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Abstract

Potamotrygon motoro has been shown to use vision to orient in a laboratory setting and has been successfully trained in
cognitive behavioral studies using visual stimuli. This study explores P. motoro’s visual discrimination abilities in the context
of two-alternative forced-choice experiments, with a focus on shape and contrast, stimulus orientation, and visual resolu-
tion. Results support that stingrays are able to discriminate stimulus-presence and -absence, overall stimulus contrasts, two
forms, horizontal from vertical stimulus orientations, and different colors that also vary in brightness. Stingrays tested in
visual resolution experiments demonstrated a range of visual acuities from <0.13 to 0.23 cpd under the given experimental
conditions. Additionally, this report includes the first evidence for memory retention in this species.

Keywords Behavioral cognition - Visual acuity - Shape - Learning - Elasmobranch

Introduction

Potamotrygon motoro has a distribution that overlaps that of
other Potamotrygonid rays, such as Potamotrygon wallacei,
Paratrygon aiereba (Oliveira et al. 2017), and Potamotry-
gon falkneri (Garrone Neto and Uieda 2012). While it is
unclear how reliant P. motoro is on visual information in its
natural environment, the marked differences between spe-
cies skin patterns (Rosa 1985) raise the question of whether
these play a role in conspecific discrimination and which
aspects of the patterns could be important in such a case.
It has been shown that Potamotrygon motoro uses vision to
orient spatially (Schluessel and Bleckmann 2005; Schlues-
sel et al. 2015; Schluessel and Ober 2018), and the species
has been successfully trained in cognitive behavioral studies
using visual stimuli (e.g. Seifert 2017, Daniel and Schluessel
2020). In the field, juveniles have furthermore been docu-
mented preying on snails above water level during the day
(Garrone-Neto and Sazima 2009), a behavior which likely
requires visual perception.
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Potamotrygon motoro can discriminate colors (Seifert
2017) and process numerical information (Christofzik 2016;
Niederbremer 2019), but its abilities to distinguish geomet-
ric forms, judge stimulus orientation, and register different
levels of detail have previously remained unexplored. Christ-
ofzik (2016) and Niederbremer (2019) conducted experi-
ments on quantity discrimination with stimuli that incor-
porated various groups of circles, triangles, and squares of
different contrasts. Successful discrimination implied that
stimuli were perceived as consisting of multiple separate
entities, but it remained ambiguous whether this perception
was based on elements of form or contrast. In a serial rever-
sal learning experiment, Daniel and Schluessel (2020) used
stimuli that differed in orientation, brightness, and color,
but it was not tested which of these properties the sting-
rays used for discrimination. The present study thus sought
to clarify and elaborate on previous experiments with this
species while providing leads for further research. Similar
discrimination experiments conducted on the grey bamboo
shark (Chiloscyllium griseum) showed that sharks could eas-
ily discriminate between forms and objects, based on shape
and contrast but not color (Fuss et al. 2014; Schluessel et al.
2014; Schluessel 2015).

Chondrichthyan eyes are much more diverse than teleost
eyes, with respect to pupil shape, size, and constriction/
dilation rate, as well as lens shape and capacity for accom-
modation, so the elasmobranch eye cannot be successfully

@ Springer


http://orcid.org/0000-0003-3756-876X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00359-020-01454-2&domain=pdf

44

Journal of Comparative Physiology A (2021) 207:43-58

summarized in a ‘typical fish-eye model’ like that of tel-
eosts (Sivak 1991). Potamotrygon motoro has a multifocal
lens, which, when optimally positioned, should allow for
compensation of the chromatic aberration experienced by
other lens types (Gustafsson et al. 2012). Unfortunately, lens
positioning remains undescribed in this species because the
eye was too small to reliably determine the lens suspension
mechanism via dissection (Gustafsson et al. 2012). It was
however observed that part of the iris overlays a section of
the lens periphery (Gustafsson et al. 2012).

The retina of P. motoro has a visual cell layer that is
comprised of rod-shaped and cone-shaped cells in a ratio of
6-7:1, which is low by comparison to other elasmobranchs
(Ali and Anctil 1974) and may be an indication that photopic
vision is important to the species (Schluessel and Bleckmann
2005). Several batoids are both physiologically (Bedore et al.
2013; Hart et al. 2004; Theiss et al. 2007) and behaviourally
(Van-Eyk et al. 2011) able to perceive and discriminate col-
our, using multiple cone visual photopigments. This together
with Potamotrygon motoro’s ability to discriminate colors
(Seifert 2017) could demonstrate that photoreceptors in elas-
mobranchs function similarly to the rods and cones in teleost
and mammal retinae. However, rays are among those verte-
brates that possess crescent-shaped pupils (Fig. 1), formed
by an expanding and contracting pupillary operculum, and
this poses consequences for perception, including for visual
resolution (Murphy and Howland 1991).

This study is the first approach to several visual dis-
crimination experiments with Potamotrygon motoro and
includes the first exploration of resolution in the species. It
additionally reports the first evidence for memory retention
of a visual discrimination task in P. motoro. The hypoth-
eses tested in visual discrimination experiments were
that P. motoro would be able to discriminate between (A)

Fig. 1 Eye of Potamotrygon motoro at 320 Ix, displaying crescent-
shaped pupil. The depicted individual has buried its body in the
sand (picture by S. Biittner)
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stimulus-presence and stimulus-absence, (B) different forms,
(C) different overall stimulus contrasts, and (D) horizon-
tal and vertical stimulus orientations. Since differences in
peripheral sensory input have been documented between the
sexes in the blue-spotted fantail stingray (Taeniura lymma)
(Kempster et al. 2013), we also included a comparison of
how long it took males and females to achieve learning cri-
terion in one of the stimulus-presence vs. stimulus-absence
experimental groups. A further comparison was included
for stingray diameter.

Materials and methods
Animals and maintenance

Experiments were conducted at the Institute of Zoology at
Bonn University on eighteen juvenile and sub-adult Pota-
motrygon motoro individuals in three separate groups. One
group was comprised of four males and one female, aged
2-3 months and ranging from 12 to 15 cm in diameter. These
were naive to experiments and on loan from Frankfurt Zoo.
Another was comprised of four females and four males, aged
9-10 months and ranging from 8 to 14 cm in diameter. These
were also naive to experiments and on loan from Antwerp
Zoo. One of the Antwerp individuals dropped out of the
experiments following the stimulus-presence vs. stimulus-
absence experiment. The third group contained three males
and two females, aged 3—4.5 years and ranging in diameter
from 22 to 30 cm. These were not naive to experiments and
were on loan from Frankfurt Zoo. Each group of stingrays
was maintained in 1300 L of water in a 2.30-m X 2.07-m X
0.40-m holding tank that contained an experimental appa-
ratus (Fig. 2), which was freely open to the animals out-
side of experimental sessions. Temperature was maintained
between 27 and 29 °C with Eheim Jiger 3618 Aquarium
Heaters, conductivity was kept between 350 and 420 pS
using Aqua Medic AB Reef Salt, hardness was kept at a KH
value of 3 with Reef Life System Coral B buffer, and water
was constantly circulated with two pumps, one Aqua Medic
ECO Runner 2700 pump and one Pontec PondoVario 1000
pump. Three air stones for oxygenation also contributed to
water mixing. Water was filtered at a constant rate of 270 L/h
and exchanged at least once per week to keep nitrite values
below 0.05 mg/L. Stingrays were fed a diet of 70% shrimp
and 30% earthworms. Light intensity in the experimental
room was 320 Ix.

General methods
Testing always consisted of two-alternative forced-choice

experiments, in which one of the stimuli was associated
with a food reward while the other was not. Two daily
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Fig.2 Holding tank (2.30 m X
2.07 m x 0.40 m) with (1) filter
system, (2) aquarium heaters,
(3) air stones, and (4) pumps
and incorporating the experi-
mental apparatus: (a) guillotine
door 1, (b) starting box, (c) guil-
lotine door 2, (d) decision area,
(e) clear barrier, (f) decision
line, (g) stimulus wall (adapted
from Daniel and Schluessel 2
2020)

45
0
[ ]
o
3 a
o
b
C
d
54cm
e
" s T

sessions were conducted six days per week, with ten trials
per session. Animals acclimated to their surroundings by
swimming freely around the experimental tank. They were
then trained to swim through the first guillotine door of the
experimental apparatus, into the starting box, and through
the second guillotine door to cross the decision area and
search for food along the stimulus wall. Stimuli (Table 1)
were presented in pseudo-random order, appearing equally
often on either side of the barrier per session but never on
the same side more than twice consecutively.

Timing started as soon as the tip of an animal’s disk
passed the threshold of the second guillotine door and ended
as soon as the tip of its disk passed the decision line. If the
subject chose the side with the form designated for reward-
association, food was rewarded as soon as the decision line
was crossed. If a subject chose the stimulus not designated
for reward-association, no food was rewarded. In the latter
case, the animal was guided back to the starting box after
approximately 5-10 s, if it did not return on its own. A cor-
rect choice granted enough time for consumption of the
reward.

Throughout the experiments in this study, learning was
evaluated in terms of sessions to criterion (e.g. Schluessel
and Bleckmann 2005; Leal and Powell 2012; Fuss et al.
2014; Lucon-Xiccato and Bisazza 2014). When the learning
criterion (LC) of >70% correct choice in three consecutive
sessions was achieved, the task was considered complete and
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a transfer test phase followed (e.g. Schluessel and Bleck-
mann 2005; Fuss et al. 2014), where applicable. The random
presentation of unfamiliar, unrewarded stimuli in transfer
tests asks an animal to divulge the discrimination strategy
it uses during regular trials, in that the resulting choices are
indicative of what stimulus properties the animal is attuned
to. Once LC was achieved and transfer testing commenced,
sessions were supposed to be continued at an 80% reward
scheme to prevent the animals from immediately associat-
ing unfamiliar stimuli with a lack of reward (e.g. Schluessel
et al. 2015; Schluessel and Ober 2018). This reduced scheme
was however followed by a drop in regular performance, so
a 90% scheme was implemented instead.

All data analyses in the reported study were conducted
with R statistical software, versions 3.5.2 and 3.5.3. The
group results for each transfer test were analyzed using a
Generalized Linear Mixed Model with Laplace Approxima-
tion, as recommended by Garamszegi (2015), and transfer
trial times and their corresponding average session times
were compared with the Wilcoxon signed-rank test, follow-
ing testing with the Shapiro—Wilk normality test. Individual
stingrays were evaluated for overall stimulus choices in each
transfer test using Exact Binomial tests. While not optimal,
binomial tests were the most appropriate statistics available
for individual analyses. It is necessary to note that the results
of each trial cannot be seen as independent from other trials
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Table 1 Stimuli used in visual discrimination experiments

Experiment Regular Stimuli Transfer 1

Transfer 2 Transfer 3

Presence
vs. Absence

+

Form and
Contrast
Experiment
A

Form and
Contrast
Experiment
B

Stimulus

Orientation

=l

Black and white: 3 cm Black: 1 cm

White: 3 cm (except edge)

Black: 8 cm
White: 8 cm

Black: 4 cm
White: 3.33 cm

All stimuli were printed on a standard white background and laminated. Stimuli in the first presence vs. absence discrimination and in the first
form discrimination were printed on paper 15 cmXx21 cm large. The shapes in these experimental sets each had a diameter of 8 cm. Each stimu-
lus in the second experimental group for presence vs. absence discrimination as well as in the second group for form discrimination was printed
on standard A4 paper. The shapes presented in these experimental sets each had a total area of 59.86 cm?. Stimuli used in orientation discrimina-
tion experiments each had a total area of 18 cm?. Transfer stimuli differed from the regular stimuli in number and thickness of stripes, and stripe

thickness is reported for both contrasts under the depicted stimuli

within a session, and experience from prior trials in any ses-
sion can inform an animal’s subsequent decisions.

Visual discrimination

The first part of this study tested the abilities of Potamotry-
gon motoro to visually discriminate stimulus-presence vs.
-absence, form, contrast, and stimulus orientation. The regu-
lar stimuli used for each experiment are presented in Table 1.

Stimulus-presence vs. stimulus-absence

To make sure that naive animals were not physically or
cognitively impaired, it was first tested whether they could
discriminate between a symbol and a blank white card
(Table 1). Thirteen stingrays were presented with a blank
white stimulus versus a black form, either a cross (n=35,
Table 1) or a circle (n=8, Table 1) on a white background.
Average and median numbers of sessions to LC were cal-
culated for all thirteen stingrays, while separate averages
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and medians were also calculated for the two groups. For
the eight stingrays presented with a circle, two-sample ¢
tests were used to compare the numbers of sessions to LC
between sexes and between stingrays 12—14 cm in diameter
vs. stingrays 8—10 cm in diameter.

Form, color, and contrast

Two different approaches to test form discrimination were
applied. In Experiment A, the five animals that had been
trained to approach a cross instead of a blank white card
were tested using a stimulus pair that consisted of two
different shapes with equivalent diameters (i.e. cross vs.
circle, Table 1). Shapes were first both presented in black,
but as stingrays did not achieve LC within 30 sessions,
shapes were later presented in colors which also differed
in brightness (i.e. green cross vs. red circle, Table 1). Fol-
lowing achievement of LC, three sets of transfer stimuli
were presented randomly to determine whether the suc-
cessful discrimination of colorful shapes was based on
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color/brightness, form, or both (Table 1). Transfer 1
stimuli were designed to test whether animals paid more
attention to familiar color/brightness or familiar form, and
Transfer 2 stimuli were designed to test whether stingrays
could discriminate based on color/brightness when forms
were unfamiliar. Transfer 3 stimuli were designed to test
whether stingrays could discriminate based on shape when
color/brightness was unfamiliar. No more than three trans-
fer trials were conducted per session, with each session
still consisting of ten regular trials. Fourteen total trials
for each transfer stimulus pair were conducted per animal.

In Experiment B, seven of the animals that had been
previously trained to approach a circle were presented with
a regular stimulus pair that did not differ in shape (i.e.
black circle vs. outlined circle, Table 1) but differed in
ratios of black to white and overall brightness, hereafter
referred to together as contrast. Following achievement of
LC, two sets of unrewarded transfer stimuli (Table 1) were
presented randomly with no more than three transfer trials
per session, for a goal of at least 20 total trials for each
transfer stimulus pair per animal. If a session included
three transfer trials, the number of regular trials was raised
from 10 to 14. Transfer 1 stimuli imitated the stimuli of
regular trials with regard to contrast and tested whether
stingrays had in fact used contrast in the discrimination
process and were capable of applying this knowledge to a
similar but new task. Transfer 2 tested whether stingrays
still chose the ‘correct’ stimulus from regular trials when
it was paired with a new alternative stimulus of different
form, featuring the same color and area. The use of these
two transfer sets elucidated whether rays had based their
original choices solely on contrast differences or if they
had also paid attention to general form.

Normally, transfer tests would not have been conducted
until performance remained consistently above 70% cor-
rect choice, even though LC had been achieved. However,
the animals in Experiment B did not maintain consistent
performances for more than four consecutive sessions at
a time. For these stingrays, it was therefore decided that
a transfer test would be conducted in a given session if
the stingray chose correctly in the first four to five tri-
als, but if performance decreased later in the session, no
further transfer tests would be conducted in that session.
Due to the inconsistent performances of stingrays, a dif-
ferent number of transfer trials was conducted with each

individual that participated in transfer testing (16 tests at
minimum, n =3). The last 16 transfer tests of each animal
were included in analysis.

Stimulus orientation

The ability of stingrays to discriminate stimulus orientation
was investigated using a stimulus pair of horizontally (posi-
tive stimulus) and vertically (alternative stimulus) oriented
black and white stripes (Table 1). Following achievement
of LC, a transfer test phase was conducted to determine
whether orientation or overall stimulus image had been used
in discrimination. Three sets of unrewarded transfer stimuli
(Table 1), varying in line width and number of lines, were
presented randomly among 12 regular trials per session,
with no more than two transfer trials per session. Twenty
total trials were conducted for each transfer stimulus pair
per animal.

Visual resolution

To explore the resolution of Potamotrygon motoro, a transfer
test phase was conducted in which regular trials still pre-
sented stingrays with the striped stimuli from the orienta-
tion experiments (Table 1). Eight sets of unrewarded trans-
fer stimuli, in which stripe widths varied from 1 to 10 mm
(Table 2), were presented randomly among 12 regular trials
per session, with no more than two transfer trials per session.
Twenty total trials were conducted for each transfer stimulus
pair per animal.

For this experiment, the distance between guillotine door
2 and the decision line was 41.5 cm and the distance from
the decision line to the stimulus wall was 11.5 cm (different
from Fig. 1). These are the measurements that were used for
calculations of visual acuity.

Visual acuity was calculated according to the formula
from Parker et al. (2017), as adapted from Nakumara (1968):

1

(2tan-t (2200 ) ) (12 ¢))

where SF stands for ‘Spatial Frequency’, CW describes
cycle width (i.e. the width of one adjacent pair of black and
white stripes) in mm, and D refers to the minimum reaction
distance [i.e. in this case, the distance of the decision line

SF =

Table 2 Widths of stripes (mm)

L. . . Regular Transfer 1 Transfer 2
in stimuli used to test visual

Transfer 3 Transfer 4 Transfer 5 Transfer 6 Transfer 7 Transfer 8

resolution 30.0 1.0 2.0

10.0 5.0 7.5 6.5 55 8.0

Regular stimuli consisted of the same stimuli used to test visual discrimination of stimulus orientation.
Each stimulus had a total area of 18 cm?. A stimulus pair always consisted of a vertical and horizontal ori-
entation of the same stimulus pattern. Black and white stripes had equal widths in each stimulus
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from the stimulus wall (115 mm) plus the distance from an
animal’s eyes to the edge of its body disk (30 mm)]. The
value for CW is the smallest width that each stingray could
discriminate with statistical significance during transfer
tests.

Preliminary tests of memory

An additional pilot investigation into the memory capacity
of Potamotrygon motoro was conducted, in which a 14-day
break in reinforcement was included during two of the visual
discrimination experiments described above.

In the stimulus-presence vs. stimulus-absence experiments,
four stingrays trained with the circle stimulus were given a
14-day break after they achieved LC to see if they could
achieve LC again thereafter. A fifth stingray was given a break
one session before achieving LC to determine whether the fish
had learned the association before achieving three consecutive
sessions with>70% correct choice. If a fish did not achieve L.C
again within ten sessions after the break, the experiment was
discontinued and considered completed. In the case of the fifth
individual, which scored >70% correct choice in the first ses-
sion after the break, thereby officially achieving LC for the first
time, a total of three sessions was conducted after the break to
determine whether this performance would remain consistent.

During the training period of the form and contrast
Experiment B, three individuals of the group that was
trained with contrasting circle stimuli were presented with
a 14-day break as well. One of these was given the break
after having achieved LC to preliminarily indicate whether
memory can be demonstrated with a different stimulus set.
Two other stingrays were given the break early in training,
after sessions 7 and 14, respectively, to see how quickly
LC would be achieved thereafter and whether any potential
insights into the learning process might be gleaned from
such an approach.

The results of this investigation into memory are inter-
preted with caution and are reported with the intention of
encouraging future research specifically dedicated to the
topic of memory.

Results

Representative individual learning curves for each experi-
mental phase are displayed in Fig. 3.

Visual discrimination
Presence vs. absence
All stingrays together achieved LC with an average of

31+ 19 sessions and a median of 27 (Fig. 4, n=12). Average
trial time usually decreased across sessions, with the overall
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mean ranging from 3.48 +0.96 s to 17.03+7.99 s between
animals. The four stingrays presented with a cross achieved
LC with an average of 16+ 8 sessions and a median of 17
sessions (Fig. 4). Average trial time for this subset usually
decreased across sessions for individuals, with the overall
mean ranging from 3.48 +0.96 s to 8.50+2.11 s between
animals (n=4). The eight stingrays presented with a cir-
cle achieved LC with an average of 38 + 19 sessions and
a median of 35 sessions (Fig. 4, n=38). Average trial time
again usually decreased across sessions for individuals, with
the overall mean ranging from 4.59+2.30sto 17.03+7.99 s
between animals (n=38).

For the eight stingrays presented with the circle, there
was no significant difference in sessions to LC between
stingrays 12—14 cm in diameter and stingrays 8—10 cm in
diameter (two-sample ¢ test: 1=0.087149, df=6, p=0.93).
There was also no significant difference in sessions to LC
between males and females (two-sample ¢ test: t=0.86863,
df=6, p=0.42). The potential difference between sexes in
average trial time across sessions (Fig. 5) would have been
interesting to analyze further given a larger sample size.

Form, color, and contrast

In Experiment A, no stingray achieved LC within 30 ses-
sions when presented with a black circle versus a black cross
(n=4). These shapes were then presented in color (green
cross vs. red circle, Table 1), and stingrays achieved LC
with a group mean of 27 + 11 sessions and a median of 22
sessions (Fig. 6a, n=5).

In Transfer 1, stingrays together significantly often chose
the green circle over the red cross (n=4, GLMM: df=54,
7=2.972, one-sided p value =0.003, Fig. 7), which shows
that color/brightness was chosen over form. In Transfer 2,
stingrays together significantly often chose the green triangle
over the red heart (n=4, GLMM: df=54, z=4.907, one-
sided p value <0.0001, Fig. 7), which shows that color was
still used to discriminate. In Transfer 3, stingrays together
significantly often chose the blue circle more often than
the yellow cross (n=4, GLMM: df=54, z=— 4.577, one-
sided p value <0.0001, Fig. 7), which indicates that color
was still used to discriminate. Individual results for all
three transfer tests are also displayed in Fig. 7, with sta-
tistical significance determined by the Exact Binomial test
(test proportion=0.5). There was a significant difference
between average session time and transfer test time in Trans-
fer 1 (Wilcoxon signed-rank test: V=512, p value=0.02)
but not in Transfer 2 (Wilcoxon signed-rank test: V=555,
p value=0.11) or Transfer 3 (Wilcoxon signed-rank test:
V=966, p value=0.17).

In Experiment B, six out of the seven surviving sting-
rays that were presented with the contrasting circle stimuli
achieved LC, with a group mean of 12 +5 sessions and a
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Fig.3 Representative individual learning curves for a stimulus-pres-
ence vs. stimulus-absence; b Form, Color, and Contrast Experiment
A (green cross vs. red circle), ¢ Form, Color, and Contrast Experi-
ment B (contrasting circles); and d Horizontal vs. Vertical. Percent
correct choice is shown in blue and average trial time (s) per session
is in orange, with error bars indicating standard deviation. Dashed red

median of 14 sessions (Fig. 6b). Three stingrays partici-
pated in transfer tests. Inconsistent stingray performances
resulted in a different number of transfer trials being con-
ducted for each of the individuals. Performance fluctuation
also resulted in gaps between the earliest transfer trials for
Stingrays 1 and 3, so to avoid the impacts of potential confu-
sion in early transfer trials, the last 16 trials of each animal
were used for analysis.

In Transfer 1, stingrays altogether chose the closed
triangle stimulus significantly more often than the open
triangle stimulus (GLMM: df=46, z=2.532, one-sided
p value=0.01; Fig. 8), showing that discrimination was

130

lines represent the 70% correct choice threshold. Black points indi-
cate achievement of LC. In b, ¢, and d the dashed dark-green line
indicates the session after which transfer testing was commenced.
In ¢, the dashed grey line indicates a 14-day break to test memory
between sessions 15 and 16

based on contrast. In Transfer 2, stingrays altogether chose
the closed circle stimulus significantly more often than the
closed triangle stimulus (GLMM: df=46, z=2.069, one-
sided p value =0.04; Fig. 8), indicating that discrimination
was based on shape. Individual results for both transfer
tests are also displayed in Fig. 8, with statistical signifi-
cance determined by the Exact Binomial test (test pro-
portion=0.5). There was a significant difference between
average session time and transfer test time in Transfer 2
(Wilcoxon signed-rank test: V=368, p value =0.04) but
not in Transfer 1 (Wilcoxon signed-rank test: V=576, p
value=0.91).
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Fig.4 Summary of number of sessions to LC for a all 12 stingrays
presented with a black form vs. blank white stimulus, b subset of four
stingrays presented with the cross, and ¢ subset of eight stingrays pre-

sented with the circle. Bold lines indicate medians, the color-shaded
regions represent interquartile ranges (IQRs), and bars indicate ranges
to+ 1.5 X IQR. Points indicate individual stingray scores

Fig.5 Average trial time (s) for 45 7
four male (blue) and four female
(red) Potamotrygon motoro. 40 7
Lines indicate the average by ]
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Stimulus orientation

Stingrays that were presented with horizontal vs. vertical
stimuli achieved LC with a group mean of 9+ 5 sessions
and a median of 9 sessions (Fig. 6¢, n=15). Across three
transfer tests, stingrays consistently chose the horizontal
stimulus more frequently than the vertical stimulus (Trans-
fer 1: GLMM: df=98, z=6.194, one-sided p value <0.0001;
Transfer 2: GLMM: df=98, z=4.355, one-sided p
value <0.0001; Transfer 3: GLMM: df=98, z=5.956, one-
sided p value <0.0001; Fig. 9). These results showed that
discrimination was based on the horizontal and vertical ori-
entation of the lines. Individual results are also displayed
in Fig. 9, with the Exact Binomial test used to determine
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statistical significance (test proportion=0.5). There were
significant differences between average session time and
transfer test time in Transfer 1 (Wilcoxon signed-rank test:
V=3450, p value=0.001) and Transfer 3 (Wilcoxon signed-
rank test: V=4777, p value <0.0001), but not in Transfer
2 (Wilcoxon signed-rank test: V=2595.5, p value=0.81).

Resolution

Together, stingrays significantly often chose the horizontal
stimulus over the vertical stimulus in all transfer tests except
Transfer 2 (Transfer 1: n=5, GLMM: df=98, z=2.762, one-
sided p value =0.006; Transfer 2: n=5, GLMM: df=98,
z=1.79, one-sided p value=0.07; Transfer 3: n=5, GLMM:
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Fig.6 Summary of number of sessions to LC for five stingrays pre-
sented a with circle vs. cross stimuli in color; b with contrasting cir-
cle stimuli; and ¢ with horizontal vs. vertical stimuli. The bold line

df=98, z=4.53, one-sided p value <0.0001; Transfer 4:
n=>5, GLMM: df=98, z=2.182, one-sided p value =0.03;
Transfer 5: n=35, GLMM: df=98, z=3.751, one-sided p
value <0.001; Transfer 6: n=5, GLMM: df=98, z=2.779,
one-sided p value =0.005; Transfer 7: n=3, GLMM:
df=58, z=2.832, one-sided p value =0.005; Transfer 8:
n=2, GLMM: df=38, z=2.167, one-sided p value =0.03;
Table 3). There were significant differences between
average session time and transfer test time in all transfer
tests (Transfer 1: Wilcoxon signed-rank test: V=4612,
p value <0.0001; Transfer 2: Wilcoxon signed-rank test:
V=4522, p value <0.0001; Transfer 3: Wilcoxon signed-
rank test: V=4360, p value <0.0001; Transfer 4: Wilcoxon
signed-rank test: V=4681.5, p value <0.0001; Transfer 5:
Wilcoxon signed-rank test: V=4483.5, p value <0.0001;
Transfer 6: Wilcoxon signed-rank test: V=4570, p
value < 0.0001; Transfer 7: Wilcoxon signed-rank test:
V=1598.5, p value <0.0001; Transfer 8: Wilcoxon signed-
rank test: V=747, p value <0.0001).

Due to apparent disagreement between group and indi-
vidual analyses as well as to variation among individual
results, visual acuity was calculated separately for individual
animals, ranging from < 0.13 to 0.23 cpd (Table 3).

Preliminary tests of memory

In the stimulus-presence vs. stimulus-absence experiments,
two out of the four stingrays exposed to a 14-day break fol-
lowing LC achieved LC again within three and six sessions
after the break, respectively. One stingray scored 80 and
100% in the two sessions immediately following the break
but did not achieve LC again within 10 sessions. The fourth,
often scored >70% correct choice following the break but

indicates the median, the color-shaded region represents the inter-
quartile range (IQR), and bars indicate the range to+1.5XIQR.
Points indicate individual stingray scores

also did not achieve LC again within 10 sessions. The fifth
stingray from this group, which had not yet reached LC,
officially achieved LC in the first session following the break
and maintained >70% correct choice for three consecutive
sessions after the break. This suggests that the discrimina-
tion had already been learned before the break.

In the Form and Contrast Experiment B, one stingray
achieved LC again within three sessions after a 14-day
break. Of the two other stingrays that were exposed to a
break before they had achieved LC, one achieved LC four
sessions after the break, suggesting that the pause did not
interrupt learning. The second individual did not achieve LC
in this experiment.

Discussion

This study describes a series of visual discrimina-
tion experiments in Potamotrygon motoro. Hypotheses
included that stingrays would successfully discriminate
(a) stimulus-presence from stimulus-absence, (b) differ-
ent forms, (c¢) different overall stimulus contrasts, and
(d) horizontal from vertical stimulus orientations. All of
these hypotheses were supported, although caution must
be observed with regard to form discrimination, as will
be discussed. The conclusion of an earlier study regard-
ing color discrimination was potentially corroborated,
although the colorful stimuli used in the present study
were not controlled for with regard to brightness. This
report also details the first visual resolution experiment
conducted in P. motoro and presents the first evidence of
memory retention without reinforcement for this species.
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Fig.7 a Transfer 1: absolute a ]
number of choices between 50
green circle and red cross
stimuli for all four individuals
compiled, as well as per indi-
vidual; b Transfer 2: absolute
number of choices between
green triangle and red heart
stimuli for all four individuals
compiled, as well as per indi-
vidual; ¢ Transfer 3: absolute
number of choices between blue
circle and yellow cross stimuli ]
for all four individuals com- E
piled, as well as per individual. i
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Important limitations of this study are that individual
variation between test subjects has a greater influence over
results that are obtained from smaller sample sizes and that
different trainers conducted each of the visual discrimina-
tion experiments described. Both of these conditions were
unavoidable, given animal availability and the high invest-
ment of time and effort required.

@ Springer

Stingray 1 Stingray 2 stingray 3 stingray 5

Visual discrimination
Presence vs. absence

To ensure that stingrays were not blind or cognitively
impaired, all experimental animals were tested for the abil-
ity to discriminate a black form on a white background from
a blank white card prior to further experiments. Only the
results for the naive experimental animals are included in
this report, as these are not comparable to the results of
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Fig.8 a Transfer 1: absolute ]
number of choices between 50 ia
closed triangle and open i
triangle stimuli in the first

16 transfer tests for all three
individuals compiled, as well
as per individual; b Transfer

2: absolute number of choices
between closed circle vs. closed
triangle stimuli in the last

16 transfer tests for all three
individuals compiled, as well as
per individual. Boxplots display
summary statistics for each
stimulus, wherein bold lines
indicate medians, color-shaded ]
regions represent interquartile ‘
ranges (IQR), and dashed bars ]
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experienced animals. All individuals achieved LC, so they
were considered fit for further experimentation. Across
sessions, the average trial time usually decreased, which
likely resulted from animals becoming familiar with the
experimental procedure and/or the visual task. There was
a potential difference in average trial time across sessions
between males and females for the eight stingrays presented
with the circle stimulus (Fig. 5), so future studies might con-
sider exploring sex differences in behavioral cognition for P.
motoro. Differences in peripheral sensory input have been
documented between the sexes in some rays (e.g. Kempster
et al. 2013), and sex differences in cognitive behavior have
been documented in other fish, such as guppies (e.g. Lucon-
Xiccato and Bisazza 2014). However, there is an unfortu-
nate lack of ecological understanding of P. motoro. Based on
known differences in parenting roles and sociality in guppies
(e.g. Houde 1997; Croft et al. 2004), there is more reason to
investigate sex differences in guppies than in these stingrays.
Studies to further knowledge of P. motoro ecology would aid

Stingray 1 Stingray 2 Stingray 3

in understanding the results of any experiments concerning
their cognitive behavior.

Form, color, and contrast

Two different experimental approaches were used to explore
whether P. motoro can discriminate form. One group of
stingrays (Experiment A) was first trained with two black
shapes that were not successfully discriminated and were
consequently presented in color. Once the fish learned to
discriminate these colorful stimuli, three transfer tests were
conducted to determine whether discrimination was based
on color/brightness, shape or perhaps both. The second
group of stingrays (Experiment B) was trained with two cir-
cle stimuli that had different overall contrasts, the design of
which was inspired by the species’ dorsal patterning, which
is composed of dots with darker, ring-like outlines. Once
LC had been achieved, the three stingrays that continued to
participate were exposed to two transfer tests, one to con-
firm that they could discriminate overall contrast and one to

@ Springer
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«Fig.9 Absolute number of choices between horizontal vs. vertical
stimuli for all five stingrays compiled as well as per individual in a
Transfer 1: black stripe width=1 cm, five black stripes; b Transfer
2: black stripe length=4 cm, two black stripes; ¢ Transfer 3: black
stripe width=_8 cm, one black stripe. Boxplots display summary sta-
tistics for each stimulus, wherein bold lines indicate medians, color-
shaded regions represent interquartile ranges (IQR), dashed bars
indicate ranges to+1.5XIQR, and open circles indicate outliers. *p
value <0.05; **p value <0.01; ***p value < 0.001

investigate whether they had registered information regard-
ing form. Experiment A indicated that stingrays had based
discrimination only on color/brightness, while Experiment
B indicated that stingrays were able to (a) discriminate con-
trast and transfer this discrimination to stimuli with unfa-
miliar form and (b) discriminate a stimulus with the same
contrast but a different form from the normally rewarded
stimulus. Due to fluctuations in individual performance in
the second experiment, it is important to be cautious in inter-
preting these results, but it would be an obvious mistake at
this point to conclude that P. motoro cannot discriminate
shapes. Parameters to consider in future studies of form
discrimination include what shapes should be used in such
experiments. Experiment A used a circle versus cross stimu-
lus pair, and as dissimilar as these shapes may seem to the
experimenter, it is possible that the rather radial nature of a
cross resembles a circle, dependent on distance and visual
acuity perhaps. It seems reasonable to conclude that any
attempts to investigate form discrimination, also in other
species, should prioritize stimulus simplicity in early experi-
ments. In Experiment B, animals were trained with round
forms and then presented, in transfer tests, with angular
forms (i.e. triangles), possessing the minimum number of
corners for two-dimensional shapes. It should be noted that
all forms were symmetrical in this study, so asymmetry was
not a confounding factor.

Stimulus orientation

An ability to discriminate stimulus orientation was investi-
gated by training stingrays with horizontal versus vertical
stripes and using three transfer tests to elucidate whether
discrimination was truly based on stimulus orientation or on
overall stimulus images. Stingrays succeeded in the initial
discrimination and continued to significantly often choose
the horizontal stimuli during transfer tests, indicating that
discrimination was indeed based on stimulus orientation and
not on overall images. This sort of ability might be useful
in identifying vertical or horizontal obstructions or shelters
in the riverine environment or perhaps for recognizing the
bodily orientations of other animals.

Visual resolution and perception

Riggs (1965) distinguishes between four measures of visual
acuity (detection, recognition, localization, and resolution),
regarding resolution as most critical. This measure is con-
cerned with an animal’s ability to distinguish the elements
of an object or stimulus. To evaluate visual resolution in P.
motoro, the present study included a second transfer test
phase in which regular trials still presented stingrays with
the striped stimuli from the stimulus orientation experi-
ments. Eight transfer tests were conducted in which stripe
widths varied from 1 to 10 mm. The narrowest cycle widths
that individuals were able to discriminate were used to cal-
culate visual acuity, which ranged from <0.13 to 0.23 cpd.
Behavioral estimates seem to be much lower than anatomi-
cal estimates in elasmobranchs (e.g. Ryan et al. 2017), so
these low visual acuity values would be expected if the ana-
tomical estimates of 5.52—6.9 cpd for stingrays in the family
Dasyatidae (Garza-Gisholt et al. 2015) are shown to also be
representative of Potamotrygonidae.

Table 3 Performance per

Lo Test (mm)  Stingray 1 Stingray 2 Stingray 3 Stingray 4 Stingray 5
individual per transfer test and
visual acuity calculated per H p H P H 4 H p H p
individual
T1 (1.0) 13 026 14 0.12 10 1 12 0.50 15 0.04
T2 (2.0) 13 026 10 1 11 0.82 14 0.12 11 0.82
T3 (10.0) 14 012 19 <0.0001 15 0.04 18 <0.001 19 <0.0001
T4 (5.0) 10 1 14 0.12 13 0.26 11 0.82 13 0.26
T5 (7.5) 14 012 17 0.003 11 0.82 18 <0.001 17 0.003
T6 (6.5) 10 1 16 0.01 11 0.82 16 0.01 17 0.003
T7 (5.5) - — 11 0.82 - - 16 0.01 15 0.04
T8 (8.0) 12 050 - - 17 0.003 - - - -
Ccw - 13 16 11 11
VA <0.13 0.19 0.16 0.23 0.23

Performance is reported via total choices of horizontal stimulus (H), out of 20 total choices, and Exact
Binomial p value (p), given test proportion=0.5. H values in bold are statistically significant scores. Cycle
width (CW) is reported in mm (see Eq. 1). Visual acuity (VA) is reported in cycles per degree (cpd)
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The crescent shape of the P. motoro pupil (Fig. 1) also
poses consequences for perception and limits to resolu-
tion that should be considered in visual experiments.
Murphy and Howland (1991) elaborated on the functional
significance of such structures, citing four effects. First,
crescent-shaped pupils minimize lenticular spherical aber-
ration by restricting incoming light rays to an equidistant
distribution around the lens center; this is in contrast to a
circular pupil, which results in a difference between refrac-
tion of light rays that pass through the lens periphery and
refraction of those passing along the central axis. Second,
the presence of the pupillary operculum affects contrast
modulation, since an expanding operculum enhances fine
details (high spatial frequencies) of a stimulus but reduces
the overall stimulus information (low spatial frequencies),
including shape. This means the effects of a crescent-shape
on contrast modulation and form discrimination may be
differentially disadvantageous at certain light levels. Third,
Murphy and Howland speculate that the crescent-shaped
pupil may function as a focus indicator for organisms
lacking a fovea; if the lens focuses in front of an object,
points of light reflected off the object appear as ‘U’ shapes,
while focusing behind the object results in an inverted ‘U’.
Lastly, as a crescent-shaped pupil is constricted, depth of
field is reduced while the theoretical limit to resolution
is increased, effects which are opposite in a constricting
circular pupil. This implies that, at higher light levels, a
stingray eye should probably receive images that are more
detailed but only over reduced distances. In an attempt to
avoid the influence of elevated light levels on results, the
present study limited light intensity in the experimental
rooms to 320 Ix.

In support of the low acuity values found by this study,
the environmental and ecological demands on vision for
Potamotrygon motoro do not seem to require especially high
visual acuity, given the often-elevated sediment loads in riv-
erine waters (e.g. Rios-Villamizar et al. 2014; Costa et al.
2011), an apparent lack of predators, aside from humans
(Charvet-Almeide et al. 2002), and often tactile foraging
behaviors (Garrone-Neto and Sazima 2009), though P.
motoro’s habitat use and foraging behavior do transition
with age (Garrone-Neto and Sazima 2009). The group of P.
motoro used in this resolution experiment were already sub-
adult, and normally, visual acuity actually improves as fish
develop (e.g. Pankhurst et al. 1993). However, larval rain-
bow trout (Oncorhynchus mykiss) behaviorally demonstrated
an acuity of 40 cpd at 10 days after hatching which expo-
nentially decreased to 6.5 cpd at 15 days and 1.4 at 75 days
(Carvalho et al. 2004). Adult tuna achieved visual acuity
scores < 0.20 cpd (Nakamura 1968), similar to P. motoro.

Studies on larval fish have shown that there is a mismatch
between theoretical and behavioral spatial acuity, potentially
explainable by the myopia of the larval fish eye (Pankhurst
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et al. 1993), but, according to Browman et al. 1990, behav-
ioral estimates are probably more accurate than anatomical
estimates of visual acuity anyway, since behavior is influ-
enced by a broad range of neurological factors. For exam-
ple, optokinetic response experiments with larval zebrafish
(Danio rerio) resulted in an acuity of 0.16 cpd while the
theoretical limit based on anatomy was 0.24 cpd (Haug et al.
2010).

It is unfortunately difficult to compare studies on visual
resolution between species, as well as within species, due
to differences in experimental approaches, conditions, and
animal ages. Various measurements of visual acuity have
been derived from optokinetic or optomotor responses, as
in the aforementioned rainbow trout studies (Carvalho et al.
2004), or from reaction distances and morphological meas-
urements, as was done in the case of seahorses (e.g. Lee and
O’Brien 2011), or from thresholds of stimulus resolution,
as with tuna (Nakamura 1968) and the present study. The
present study used similar stimuli and the same formula as
Nakamura (1968), so those results for tuna are probably the
most comparable to our findings for P. motoro. However,
Nakamura (1968) used a projector to display the visual stim-
uli and was therefore additionally able to compare visual
resolutions at different stimulus luminance levels between
the two tuna species. He found that resolution was compa-
rable at lower luminance but that skipjack tuna (Katsuwonus
pelamis) had better resolution abilities at higher values of
luminance.

The importance of light conditions regarding a species’
visual apparatus cannot be understated (Murphy and How-
land 1991), and neither can the choice of visual stimulus.
Honeybees (Srinivasan and Lehrer 1988) and triggerfish
(Rhinecanthus aculeatus; Champ et al. 2014), for exam-
ple, achieved lower scores of visual acuity when presented
with radial stimuli instead of linear stimuli. In the previ-
ously discussed Form, Color, and Contrast experiments, the
present study shows that stingrays seem to pay attention to
information about color/brightness over information about
shape. Interestingly, Schluessel and Ober (2018) were able
to conclude that Potamotrygon motoro prefers directional
cues to visual stimulus cards or landmark cues in solving a
navigational task. Perhaps it is worth considering that such
stimulus preferences could play a role in participation/per-
formance differences between visual discrimination tasks.
The experimental design and focus of the present experiment
was of course different from that of Schluessel and Ober
(2018), but it shows that stingrays participating in stimulus
orientation experiments performed more consistently and
usually at 100% correct choice as compared to the more
fluctuating performance curves of stingrays in other experi-
ments (Fig. 3). Whether or not horizontal vs. vertical stripes
can somehow be considered ‘directional’ cues is, however,
not clear, and whether differences in performance curves
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could indicate preferences for certain stimuli is subject to
confounding information.

Lastly, it is difficult to determine when an animal has
made a stimulus choice. In the present study, each stingray
may have made its decision at a different distance from the
stimulus wall, but since these distances could not be objec-
tively determined with certainty, a standard distance was
used to calculate visual acuity for all individuals. Relatedly,
it would be worthwhile for future studies to explore whether
the angle of the visual stimulus relative to the stingray has an
effect on experimental results. There is no information about
photoreceptor or ganglion cell distribution in the eye of P.
motoro to date, let alone correlations between the two, but a
study comparing closely related stingray species in the fam-
ily Dasyatidae found that differences in the distribution of
retinal neurons seem related to ecology (Garza-Gisholt et al
2015). Future studies with P. motoro should pair behavioral
experiments with anatomical investigations and consider
exploring whether ontogeny correlates with visual acuity,
as in the case of the variable threefin, Forsterygion varium
(Pankhurst et al. 1993).

Preliminary tests of memory

An additional pilot investigation into the memory capacity
of Potamotrygon motoro was conducted, in which a 14-day
break in reinforcement was included during either the
stimulus-presence vs. stimulus-absence experiments or the
training phase of Form and Contrast Experiment B. Having
already achieved LC before the break, two out of four sting-
rays in the stimulus-presence vs. stimulus-absence experi-
ments were able to quickly (i.e. in less than seven sessions)
achieve LC again following the break in reinforcement, indi-
cating that they remembered the task. A fifth stingray was
given a break after just two consecutive sessions of >70%
correct choice but officially achieved LC in the first session
following the break and maintained >70% correct choice for
two more sessions. This suggests the stingray had already
learned the association before LC had been achieved and,
furthermore, remembered the association after the break.
Three stingrays in Form and Contrast Experiment B were
also exposed to a 14-day break. Having achieved LC prior,
one individual achieved LC again after the break, which
indicates that memory was not impeded by the use of differ-
ent, black and white stimuli. The other two stingrays were
given a break before they had achieved LC, after only 7 or 14
sessions, to see how soon they would achieve LC thereafter.
The individual given a break after 14 sessions achieved LC
just four sessions after the break, so the break did not impede
the learning process in this individual. The second individ-
ual did not achieve LC within 51 sessions, after which the
experiment was terminated for that individual. It is, however,
highly unlikely that a break in training causes long-term

impacts on cognitive ability, so this outcome is probably
explainable by individual variation.
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