sessions. On training trials, the shelter entrance is open on the CS + side (the CS + 
visual pattern was balanced across subjects and the position of the CS + was pseudo-
randomly changed across trials). On test trials, neither shelter entrance was open
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role in learning and memory processes including those that may sup-
port navigation (Srinivasan 2010; Strausfeld 2012; Devaud et al. 2015; 
Wiegmann et al. 2016).      

The current study set out to investigate the possible role of vision 
in guiding spatial learning in P. marginemaculatus. In the first exper-
iment, animals were trained on a visual discrimination task in which 
one visual stimulus was associated with an escape refuge (i.e., an 
open shelter) while another visual stimulus was associated with no 
escape opportunity (i.e., a closed shelter). Furthermore, the visual 
stimuli were presented either on the walls (frontal) or on the ceiling 
(overhead) of the enclosure to assess potential differences in the use 
of cues based on their location in the visual field. The data revealed 
above chance accuracy in locating the shelter using both frontal and 
overhead visual cues. A second experiment investigated the role of 
the median eyes in visual discrimination. When visual inputs to the 
median eyes were blocked, subjects were no longer able to locate the 
shelter. Thus, the current study demonstrates that P. marginemacula-
tus can learn to discriminate the spatial position of an escape refuge 
using visual cues, and that the median eyes are important for that vi-
sual discrimination. 

Methods 

Visual shelter recognition 

Subjects 

Ten Phrynus marginemaculatus, collected from the Florida Keys (US-
FWS Permit Number FFO4RFKD-2015–06), were used for this exper-
iment. Subjects were housed alone in plastic deli containers (diame-
ter 17.1 cm, height 10.8 cm) containing coconut fiber substrate and a 
portion of cardboard egg carton, which served as a shelter. Feeding 
occurred two to three times weekly and the inside of containers was 
misted daily to increase humidity and provide access to water. Ambient 
room humidity ranged from 20 to 60% and temperature ranged from 
21 to 26 ℃. The room was lit by overhead, broad-spectrum fluorescent 
lights (400–700 nm) on a 12:12 light:dark cycle (19:00–7:00, dark). 
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Experimental apparatus 

Visual discrimination training and testing occurred in a white opaque 
acrylic arena (29 cm × 14 cm, L × W) with floor-level holes (3 cm × 
1 cm, L × H) centered on each of the shorter walls and on one long 
wall (Fig. 1b). A clear, acrylic ceiling covered the arena. The long axis 
of the arena was divided into equal halves with the boundary identi-
fied by a line marked on the floor. Two 60-W spiral CFL light bulbs 
(900 lumens) were clamped to each end wall pointing downward 28 
cm above the arena floor. Whip spiders are nocturnal animals, and 
the lights served to motivate subjects to seek refuge in a dark shelter. 
The rewarding dark shelters, made of black acrylic (14 cm × 5 cm, L 
× W), were placed against the floor-level holes on both short walls. 
The floor-level hole in the middle of one long wall was used to release 
subjects into the arena. 

Visual stimuli 

Visual cues consisted of alternating, black and white striped panels 
that could be placed overhead on the arena ceiling or on the walls of 
the short ends of the arena. The width of each stripe was 2 cm. Ini-
tially, half the subjects were tested with the striped panels on the 
walls (frontal; the orientation of the stripes differed by 90 degrees for 
each wall), and half the subjects were tested with the striped panels 
on the ceiling (overhead; the orientation of the stripes on each half 
of the arena ceiling also differed by 90°). For each type of discrimi-
nation task (frontal or overhead), subjects were trained for five ses-
sions (see Discrimination training/testing). After completing the ses-
sions of one discrimination type, subjects were trained on the other. 
For the frontal discrimination, half the subjects had the escape shelter 
(CS +) associated with vertical stripes and half the subjects with hori-
zontal stripes; the blocked shelter (CS-) was associated with alternate 
striped pattern. For the overhead discrimination, half the subjects had 
the escape shelter (CS +) associated with stripes that ran parallel to 
the long axis of the arena and half the subjects with stripes that ran 
perpendicular to the long axis of the arena; the blocked shelter (CS-) 
was associated with the alternate striped pattern. Across the trials of 
a session, the position of the CS + varied pseudo-randomly such that 



Flanigan et  al .  in  Journal  of  Comparat ive  Phys iolo gy  A  207  (2021)       7

the CS + could not be on the same side of the arena for more than 
two trials in a row. No differences were found in discrimination abil-
ity based on whether a subject was trained first on the overhead or 
frontal stimuli. Therefore, the data from all 10 subjects trained on the 
frontal discrimination were pooled, as were the data from the over-
head discrimination. 

Discrimination training/testing 

For each of the five training sessions (one session/day), subjects were 
given seven trials. Trials 2–6 were “training trials” with the CS + shel-
ter entrance open and the CS- shelter entrance closed. The first and 
seventh trials of each session are referred to as beginning session test 
trials and end session test trials, respectively. Prior to training or test 
trials, subjects were gently placed in an enclosed black acrylic “start 
box” positioned in front of the arena entrance on the long axis for a 
five-minute acclimation period. Following acclimation, a piece of black 
acrylic formerly blocking the entrance into the arena was removed. 
Subjects were gently coerced into the arena with a blunt dissection 
probe and the entrance into the arena blocked once again. 

During training trials, subjects were given up to fifteen minutes 
to wander the arena and enter the open shelter (CS +). If, in the rare 
occurrence, an animal remained in the arena after fifteen minutes, it 
was gently coerced into the open shelter. Once subjects had entered 
the CS + shelter, they were blocked from re-entering the arena and 
left undisturbed for five minutes. After five minutes, subjects — still 
inside the shelter — were moved to the start entrance and the next 
trial began (i.e., the escape shelter of the previous trial served as the 
start shelter for the next trial). Importantly, for each trial, the “open” 
escape shelter was one that was not used previously and therefore 
could not have contained any residual odor cues that could have en-
abled discrimination (see Casto et al. 2019). 

During beginning and end session test trials, CS + and CS- shel-
ter entrances were closed. Closed entrances of both CS + and CS- al-
lowed for a measure of cue preference in contrast to an immediate 
escape response due to the aversive light stimulus. In these tests, the 
time a subject spent in each half of the arena during the fifteen-min-
ute trial was recorded. 
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Data analysis 

For test trials, an association index (θ) was computed by dividing the 
time (in seconds) spent in the half of the arena associated with CS + 
by the total time of the test, where 0 ≤ θ ≤ 1. Association indices close 
to θ = 1 indicate that subjects learned to associate the CS + visual cues 
with a shelter, while indices close to θ = 0.5 indicate that subjects did 
not learn the association. Separate analyses were carried out for begin-
ning and end session test trial data. The reasoning was that beginning 
session test trial data reflected longer-term memory carried over from 
training on previous days, whereas end session test trial data reflected 
a blend of across and within session memory. A 2 (cue location: frontal, 
overhead) × 4 (daily session: day 2, day 3, day 4, day 5) repeated mea-
sures ANOVA was used to investigate possible changes in beginning ses-
sion test trial association index scores across session days and a possi-
ble effect of cue location on association index scores. Note that only four 
session days, beginning with day 2, were analyzed for beginning ses-
sion test trials because no training occurred before the first beginning 
session test trial on training day one. Similarly, a 2 (cue location: fron-
tal, overhead) × 5 (daily session: day 1, day 2, day 3, day 4, day 5) re-
peated measures ANOVA was used to analyze end session test trial data. 

Additionally, four one-sample t tests were used to determine 
whether subjects could discriminate the cue associated with the open 
shelter above chance (i.e., association index score of θ > 0.5) on the 
last day of training sessions (day 5; frontal beginning session test, 
frontal end session test, overhead beginning session test, overhead 
end session test). Finally, to further probe whether the position of the 
discriminative cues influenced the recorded association indices, two 
(one for the beginning session test and one for end session test data) 
paired-samples t tests were used to compare frontal association index 
scores against overhead association index scores for both test trials. 
All analyses were performed using SPSS Statistics for Windows, Ver-
sion 25.0 and the criterion for significance was p < 0.05. 

Importance of the median eyes 

While the main goal of the current study was to investigate learned 
visual-shelter recognition in whip spiders, we followed the visual 
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discrimination experiment with an experiment in which the median 
eyes were occluded to test the possible importance of the median eyes 
in supporting the observed visual recognition learning. 

Subjects 

Four of the ten subjects from the visual discrimination experiment 
were chosen randomly and used in the median eye occlusion exper-
iment. A range of 38–62 days elapsed between the last session of 
training on visual discrimination and the first session of median eye 
occlusion. 

Pre‑occlusion discrimination re‑training 

The data from the visual discrimination experiment suggested that 
the overhead discrimination of the subjects may have been easier to 
learn (see Results). Therefore, only overhead cues were used for this 
experiment. Training sessions were similar to those used in the first 
experiment, with two exceptions. First, for both training and testing, 
trials lasted for up to ten minutes instead of fifteen minutes. Second, 
subjects progressed to the occlusion phase of this experiment only af-
ter either an average association index of 0.65 or greater was achieved 
for three out of four sessions for both beginning and end session test 
trials, or after a subject had been trained over a total of eight sessions. 
We employed a criterion here to ensure that the subjects were at a 
performance level that would enable a detection of a possible decline 
in performance following occlusion. 

Median eye occlusion 

Within two days of reaching a criterion, each subject was gently held 
in place by the carapace and, using the end of a blunt dissection probe, 
had the median eyes covered with black nail polish (Sally Hansen In-
sta-Dry, black). It has been demonstrated that this method of eye oc-
clusion in whip spiders is not harmful and does not disrupt navigation 
in the field (Bingman et al. 2017). Animals were then placed back into 
their home shelter. One day after eye occlusion, subjects began train-
ing again on the previously learned discrimination. Training continued 
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for eight sessions. All other procedures were identical to the original 
visual discrimination training. 

Data analysis 

Association index scores (θ) were calculated as in the visual discrim-
ination experiment. We were specifically interested in comparing the 
terminal performance of each subject on the pre- and post-occlusion 
training. Therefore, two paired-samples t tests were used to compare 
each subject’s average association index scores across the last three 
pre-occlusion sessions to the average association index scores across 
the last three sessions’ post-occlusion tests for the beginning session 
test trial and the end session test trial data separately. Additionally, 
two one-sample t tests were used to compare the mean association in-
dices of the last three pre-occlusion tests and the last three tests post-
occlusion for both beginning and end session test trial data against 
random chance (0.5). All analyses were performed using SPSS Statis-
tics for Windows, Version 25.0 and the criterion for significance was 
p < 0.05. 

Results 

Visual discrimination shelter recognition 

A two-factor repeated measures ANOVA was used to investigate pos-
sible changes in beginning session test trial association index scores 
across training days and for a possible effect of cue location. No main 
effect of training day (F3,27 = 1.36, p = 0.28), or cue location (F1,9 = 
2.32, p = 0.16) was found. Additionally, no significant interaction be-
tween training day x cue location was found (F3,27 = 0.93, p = 0.44). 
A two-factor repeated measures ANOVA was used to investigate the 
end session test trial data, results of which revealed no main effect of 
training day (F4,36 = 0.60, p = 0.66), cue location (F1,9 = 2.70, p = 0.14), 
nor training day × cue location interaction (F4,36 = 1.22, p = 0.32). 

The lack of a training day effect for test trials suggests that learn-
ing to associate the correct visual stimulus with the open shelter may 
have proceeded quickly with little additional learning taking place in 
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the latter sessions, a result partially confirmed by follow-up one-sam-
ple t tests. Looking at the data from session five, the last day of train-
ing, the mean association index of the beginning session test was sig-
nificantly greater than chance when the visual stimuli were placed 
frontally (M = 0.70, SE = 0.09, t9 = 2.21, p < 0.03), or overhead (M = 
0.73, SE = 0.07, t9 = 3.13, p < 0.01; Fig. 2). For end session test tri-
als, the whip spiders again performed better than chance when the vi-
sual stimulus was placed overhead (M = 0.83, SE = 0.07, t9 = 4.72, p 
< 0.01). However, although showing a preference for the CS + visual 
stimulus, the mean association index for the frontal end session trial 
tests did not reach significance (M = 0.64, SE = 0.10, t9 = 1.33, p = 
0.11; Fig. 2). Together, the data strongly support the hypothesis that, 
by the end of training, the whip spiders were able to learn the loca-
tion of the escape shelter by relying on the associated visual stimulus.     

To further assess possible cue location-related differences in dis-
crimination performance at the end of training (day 5), a paired-sam-
ples t test was used to compare frontal association index scores to 
the overhead association index scores. The comparison revealed no 
statistical difference, but a slight graphical trend, in an ability to use 

Fig. 2 Mean (± SE) association index scores (θ) for beginning session test trial and 
end session test trial data, separated by cue position (Frontal: dark gray; Overhead: 
light gray). Dashed line indicates chance performance (i.e., a 0.5 association index, 
indicating equal time spent on each side of the arena). (*) indicates an association 
index significantly greater than chance (p < 0.05)
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either cue location to approach the open shelter in beginning session 
test trials (t9 = 0.20, p = 0.85) and end session test trials (t9 = 1.62, 
p = 0.14, Fig. 2). 

Median eye occlusion 

In our second experiment, we investigated whether the median eyes, 
the eyes most likely capable of supporting high-resolution image for-
mation compared to the morphology of the lateral eyes (Weygoldt 
2000; Graving et al. In prep.), are necessary for the observed visual–
spatial learning. We chose to do so for the overhead discrimination, 
which appeared to be the easier of the two tasks (Fig. 2). To address 
this, paired-samples t tests were used to compare the mean asso-
ciation index scores across the last three pre-occlusion sessions to 
the mean association index scores across the last three post-occlu-
sion sessions for both beginning session and end session test trial 
data. Inspection of Fig. 3 suggests that post-occlusion, the perfor-
mance of the whip spiders dropped dramatically. The impression 

Fig. 3 Mean (± SE) association index scores (θ) for beginning session test trial and 
end session test trial data, separated by pre-occlusion (dark gray) and post-occlu-
sion (light gray) of the median eyes. Note that the subjects were only trained on the 
overhead discrimination. Dashed line indicates chance performance (i.e., a 0.5 as-
sociation index, indicating equal time spent on each side of the arena). (*) indicates 
an association index significantly greater than chance, while (◊) indicates a signif-
icant difference between pre- and post-occlusion scores (p < 0.05)   
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was statistically confirmed for the end session test trial: preocclu-
sion (M = 0.78, SE = 0.04) compared to post-occlusion (M = 0.45, 
SE = 0.11, t3 = 3.57, p < 0.04; Fig. 3). Although a similar post-occlu-
sion drop in performance was observed for the beginning session 
test trial data, that contrast was not significantly different: pre-oc-
clusion (M = 0.69, SE = 0.10) compared to post-occlusion (M = 0.42, 
SE = 0.10, t3 = 1.83, p = 0.17; Fig. 3). 

Additionally, one-sample t tests were used to compare the mean as-
sociation index over the last three pre-occlusion and post-occlusion 
sessions against chance (0.5) for both beginning and end session test 
trials. Consistent with the hypothesis that the median eyes are nec-
essary for the observed visual discrimination, spiders performed sig-
nificantly greater than chance on pre-occlusion end session test trials 
(t3 = 8.00, p < 0.01, M = 0.78, SE = 0.4). The pre-occlusion begin-
ning session test trial means, despite appearing above chance, did not 
reach significance (t3 = 1.83, p = 0.17, M = 0.69, SE = 0.10). By con-
trast, the mean association index scores of post-occlusion beginning 
session test trials (t3 = 0.78, p = 0.49, M = 0.42, SE = 0.10) and post-
occlusion end session test trials (t3 = 0.41, p = 0.71, M = 0.45, SE = 
0.11; Fig. 3) did not suggest any difference from chance. Although the 
data are taken from only four subjects, they nonetheless offer strong 
evidence that the median eyes are necessary for the observed visual-
spatial learning.   

Discussion 

The results of this study indicate that whip spiders possess the capa-
bility to use visual cues to locate a home refuge. Subjects trained to 
find an open shelter using visual cues generally performed signifi-
cantly better than chance during test trials across five days. This find-
ing is of particular interest as previous research showed that vision 
is not required for whip spider navigation (Bingman et al. 2017), al-
though its potential use was suggested in another study (Hebets et al. 
2014a). It is important to note that the current study only indicates 
the potential importance of vision for the terminal stage of whip spi-
der nocturnal navigation, namely the near-distance localization of a 
diurnal shelter. 
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The performance of subjects in beginning session tests in this study 
demonstrates a moderately long-term characteristic of the acquired 
visual–spatial memories, as the animals showed a preference for the 
visual stimuli associated with the home shelter 24 h after the previ-
ous training sessions. Formation of such memories would be of evolu-
tionary advantage to organisms like whip spiders that return to, and 
are faithful to, one refuge for long periods of time. Similar memory-
guided navigation has been demonstrated in whip spiders trained to 
associate the location of a shelter with an olfactory cue. In the olfac-
tory study, subjects reliably located home shelters using retained ol-
factory cue memories during trials that occurred 14 days after the last 
training (Wiegmann et al. 2019). 

Visual-based navigation has been studied in many insects which are 
sensitive to visual characteristics, such as object color, size, symme-
try, and pattern (see reviews Collett and Collett 2002; Mandal 2018). 
In addition to the many insects that may use visual cues to navigate, 
many arachnid species have been demonstrated to do the same. The 
silk nest-building jumping spider, Phidippus clarus, which expresses 
fidelity to a refuge after an outbound journey, for instance, uses visual 
cues to recognize the area around its nest (Hoefler and Jakob 2006). 
Cupiennius salei, a South American wandering spider, has similar nav-
igational challenges as whip spiders (e.g., nocturnal activity in low-
light environments, refuge seeking through complex substrates). C. 
salei has been shown to discriminate between and move toward visual 
cues (Schmid, 1998), but its use of visual cues for the context of navi-
gation is still largely unknown (see review by Gaffin and Curry 2020). 

Previous research also supports the hypothesis that insects and spi-
ders can recall visual memories. Specifically, wood ant subjects take 
“snapshots” of landmark cues and use them to navigate to their goal 
location (Durier et al. 2003). Visual memories of prey size were also 
shown in three different species of spiders (Rodriguez and Gamboa 
2000). Given the extensive use of visual cues in arthropods, which in-
cludes some nocturnal arachnids, it is not surprising that whip spiders 
have sufficient visual acuity to navigate to a home refuge. 

Our second experiment was intended to offer an assessment of the 
possible importance of the median eyes in supporting the visual rec-
ognition of a home refuge. Schmid (1998) found that when the pri-
mary eyes of C. salei were occluded, its ability to discriminate between 
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visual targets was diminished. In our second experiment, we occluded 
the median eyes of our subjects because the structure of the median 
eyes appears better suited for image formation than the lateral eyes 
due to the closed rhabdomeral organization (Paulus 1979; Weygoldt 
2000; Lehmann and Melzer 2018; Graving et al. In prep). Following 
median eye occlusion, visual discriminative ability for the shelter lo-
cation decreased to chance level. This result suggests that the median 
eyes are necessary for the visual discrimination task used in the cur-
rent study. However, this observation does not exclude the potential 
importance of the lateral eyes for the same discrimination task, which 
still needs to be investigated. 

The successful visual–spatial learning observed in the current pa-
per raises the question of underlying neural mechanisms. In arthro-
pods, the mushroom bodies are often cited as the center of cognition 
supporting learning and memory (Menzel et al. 2006; Strausfeld et 
al. 2009). In whip spiders, these brain centers are exceptionally large 
(Strausfeld et al. 1998), and we hypothesized that the mushroom bod-
ies support learning and memory in the service of navigation, includ-
ing multisensory configural learning (Wiegmann et al. 2016; Flani-
gan et al. 2021). It is therefore notable that a recent paper described 
visual inputs to the mushroom bodies of whip spiders (Sinakevitch 
et al. 2021). Curious, however, is that the major visual input to the 
mushroom bodies was observed to come from the lateral eye medulla, 
whose input originates with the optically simpler lateral eyes, which 
have fewer retinula cells, an irregular, open rhabdomeral organiza-
tion, and a tapetum shape that suggests poor image forming ability 
(Gebhardt 1983 as cited in Weygoldt 2000). A study by Lehmann and 
Melzer (2018) revealed that the median eyes have two neuropils, one 
of which possesses a few retinula cell fibers which leave the second 
neuropil and terminate on the second lateral eye neuropil. The au-
thors hypothesize that termination of a median and lateral eye tract 
in a similar region may represent “pre-integration” of visual informa-
tion. In contrast to Sinakevitch et al. (2021), they found no connection 
between the neuropil and the mushroom bodies. Definitive evidence 
of a visual neuropil to mushroom body projection could help explain 
the visual learning capabilities in whip spiders. 

In conclusion, the visual capabilities of whip spiders in the context 
of navigation have been overlooked because of the notably necessary 
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sensory inputs from the antenniform legs (Bingman et al. 2017). How-
ever, the current study provides evidence that vision can be used as 
another tool in the whip spider sensory-modality toolbox to guide nav-
igation, and home refuge recognition in particular. Future research 
should include tests of more complex pattern recognition as well as 
tests of the possible contributions from the whip spider lateral eyes. 
Additionally, investigating potential visual processing by the mush-
room bodies could prove invaluable for understanding the underlying 
neurobiology of whip spider learning and spatial memory.  
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Supplementary Table 1. Experiment 1 association index (θ) scores for Beginning Session 

Test Trial (BT) and End Session Test Trial (ET) for each subject, separated by cue type. 

 

Frontal cue  
Day 1 Day 2 Day 3 Day 4 Day 5 

Subject BT ET BT ET BT ET BT ET BT ET 

1 -- 0.86 1.00 0.66 0.55 0.92 0.69 0.91 0.63 0.23 

2 -- 0.43 0.12 0.49 0.19 0.48 0.35 0.55 0.63 0.51 

3 -- 1.00 0.54 0.73 1.00 0.00 1.00 0.00 1.00 1.00 

4 -- 0.61 0.82 0.94 0.74 0.99 0.52 0.00 0.00 0.59 

5 -- 0.00 0.75 0.78 0.89 0.74 0.00 1.00 0.84 0.62 

6 -- 0.51 0.59 0.54 0.70 0.72 0.63 0.57 0.71 0.65 

7 -- 0.78 0.96 1.00 1.00 0.00 0.57 0.15 0.59 0.84 

8 -- 1.00 0.52 0.99 0.99 1.00 0.76 0.71 0.70 0.00 

9 -- 0.51 0.49 0.55 0.98 0.99 0.67 0.78 1.00 1.00 

10 -- 0.21 0.59 0.44 0.56 0.70 1.00 0.84 0.93 0.93 

Mean -- 0.59 0.64 0.71 0.76 0.66 0.62 0.55 0.70 0.64 

 

Overhead cue  
Day 1 Day 2 Day 3 Day 4 Day 5 

Subject BT ET BT ET BT ET BT ET BT ET 

1 -- 0.82 0.49 0.57 0.27 0.53 0.00 0.67 0.56 0.80 

2 -- 0.48 0.58 0.18 0.46 0.95 0.29 0.92 1.00 0.31 

3 -- 0.67 0.19 0.00 0.88 0.49 0.63 0.03 0.46 0.69 

4 -- 0.69 0.19 0.68 0.55 0.67 0.16 0.48 0.57 0.68 

5 -- 0.81 0.64 0.23 1.00 0.29 1.00 0.58 0.73 0.97 

6 -- 0.53 0.54 0.73 0.00 0.93 0.00 0.98 0.95 0.86 

7 -- 1.00 1.00 0.99 0.41 1.00 1.00 0.00 0.68 1.00 

8 -- 0.83 0.00 0.18 0.00 1.00 0.99 0.69 0.92 1.00 

9 -- 1.00 0.16 1.00 0.68 0.99 0.39 1.00 0.40 1.00 

10 -- 1.00 0.58 0.96 1.00 0.68 1.00 1.00 1.00 1.00 

Mean -- 0.78 0.44 0.55 0.53 0.75 0.54 0.64 0.73 0.83 

 



 

Supplementary Table 2. Experiment 2, Beginning Session Test Trial (BT) and End Session 

Test Trial (ET) association index (θ) scores (averaged across the last three trials) for each 

subject, separated by pre- and post-occlusion conditions. 

  
Pre-occlusion Post-occlusion 

Subject BT ET BT ET 

1 0.39 0.72 0.33 0.40 

2 0.76 0.81 0.60 0.71 

3 0.87 0.87 0.17 0.54 

4 0.72 0.72 0.58 0.17 

Mean 0.69 0.78 0.42 0.45 
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