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A B S T R A C T

This study examined the ability of goldfish to visually identify 2D objects rotated in the picture plane. This
ability would be adaptive for fish since they move in three dimensions and frequently view objects from different
orientations. Goldfish performed a two-alternative forced choice task in which they were trained to discriminate
between two objects at 0°, then tested with novel aspect angles (+/− 45°, +/− 90°, +/− 135°, 180°). Stimuli
consisted of an arrow and half circle (Experiment 1) and line drawings of a turtle and frog (Experiments 2 and 3).
In the first two experiments, the S+ and S− were presented at the same aspect angle. Performance in these
experiments exceeded chance on four of seven novel aspect angles. Overall accuracy was not significantly dif-
ferent with complex stimuli (animal drawings) vs. simple stimuli (geometric shapes). In Experiment 3, when fish
were tested with the S+ at varying aspect angles and the S− always presented at 0°, the fish failed to dis-
criminate among the stimuli at all but one aspect angle. These goldfish viewing planar-rotated 2D objects did not
display viewpoint-invariant performance, nor did they show a systematic decrement in performance as a
function of aspect angle.

1. Introduction

The ability to recognize an object from any viewpoint is called ob-
ject constancy. It is considered an essential property of human visual
perception (Jolicoeur and Humphrey, 1998). Many studies have ad-
dressed the ability of non-human animals to visually recognize rotated
objects (for a review see Peissig and Goode, 2012), but few fish subjects
have been tested (e.g., Bowman and Sutherland, 1969; Schluessel et al.,
2014; Wang and Takeuchi, 2017). It would be advantageous for fish to
possess visual object constancy. Swimming fish make complex three-
dimensional motions in which they can view objects and animals from
many different orientations (Kleerekoper et al., 1974). Unlike most
terrestrial organisms, fish move frequently up and down along the y-
axis. They are often exposed to views of objects from the side and above
and below as they swim. Delius and Hollard (1995) suggested that or-
ganisms that experience their environment from a variety of rapidly
changing orientations should recognize objects regardless of orienta-
tion. Fish use visual object recognition for navigation, foraging, and
identifying social partners, prey and predators (Brown et al., 2011).
Further, fish are capable of complex discrimination tasks using vision
(e.g., Agrillo et al., 2013; Brown et al., 2011; DeLong et al., 2017a;
Newport et al., 2016; Truppa et al., 2010). The purpose of this study
was to investigate whether goldfish visually recognize 2D objects

rotated in the picture plane.
Studies on visual object constancy in humans have produced

varying results that led to competing theories of how individuals re-
present objects (Jolicoeur and Humphrey, 1998; Lawson, 1999). In
object-centered theories, a single underlying 3D representation is con-
structed of the object specifying structural relations between geons
(e.g., Biederman and Gerhardstein, 1993; Marr, 1982). If a new view of
a familiar object is encountered, then the structural representation of
the object will be activated as long as the relationships between the
geons are preserved. This means recognition performance on familiar
and novel views should be equivalent and the results are classified as
viewpoint-independent. According to viewer-centered theories, the vi-
sual system stores several views of an object, a novel view is matched to
the nearest stored representation and different 2D object representa-
tions are formed with each different view (e.g., Tarr, 1995; Tarr and
Pinker, 1989). These theories predict that novel views will require some
processing, which results in differences in performance between fa-
miliar and novel views (i.e., viewpoint-dependent performance). Ma-
nipulating variables such as experience with the task, familiarity with
the stimuli, object type, object set size, the similarity of the objects
within the sets, rotation plane, and rotation scheme can cause perfor-
mance to shift between viewpoint-independence and viewpoint-de-
pendence (Jolicoeur and Humphrey, 1998).
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In addition to the representation-based theories that account for
object constancy, a third theory is based on the process of transforming
a novel view to a familiar view. Shepard and Metzler (1971) proposed
that humans use a process of mental rotation to recognize rotated 2D or
3D objects, whether the stimuli are rotated in the picture plane or the
depth plane. According to this theory, in order to decide whether a
comparison object matches a sample object, the individual creates a
mental representation of the sample object, then mentally rotates the
object until it matches the orientation of the comparison object. Hu-
mans can successfully recognize new views of objects, but the reaction
time for participants to make their decision increased linearly as a
function of aspect angle (Shepard and Metzler, 1971). Representation
and process theories differ conceptually but can be difficult to distin-
guish empirically. They are not incompatible, and some researchers
include multiple theories to account for performance (e.g., Jolicoeur,
1990).

In visual object constancy studies, objects can be rotated in the
picture plane or the depth plane. Rotating an object in the picture plane
is to transform it about a fixed point along the sight line of the viewer.
For example, turning a drawing of a tea cup upside down is the
equivalent of an 180° planar rotation. Depth plane rotations involve
rotating an object about the vertical or horizontal axis. For example,
walking around a tea cup sitting on a table would afford different views
of the cup equivalent to a series of depth plane rotations. For objects
rotated in the picture plane, the same object features present at one
view are theoretically available for all views (unlike depth plane rota-
tions, where distinctive features can appear and disappear). The current
study focuses on picture-plane rotations of 2D stimuli.

Visual object constancy studies using planar-rotated stimuli have
been investigated in non-human animals in a variety of habitats.
Terrestrial species that have been tested include rats (Minini and
Jeffery, 2006; Sutherland, 1969), ferrets (Pollard et al., 1967), sheep
(Kendrick et al., 1996), dogs (Racca et al., 2010), and baboons (Hopkins
et al., 1993). Arboreal species that have been examined include mon-
keys (Freedman et al., 2006; Kohler et al., 2005; Nielsen et al., 2008;
Parr, 2011; Parr and Heintz, 2008), lion-tailed macaques (Burmann
et al., 2005), and chimpanzees (Parr, 2011). Aerial species that have
been investigated include pigeons (Delius and Hollard, 1995; Hamm
et al., 1997; Hollard and Delius, 1982; Jitsumori and Ohkubo, 1996)
and bees (Plowright et al., 2001). Aquatic species that have been as-
sessed include sea lions (Mauck and Dehnhardt, 1997; Schusterman and
Thomas, 1966), dolphins (DeLong et al., 2017b), octopuses
(Sutherland, 1969), and fish (Schluessel et al., 2014; Wang and
Takeuchi, 2017). Some studies have tested performance on a wide
range of aspect angles (e.g., Hopkins et al., 1993; Mauck and
Dehnhardt, 1997) whereas other studies have focused exclusively on
performance on upright vs. inverted images rotated 180° (e.g., Kendrick
et al., 1996; Racca et al., 2010).

Few studies have explored visual object constancy in fish using
planar rotations of 2D or 3D stimuli. Two studies have utilized planar
rotations of 3D stimuli. Malawi cichlids were trained to discriminate
between small plastic animal models such as turtles and frogs rotated in
both the picture plane and the depth plane (Schluessel et al., 2014). The
fish were trained to discriminate between the objects in an upright
position, then presented with transfer tests in which the objects were
rotated in either the picture plane or depth plane at 45°, 90°, or 180°.
The cichlids were successful with planar rotations of 45° and 90° but
failed with a 90° depth plane rotation. Wang and Takeuchi (2017)
found that medaka fish trained to discriminate between images of two
conspecific fish or two 3D objects failed the task when the fish images
were inverted (180° planar rotation) but still succeeded on the dis-
crimination when the two non-face objects were inverted.

A number of early studies on visual object recognition of 2D objects
rotated in the picture plane in goldfish have found mixed results
(Bowman and Sutherland, 1969, 1970; Mackintosh and Sutherland,
1963; Sutherland and Bowman, 1969). Goldfish trained to discriminate

between a horizontal and a vertical rectangle transferred to stimuli
rotated up to 30°, but performance dropped with stimuli rotated 40–45°
(Mackintosh and Sutherland, 1963). Goldfish that were trained to dis-
criminate between ‘W’ and ‘V’ shapes transferred well to stimuli rotated
90° or 180°, as well as rectangular stimuli that had the same number of
points or knobs as the letters at the tops of the shapes (Bowman and
Sutherland, 1969). Sutherland and Bowman (1969) trained goldfish to
discriminate between a circle and either a diamond, square, diamond
with a knob on top, or square with a knob on top. In transfer tests, fish
trained with the square or diamond could not recognize stimuli rotated
by 45°. Those fish trained with the shapes containing knobs performed
poorly in transfer tests when the stimuli were rotated +/− 135°, but
half the subjects performed well when stimuli were rotated +/− 45°.
Goldfish trained to discriminate between a regular square and an irre-
gular square containing a protrusion or indentation did not recognize
the regular square when rotated 45°, performed well when the irregular
square was rotated 45°, but did not treat rotated irregular squares
shapes as equivalent to the original stimulus for rotations of 90° or 180°
(Bowman and Sutherland, 1970). The above studies show that after
goldfish are trained to discriminate between two stimuli, some rotated
shapes are classified as the same as the original stimuli, but some are
not.

The aim of current study was to investigate the ability of goldfish to
recognize planar-rotated 2D stimuli in a two-alternative forced choice
task. Goldfish were selected as subjects because they have been fre-
quently tested in studies of visual perception (e.g., Mora-Ferrer and
Neumeyer, 2009; Wyzisk and Neumeyer, 2007), and we wanted to be
able to compare the results to previous experiments with the same
species (Bowman and Sutherland, 1969, 1970; Mackintosh and
Sutherland, 1963; Sutherland and Bowman, 1969). We selected an
aquatic species to test because some researchers have suggested that
ecological demands and habitat influence an organism’s information
processing abilities, including their capacity for identifying rotated
objects (e.g., Burmann et al., 2005; Delius and Hollard, 1995; Mauck
and Dehnhardt, 1997). Aerial species and aquatic species have a hor-
izontal plane of reference whereas a vertical plane of reference may be
more important for terrestrial species. This theory predicts that aerial
and aquatic species could be more likely to show viewpoint-in-
dependent performance, whereas terrestrial species should show a
pattern of an increase in errors and reaction time as a function of the
angle of rotation. Arboreal species, presumably, lie somewhere in be-
tween as their visual information processing system evolved to cope
with the demands of their habitat (Burmann et al., 2005).

In order to assess the effect of object type on performance in the
current study, the stimuli included simple geometric shapes in
Experiment 1 and more complex naturalistic line drawings of turtles
and frogs in Experiments 2 and 3. All previous studies with goldfish
subjects that presented 2D objects used geometric shapes and other
artificial stimuli such as English letters, but none used more complex
stimuli such as line drawings of natural or artificial objects (Bowman
and Sutherland, 1969, 1970; Mackintosh and Sutherland, 1963;
Sutherland and Bowman, 1969). The line drawings we selected were of
ecologically-relevant species that goldfish would encounter in their
natural habitat. However, our goldfish were born and raised in aquaria
and had never seen live turtles or frogs (or plastic models). In addition,
it is unknown whether the fish would treat black and white line
drawings of animals as equivalent to images of real objects or the 3D
object themselves. Nonetheless, the complex stimuli did provide a ri-
cher set of features to use during discrimination. We predicted that the
goldfish in the current study would have higher performance accuracy
when discriminating between the complex stimuli compared to the
simple stimuli.

In the current study the fish were trained to discriminate between
stimuli at 0° (upright), then tested with a wide range of novel aspect
angles in 45° increments (+45°, +90°, +135°, 180°, +225°/−135°,
+270°/− 90°, +315°/− 45°). All previous studies on planar-rotated
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objects in fish were limited in that they tested only two to four novel
aspect angles or a very narrow range of angles (Bowman and
Sutherland, 1969, 1970; Mackintosh and Sutherland, 1963; Schluessel
et al., 2014; Sutherland and Bowman, 1969). Sometimes only the or-
thogonal angles (+/− 90°, 180°) or only the oblique angles (+/− 45°,
+/− 135°) are tested. Using a broader range of angles gives a more
complete view of performance and may permit a better understanding
of the stimulus features used by fish when recognizing rotated shapes.

Another variable we manipulated in the current study was the ro-
tation scheme. In a two-alternative forced choice task, there are three
potential rotation schemes: (1) rotate both the positive and negative
stimulus (‘matched rotation scheme’), (2) rotate only the positive sti-
mulus, and (3) rotate only the negative stimulus. Many studies on fish
and other non-human animals use only one scheme and tend to select
the matched rotation scheme. Only one prior study on the perception of
rotated shapes in fish used multiple rotation schemes (Bowman and
Sutherland, 1969). All fish in Bowman and Sutherland’s (1969) study
succeeded in discriminating between letters with the matched rotation
scheme, but one-third of the subjects failed when only one stimulus was
rotated (the results do not specify whether the fish failed when it was
their own positive stimulus or their own negative stimulus that was
rotated). To further investigate the effect of rotation scheme on per-
formance, we presented the fish with a matched rotation scheme in
Experiments 1 and 2 and single stimulus rotation scheme in Experiment
3.

2. Experiment 1

2.1. Method

2.1.1. Subjects
The subjects were four (2 M; 2 F) commercially-obtained goldfish

(Carassius auratus), 9–12 cm in total length. Individual fish were iden-
tified by their phenotypic characteristics, including coloration patterns.
Fish were assigned a sex based on physical characteristics such as the
appearance of their vent and body form. Two fish were obtained in
2011 and were approximately four years old at the start of the study.
These fish had been tested previously in a study on shape discrimina-
tion (DeLong et al., 2018b) and a study on quantity discrimination
(DeLong et al., 2017a). Two fish were obtained in 2014 and were ap-
proximately one year old at the start of the study. Subjects were housed
in pairs in a 10-gallon tank (50 cm long × 26 cm wide × 31 cm high).
Each tank contained aquarium gravel and an Aqueon Quiet Flow 10
filter unit that provided aerated and filtered water. Aqueon water
conditioner was added to each tank, which neutralizes chlorine and
chloramines and detoxifies heavy metals, ammonia, and other elements
released from fish waste. The top of each tank contained one Aqueon
Colormax 10 W mini-compact fluorescent light bulb that simulated a
natural light/dark cycle. The tanks were covered on three sides by blue
cellophane on the exterior walls. Water temperature was kept between
22 °C–25 °C. Water changes (40%) were carried out on a weekly basis
and tanks were monitored regularly for pH and waste levels with Tetra
Aquarium Test Strips (Tetra U.S., Blacksburg, VA). Training and testing
sessions were conducted during daylight hours (morning and/or after-
noon). On days with training or test sessions, subjects were food re-
stricted since food was their reward during sessions. On weekdays when
the fish were not trained or tested, they were fed twice: once with
TetraFin flakes (Tetra GMBH, Melle, Germany) and once with API
Premium pellets (Mars Fishcare Inc., Chalfont, PA).

2.1.2. Stimuli
Fig. 1 shows the stimuli used in Experiment 1. One stimulus was a

black arrow (3.6 cm × 2.8 cm) on a white background and one was a
black half circle (1.7 cm × 3.3 cm) on a white background. The fish had
never viewed these stimuli prior to the current study (they dis-
criminated between a full circle and a rectangle in a previous study;

DeLong et al., 2018b). Stimuli were created in Microsoft PowerPoint
2013 (Microsoft®, Inc.). The surface area of the black space in the two
stimuli was equivalent (4.3 cm2). Only the 0° aspect angle was used
during training sessions. All other aspect angles were used during test
sessions. There were two identical exemplars for each stimulus pair
(e.g., two sets of stimuli for each aspect angle), to prevent the fish from
choosing a stimulus based on any minor differences between them (e.g.,
minute black ink spots in white space). Both sets of exemplars were
used throughout training and testing. Stimuli were printed using black
ink on standard white paper and then laminated. Each stimulus was
centered on a 5 cm × 5 cm square (the stimulus card) with a 0.1 cm
black border. The stimulus cards were attached to a white plastic cor-
rugated stimulus board (25.5 cm high × 16.5 cm wide × 0.4 cm thick)
with hook and loop fasteners.

2.1.3. Experimental set-up
Fig. 2 shows the experimental set-up. During training and testing

sessions, subjects were moved to individual test tanks (3.7 gallons;
36.8 cm long × 21.8 cm wide × 24.3 cm high). Test tanks contained
about 17 cm of conditioned water and no gravel or plants. Blue cello-
phane covered all four exterior side walls to block external stimuli
during testing. There were two identical test tanks and fish rotated
between the two tanks according to a random schedule. During training
and testing sessions, a stimulus board was inserted in the front of the
tank and rested against the interior tank wall. On one stimulus board, a
single stimulus card could be presented that was centered on the board
during training stage 1 (see Fig. 2B). On a second stimulus board, two
stimulus cards could be presented during training stage 2 or the testing
stage (see Fig. 2C).

2.1.4. Procedure
Sessions were conducted once or twice per day, always around the

same time of day in the morning and afternoon (this resulted in a food
deprivation period of about 3–4 h between sessions on the same day).
There were typically 5–10 sessions per week. Test tanks were filled with
water and water conditioner, then the fish was placed into the test tank
using a small net and allowed to acclimate to the tank for a minimum of
15 min. Stimulus cards were placed on the hook and loop fasteners on
the stimulus board. Before the stimulus board was placed in the tank,
the fish was ushered into the back of the tank by gently tapping on the
water in the back of the tank (see Fig. 2A). This ensured the fish was
swimming in the back of the tank when the stimulus board was placed
in front of the tank at the beginning of a trial and encouraged the fish to
examine both stimuli on the board before making a choice.

The fish were reinforced for correct choices with food paste; a
mixture of TetraFin flakes and water (similar to Siebeck et al., 2009).
Food paste was delivered to the fish using a 1.0 mL Luer-Lok tip syringe
(BD, Franklin Lakes, NJ), and 0.01 mL of food paste was delivered for
each correct choice. The fish had to tap (bite or push) the rewarded
stimulus (S+) once before the food reward was given. The experi-
menter held the syringe out of sight from the fish behind the test tank
wall until a correct choice was made. As soon as the subject tapped once
on the rewarded stimulus, the experimenter lowered the syringe into
the tank to the top center section of the S+ stimulus card. Once the
syringe was positioned near the S+ stimulus card, the fish ate the food
paste. If a fish tapped the incorrect stimulus (S−), it was not reinforced
and the board was withdrawn. The ‘non-correction’ method was used
where the fish was allowed to choose only one stimulus (S+ or S−) for
each trial. The stimulus board was always removed from the test tank
during the intertrial interval of about 10–15 s when the experimenter
recorded the data for the trial.

The fish’s choice (S+ or S−), the location of the choice (e.g., tap to
the black area of stimulus or white background of the stimulus card),
and the number of taps were recorded on each trial. A single experi-
menter presented the stimulus board, delivered the food reinforcement,
and recorded the data during an experimental session. The
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experimenter stood in a position that allowed her to view the fish’s
behavior and deliver the food while holding the syringe out of view of
the fish. Two experimenters trained and tested the fish throughout the
experiment. The total session time was recorded for each session
(rounded to the nearest minute), but not individual trial times. Training
sessions averaged 4.1 min (Minimum= 1 min, Median= 4 min,
Maximum= 10 min). Test sessions averaged 4.9 min (Minimum
= 2 min, Median= 5 min, Maximum = 11 min).

2.1.4.1. Training. Two fish were trained to select the half circle and
two fish were trained to select the arrow. During the training stages, the
fish were only exposed to the stimuli at the 0° aspect angle. The
experimentally-naïve fish were pre-trained to acclimate to the test tanks
and learn to feed from the syringe. We skipped this stage for two fish
that were pre-trained in a previous study (DeLong et al., 2018b). In
training stage 1, the fish had to tap its S+ to receive a food reward
when only the positive stimulus but not the negative stimulus was
presented (see Fig. 3A). There were 18 sessions with 6 trials per session.

Fig. 1. The experimental stimuli for Experiments 1 and 2. During the training stage, only the 0° aspect angle was shown. During the test sessions, fish viewed all
aspect angles. These experiments used a matched rotation scheme in which the S+ and S− were always presented at the same aspect angle within a trial. For
example, during a 45° trial, both the S+ and S− were presented at 45°.

Fig. 2. Schematic diagram of the experimental set up. (A) Test tank showing the position of the stimulus board (dark gray shaded region). The fish had to be located
within the light gray shaded region when the stimulus board was placed in the tank at the beginning of a session. (B) The stimulus board side used for the training
stage 1 (S+ only). (C) The stimulus board side used for training stage 2 and the test sessions (S+ and S-).
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Two of the fish (one trained to select the half circle and one trained to
select the arrow) readily tapped the S+ during all trials in the final 12
sessions and completed stage 1 in 10 days (1–2 sessions per day). Two
of the fish were excluded from the experiment in training stage 1 due to
a reluctance to approach and tap the S+ in a timely manner.

In training stage 2, the fish were presented with the S+ and S− in a
two-alternative forced choice task (see Fig. 3B). The position of the S+
for each trial was determined using a modified pseudorandom Gel-
lerman series (Gellerman, 1933) in which the S+ was never shown for
more than two trials in a row on the same side to prevent potential side
biases. The fish were prompted with the correct answer under two
conditions: (1) if they did not make a choice within three minutes of the
stimulus board being placed into the test tank, or (2) if they made three
incorrect choices in a row. A prompt consisted of presenting the syringe
in front of the S+ at the beginning of a trial so that the fish was forced
to select the S+. Prompted trials were not included in the reported
choice accuracy for training trials. The fish completed two blocks of
training trials in stage 2 – one prior to test block 1, and one prior to test
block 2.

Training stage 2 block 1 began the day after training stage 1 was
completed and lasted from August 18, 2015 to February 12, 2016.
There were 99 total sessions with 6 trials per session (594 trials). The
high number of sessions was due to a side bias the fish developed in
which they had difficulty responding correctly when the S+ was pre-
sented on the right side (please see results Section 2.2.1). Training stage
2 block 2 began five days after the completion of test block 1 and lasted
from March 21, 2016 to April 22, 2016. There were 13 sessions with
6–10 trials per session (110 trials). These training sessions were used to
attempt to correct a side bias and included some prompted trials.

2.1.4.2. Testing. Test sessions included both the S+ and S− in a two-
alternative forced choice task like training stage 2 (see Fig. 3B).
Stimulus pairs for all aspect angles were presented (including 0°).
Each test session consisted of six trials. The first two trials in each
session contained the 0° aspect (training aspect), with the S+ presented
once on the right and once on the left. The last four trials in a session
contained four of the novel aspects (45°, 90°, 135°, 180°, 225°, 270°, or
315°). As in training stage 2, the position of the S+ for each trial was
determined by sequences based on a modified pseudorandom
Gellerman series (Gellerman, 1933). The sequences contained no
more than two appearances in a row of the S+ on the same side, and
the S+ was on each side equally often within a test session (three times
on the right, three times on the left). The stimulus pairs selected for

each test session were determined randomly, with the constraint that no
stimulus pair was allowed to appear more than twice per session (thus
there were five or six different stimulus pairs per session). The fish were
rewarded for correct responses on trials containing the 0° aspect
(training aspect) as well as trials containing novel aspects. This was
done to provide fish with an opportunity to learn to discriminate
between the stimuli when rotated to novel angles if they initially
performed poorly on the task.

There were two blocks of test sessions, with each block containing
21 sessions. Each stimulus pair appeared a total of 12 times in each test
block (except the 0° aspect, which appeared 42 times in each test
block). Test block 1 began three days after the completion of training
block 1 and lasted from February 15, 2016 to March 16, 2016. Five days
after the completion of test block 1, the fish completed 13 additional
sessions in training block 2 (see Section 2.1.4.1). Test block 2 began
three days after training block 2 was completed and lasted from April
25, 2016 to May 25, 2016.

2.1.5. Data analyses
Statistical analyses were performed using R v3.5.0 (R Core Team,

2018). An experimental type I error level of = 0.05 was used. All p-
values were adjusted using Holm’s (1979) method to control the fa-
milywise error level at = 0.05 except, in the case of post-hoc com-
parisons, where p-values were adjusted using Tukey’s WSD (1949)
method for pairwise comparisons. Logistic regression modeling was
used to perform inference on the impact of measured variables on
discriminative accuracy as measured by a choice to the S+ (correct
choice) or to the S− (incorrect choice). Model goodness-of-fit was as-
sessed using likelihood ratio tests, inspection of residual plots, and di-
agnostics of leverage and Cook’s distance. Tests of overall accuracy
against chance (50%) performance were performed using the predicted
marginal probability of a correct choice to the S+ from the logistic
regression model controlling for covariates and experimental factors.
Multilevel logistic regression models were considered due to the nested
structure of the data, but the intraclass correlations for the session and
fish levels were approximately equal to zero, so single-level logistic
regression models are reported for clarity and yielded identical results.

2.2. Results

2.2.1. Performance accuracy in the training sessions
We analyzed data from training stage 2 for the two fish that com-

pleted training. In this stage, these fish both completed 99 sessions

Fig. 3. Photographs of fish engaged in training
and testing. (A) A fish tapping the S+ during
training stage 1. (B) A fish during training
stage 2 approaching its S+. After tapping the S
+ the syringe was inserted from above and
positioned near the fish’s head. If the S− was
tapped the board was removed. The set-up was
the same for training stage 2 and the test ses-
sions (both S+ and S− presented simulta-
neously during a session).
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where each session consisted of six trials for a total of 594 trials per fish
and 1188 trials in total. Forty-five trials were excluded from this ana-
lysis since the fish were prompted on those trials, so we used the re-
maining 1143 of the original 1188 trials in the following analyses. The
overall accuracy after controlling for session number was significantly
better than chance (i.e., 50%), Accuracy= 60.0%, SE= 1.4%,
Z= 7.01, p < .0001, 95% CI [57.3%, 62.7%]. The logistic regression
model fit well based on a likelihood ratio test of model goodness-of-fit, .

A sequential analysis of deviance using likelihood ratio tests was
performed to test the statistical significance of main effects of session
number, experimenter, fish, S+ position, exemplar, and interactions
between (1) session and S+ position and (2) fish and S+ position.
Adjusting all p-values using Holm’s (1979) method, there were no sta-
tistically significant effects of session, = =p(1) 4.97, .07722 , fish,

= =p(1) 0.03, 12 .0000, and exemplar, = =p(1) 0.10, 1.00002 .
However, there were significant differences in performance between
the two experimenters, = <p(1) 41.45, . 00012 . Performance was
statistically significantly better for experimenter 2
( =Accuracy CI69.5%, 95% [65. 8%, 73. 2%]) than experimenter 1
( =Accuracy CI50.5%, 95% [46. 5%, 54. 4%]).

There was a statistically significant main effect of S+ position,
= <p(1) 80.69, . 00012 , which suggested that the fish exhibited a side

bias during training. There was also a statistically significant interac-
tion between fish and S+ position, = =p(1) 13.45, .00102 . Neither
Fish 1 ( =Accuracy CI52.7%, 95% [45. 5%, 60. 0%]) nor Fish 2
( =Accuracy CI41.7%, 95% [34. 5%, 49. 0%]) were significantly better
than chance on average across all sessions when the S+ was presented
on the right. However, both Fish 1
( =Accuracy CI68.1%, 95% [61. 4%, 74. 8%]) and Fish 2
( =Accuracy CI77.4%, 95% [71. 3%, 83. 4%]) were statistically sig-
nificantly better than chance on average across all sessions when the S
+ was presented on the left. Finally, averaged across all sessions, the
performance of Fish 2 when the S+ was on the right was statistically
significantly worse than the performance of Fish 1 (Difference in log-
odds= −1.14, SE= 0.18, Z= −6.32, p < .0001) and Fish 2
(Difference in log-odds= −1.63, SE= 0.19, Z= −8.50, p < .0001)
when the S+ was on the left.

Finally, there was also a statistically significant interaction between
session number and S+ position, = =p(1) 15.00, .00052 . There was
no statistically significant change in performance over sessions when
the S+ was presented on the left, Percent Change in Odds per
Session= −0.41%, 95% CI [−1.08%, 0.25%]. Overall accuracy was
significantly better than chance when the S+ was on the left at the
beginning of training (i.e., session 5;

=Accuracy CI76.1%, 95% [69. 6%, 82. 7%]). By the end of training,
performance did not change significantly compared to the beginning
when the S+ was on the left (i.e., session 94;

=Accuracy CI69.3%, 95% [62. 4%, 76. 2%]). This suggested that the fish
performed well when the S+ was presented on the left and that this
behavior did not change during training. However, there was a statis-
tically significant improvement in accuracy over sessions when the S+
was presented on the right, Percent Change in Odds per Session= 1.39%,
95% CI [0.78%, 2.00%]. When the S+ was on the right, overall accu-
racy was significantly lower than chance at the beginning of training
(i.e., session 5; Accuracy= 33.0%, 95% CI [26.0%, 39.9%]) but ended
significantly better than chance (i.e., session 94; Accuracy= 61.0%,
95% CI [54.0%, 68.0%]). To summarize, there was evidence of a side
bias at the beginning of training, but there was no evidence of a side
bias by the end of training (see Fig. 4).

2.2.2. Performance accuracy in the test sessions
We analyzed testing data for the two fish that completed training. In

the testing stage, both fish completed 42 sessions (21 sessions in each of
two test blocks) where each session consisted of six trials for a total of
252 trials per fish and 504 trials in total. Each fish performed 84 trials
each at the 0° orientation and 24 trials each at each of the seven novel

orientations. The overall accuracy after controlling for session number
was significantly better than chance (i.e., 50%), Accuracy= 66.9%,
SE= 2.1%, Z= 7.04, p < .0001, 95% CI [62.8%, 71.0%]. The logistic
regression model fit well as suggested by a likelihood ratio test of model
goodness-of-fit, = <p(14) 90.68, . 00012 .

A sequential analysis of deviance using likelihood ratio tests was
performed to test the statistical significance of main effects of session
number, test block, experimenter, fish, S+ position, exemplar, and
orientation as well as the significance of an interaction between session
number and stimulus pair. Adjusting all p-values using Holm’s (1979)
method, there were no statistically significant effects of test block,

= =p(1) 3.20, .36822 , session, = =p(1) 0.16, 1.00002 , experi-
menter, = =p(1) 2.13, .57882 , fish, = =p(1) 5.61, .10732 , or ex-
emplar, = =p(1) 0.14, 1.00002 , at an overall = 0.05. Surprisingly,
there was no statistically significant main effect of orientation,

= =p(7) 7.93, 1.00002 . As shown in Fig. 5, performance was sig-
nificantly better than chance for 0° (Accuracy= 63.0%, 95%
CI [53.7%, 72.3%]), as well as four novel aspect angles: 45° (Accu-
racy= 70.8%, 95% CI [54.4%, 87.2%]), 90° (Accuracy= 76.4%, 95%
CI [60.8%, 92.0%]), 180° (Accuracy= 67.6%, 95% CI [50.3%,
84.8%]), 270° (Accuracy= 72.9%, 95% CI [56.8%, 89.0%]). Perfor-
mance was not different from chance on three novel aspect angles: 135°
(Accuracy= 56.8%, 95% CI [38.8%, 74.8%]), 225° (Accuracy= 61.8%,
95% CI [44.3%, 79.4%]), and 315° (Accuracy= 65.7%, 95%
CI [48.6%, 82.8%]). The performance of each fish at each orientation is
shown in Table 1. Finally, we tested for linear, quadratic, and cubic
trends in performance as a function of orientation from 0° to 315° using
orthogonal polynomials with a Scheffé adjustment for multiple com-
parisons, but none of these trends were statistically significant, all
p= 1.

Accuracy was higher overall when the S+ was on the left side
(Accuracy= 82.3%, 95% CI [77.5%, 87.1%]) than the right side
(Accuracy= 51.4%, 95% CI [45.2%, 57.6%]), 2

= <p(1) 58.18, . 0001. The interaction between the fish and S+ posi-
tion was statistically significant, = =p(1) 13.34,2 .0018. The inter-
action between fish and S+ position is shown in Table 2. Performance
was statistically significantly better than chance for both fish when the

Fig. 4. The performance accuracy of the fish in the training stage of Experiment
1. A significant interaction between session number and S+ position is shown
(results shown for the two fish that completed the training phase). Accuracies
are shown along with 95% simultaneous confidence bands.
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S+ was on the left side and for Fish 1 when the S+ was on the right
side. However, performance was not significantly different from chance
for Fish 2 when the S+ was on the right side (Accuracy= 38.4%, 95%
CI [27.4%, 49.3%]). Overall, performance was not significantly dif-
ferent for the two fish and two S+ positions except for Fish 2’s per-
formance when the S+ was on right side which was significantly worse
than the other three cases, difference in log-odds for Fish 2 with S+ on
right vs. Fish 2 with S+ on left= −2.32, SE= 0.32, Z= −7.33,
p < .0001; difference in log-odds for Fish 2 with S+ on right vs. Fish 1
with S+ on left= −1.88, SE= 0.29, Z= −6.47, p < .0001; difference
in log-odds for Fish 2 with S+ on right vs. Fish 1 with S+ on right=
−1.11, SE= 0.27, Z= −4.16, p = .0002. Fish 1’s performance when

the S+ was on the right was statistically significantly lower than the
performance of both fish when the S+ was on the left, difference in log-
odds for Fish 1 with S+ on right vs. Fish 1 with S+ on left= −0.77,
SE= 0.29, Z= −2.66, p = .0359; difference in log-odds for Fish 1 with S
+ on right vs. Fish 2 with S+ on left= −1.20, SE= 0.31, Z= −3.83, p
= .0007.

3. Experiment 2

3.1. Method

3.1.1. Subjects
The subjects were four (2 M; 2 F) commercially-obtained goldfish

(Carassius auratus), 9–14.5 cm in total length. Two of these subjects
were different fish than those tested in Experiment 1. Three fish were
obtained in 2011 and were approximately five years old at the start of
the study. These subjects had been tested previously in a study on
quantity discrimination (DeLong et al., 2017a). One fish was obtained
in 2014 and was approximately two years old at the start of the study.
These subjects were housed in aquaria with the same equipment and
fed the same food as the fish in Experiment 1.

3.1.2. Stimuli
Fig. 1 shows the stimuli used in Experiment 2. The stimuli were

black line drawings of a turtle and a frog (both 4.3 cm × 2.5 cm) on a
white background. The fish had never viewed these stimuli prior to the
current study. The surface area of the frog and the turtle were ap-
proximately equivalent. Surface area was calculated using Sketch-
AndCalc™ (Version 4.7, Icalc Inc.). Each stimulus was centered on a
5.5 cm x 5.5 cm square (the stimulus card) with a 0.1 cm black border.

Fig. 5. Performance accuracy in the test sessions of (A) Experiment 1 and (B)
Experiment 2 for each stimulus orientation. Two fish completed the test phase
for Experiment 1 and three fish completed the test phase for Experiment 2.
Accuracies are shown along with 95% simultaneous confidence intervals.

Table 1
Post-Hoc Contrasts for the S+ Orientation for Each Fish in the Experiment 1
Test Sessions.

Fish Orientation (°) Accuracy (%) 95% CI (%)

1 0 67.9 (59.7, 76.1)
45 76.0 (63.6, 88.4)
90 81.5 (70.4, 92.6)
135 61.1 (46.1, 76.0)
180 72.8 (59.4, 86.2)
225 66.6 (52.4, 80.9)
270 78.2 (66.2, 90.1)
315 70.8 (57.3, 84.3)

2 0 58.1 (50.8, 65.4)
45 65.5 (53.3, 77.7)
90 71.2 (59.0, 83.5)
135 52.4 (40.2, 64.7)
180 62.4 (49.9, 74.9)
225 57.0 (44.8, 69.2)
270 67.7 (55.4, 79.9)
315 60.6 (48.4, 72.9)

Note. Marginal discriminative accuracy is shown with corresponding 95%
confidence intervals.

Table 2
Post-Hoc Contrasts for the Interaction Between Fish and S+ Location for the
Experiment 1 Test Sessions.

Fish S+ Location Accuracy (%) 95% CI (%) Group

1 Left 79.3 (70.3, 88.2) C
Right 64.5 (53.8, 75.2) B

2 Left 85.4 (77.6, 93.2) C
Right 38.4 (27.4, 49.3) A

Note. Discriminative accuracy is given with corresponding Tukey-adjusted 95%
confidence intervals. Conditions where performance was not statistically sig-
nificantly different share a group. Conditions where performance was statisti-
cally significantly different have different groups.
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As in Experiment 1, only the 0° aspect angle was used during training
sessions and all aspect angles were used during test sessions. All other
aspects of stimulus presentation were the same as in Experiment 1.

3.1.3. Experimental set-up
The experimental set-up was the same as in Experiment 1, except

there were six identical test tanks and fish rotated among the six tanks
according to a random schedule.

3.1.4. Procedure
All aspects of the procedure were the same as in Experiment 1,

except that we recorded individual trial times in test block 2. We
continued to record the fish’s choice (S+ or S-), the location of the
choice (e.g., tap to the black area of stimulus or white background of
the stimulus card), the number of taps, and the total session time
(rounded to the nearest minutes). Training sessions averaged 4.7 min
(Minimum= 2 min, Median= 4 min, Maximum= 26 min). Test sessions
averaged 4.9 min (Minimum = 0 min, Median= 4.0 min, Maximum
= 14 min). A single experimenter presented the stimulus board, deliv-
ered the food reinforcement, and recorded the data during an experi-
mental session. When individual trial times were recorded, a second
experimenter used a stop watch (ProCoach RS-013) and reported the
time to the first experimenter after each trial. Trial time measured the
time elapsed from when the stimulus board entered the test tank to the
time when a fish tapped one of the stimuli (given in centiseconds). Trial
times were recorded for 335 out of 378 trials (89%) in test block 2. Trial
times were not recorded for 43 trials; 42 of the untimed trials were from
sessions with Fish 5 and one untimed trial was from a session with Fish
3.

3.1.4.1. Training. Two fish were trained to select the turtle and two fish
were trained to select the frog. During the training stages, the fish were
only exposed to the stimuli at the 0° aspect angle. Although three fish
had previously been trained to feed from the syringe, we conducted 10
pre-training sessions for two of those experienced fish since many
months had elapsed since they last fed from the syringe in the test tank
(one fish that was experimentally-naïve was also pre-trained). In pre-
training sessions, the fish simply had to approach the syringe five times
and take food from it while in the test tank.

Training stages 1 and 2 were conducted in the same way as in
Experiment 1. There were 11–19 sessions per fish in training stage 1
(across 6–10 days). The fish completed two blocks of training trials in
stage 2 – one prior to test block 1, and one prior to test block 2. Training
block 1 began the day after training stage 1 was completed and lasted
from August 9, 2016 to October 18, 2016. There were 42–58 sessions
for each fish. Training block 2 began seven weeks after the completion
of test block 1 and lasted from January 4, 2017 to February 7, 2017.
There were 25 sessions for each fish. Fish 2 was excluded from the
experiment due to a pervasive side bias during training stage 2, block 1.

3.1.4.2. Testing. Test sessions were conducted in the same manner as in
Experiment 1. Again, there were two blocks of test sessions, with each
block containing 21 sessions. Each stimulus pair appeared a total of 12
times in each test block (except the 0° aspect, which appeared 42 times
in each test block). Test block 1 began the day after the completion of
training block 1 and lasted from October 19, 2016 to November 16,
2016. Test block 2 began the day after training block 2 was completed
and lasted from February 8, 2017 to March 31, 2017.

3.1.5. Data analyses
The data analyses were the same as in Experiment 1.

3.2. Results

3.2.1. Performance accuracy in the training sessions
We analyzed data from training stage 2 for the three fish that

completed training. In this stage, the three fish completed 42, 50, and
58 sessions where each session typically consisted of six trials for a total
of 250, 299, and 348 trials per fish, respectively, and 897 trials in total.
The overall accuracy after controlling for session number was sig-
nificantly better than chance (i.e., 50%), Accuracy= 64.2%,
SE= 1.6%, Z= 8.28, p < .0001, 95% CI [61.0%, 67.4%]. A logistic
regression model was used to model performance, but was not sig-
nificantly better than a null model based on a likelihood ratio test of
model goodness-of-fit, = =p(7) 9.72, .20522 .

A sequential analysis of deviance using likelihood ratio tests was
performed to test the statistical significance of effects of session
number, fish, S+ position, and exemplar. Adjusting all p-values using
Holm’s (1979) method, there were no statistically significant effects of
session number, = =p(1) 1.52, .65342 , fish, = =p(2) 4.38, .52082 ,
exemplar, = =p(1) 2.64, .52082 , and S+ position,

= =p(1) 0.30, 1.00002 , at an overall = 0.05. There was no sig-
nificant interaction between fish and S+ location,

= =p(2) 0.86, 1.00002 . Fish 3 (Accuracy = 59.5%, 95% CI [52.7%,
66.3%]), Fish 4 (Accuracy = 67.6%, 95% CI [60.5%, 74.8%]), and Fish
5 (Accuracy = 65.5%, 95% CI [59.3%, 71.6%]) each performed sta-
tistically significantly better than chance.

Overall accuracy at the end of training block 1 in Experiment 2
(67.6% at session 53) was not statistically significantly different than
the overall accuracy at the end of training block 1 in Experiment 1
(65.1% at session 94), = =Z p0.40, .6859, 95% CI for difference in log-
odds: [ 0. 30, 0. 45]. It took the fish in Experiment 1 nearly twice the
number of training sessions as the fish in Experiment 2 to achieve the
same level of accuracy at the end of training. Fig. 6 shows accuracy as
function of session number.

3.2.2. Performance accuracy in the test sessions
We analyzed testing data for the three fish that completed training.

In the testing stage, all three fish each completed 42 sessions (21 ses-
sions in each of two test blocks) where each session consisted of six
trials for a total of 252 trials per fish and 756 trials in total. Each fish
performed 84 trials each at the 0° orientation and 24 trials each at each
of the seven novel orientations. Between the three fish, 252 trials were
conducted at the 0° orientation and 72 trials were conducted at each of
the seven novel orientations. The overall accuracy after controlling for
session number was significantly better than chance (i.e., 50%),
Accuracy= 65.9%, SE= 1.9%, 95% CI [62.2%, 69.5%], Z= 8.00,
p < .0001. The log-odds for the test sessions in Experiment 2 after
controlling for session number was compared to the log-odds for the
test sessions in Experiment 1 after controlling for session number.
Overall accuracy in Experiment 2 (65.9%) was not statistically sig-
nificantly different than overall accuracy in Experiment 1 (66.9%),
difference in log-odds= −0.150, 95% CI [ 0. 436, 0. 136],

= =Z p1.03, .3043. The logistic regression model fit well based on a
likelihood ratio test of model goodness-of-fit, = =p(13) 24.7, .02522 ,
and residual diagnostics.

A sequential analysis of deviance using likelihood ratio tests was
performed to test the statistical significance of main effects of session
number, test block, fish, S+ position, exemplar, and orientation at an
overall = 0.05. Adjusting all p-values using Holm’s (1979) method,
there were no statistically significant main effects of session,

= =p(1) 0.91, 1.00002 , test block, = =p(1) . 05, 1.00002 , fish,
= =p(2) 8.23, .11412 , or exemplar, = =p(1) 0.34, 1.00002 . Unlike

Experiment 1, there was no statistically significant effect of S+ posi-
tion, = =p(1) 0.34, 1.00002 , and no statistically significant interac-
tion between fish and S+ position, = =p(2) 3.80, .74712 . None of the
fish exhibited a side bias in this experiment.

Replicating the results of Experiment 1, there was no statistically
significant main effect of orientation, = =p(7) 14.83, .22972 . As
shown in Fig. 5, performance was significantly better than chance at 0°
(Accuracy = 74.2%, 95% CI [66.7%, 81.6%]), 45° (Accuracy = 65.5%,
95% CI [50.4%, 80.7%]), 90° (Accuracy = 74.7%, 95% CI [60.7%,
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88.7%]), 225° (Accuracy = 65.5%, 95% CI [50.4%, 80.7%]) and 315°
(Accuracy = 69.2%, 95% CI [54.4%, 84.0%]). Performance was not
significantly different from chance at 135° (Accuracy = 63.8%, 95% CI
[48.5%, 79.1%]), 180° (Accuracy = 57.1%, 95% CI [41.3%, 72.8%]),
and 270° (Accuracy = 57.1%, 95% CI [41.3%, 72.8%]). The perfor-
mance of each fish at each orientation is shown in Table 3. Finally, we
tested for linear, quadratic, and cubic trends in performance as a
function of orientation from 0° to 315° using orthogonal polynomials
with a Scheffé adjustment for multiple comparisons, but none of these
trends were statistically significant, all p > .45.

3.2.3. Individual trial times
Trial times were recorded for 335 out of 378 trials (89%) in test

block 2. Trial times were recorded for three fish (see Section 3.1.4 for

the number of unrecorded trial times for each fish). Trial times were
positively skewed, so the median and interquartile range are empha-
sized over the mean and standard deviation. The median trial time was
7.22 s and the interquartile range was 5.03 s (Minimum = 2.05 s,
Mean= 8.74 s, SD = 5.88 s, Maximum = 49.65 s). As shown in Fig. 7,
trial times were similar for all orientations of the stimuli with the ex-
ception of a few unusually long trial times.

Trial times were modeled using a Gamma regression model with a log
link function. The model fit well based on a chi-square goodness-of-fit
test, = =p(319) 281.26, . 93712 . Differences between the three fish,
between S+ locations (left vs. right), and between the eight S+ or-
ientations were tested using main effects. Adjusting p-values using Holm’s
(1979) method, there were no main effects of fish, = =p(2) 4.28, .2

3528, S+ location, = =p(1) 0.77, .76192 , or S+ orientation,
= =p(7) 6.48, .76192 . These results suggest that trial times did not

differ between orientations where performance was above chance (0°,
45°, 90°, 225°, 315°) and orientations where performance was at chance
(135°, 180°, 270°). This suggests that the time taken by the fish to com-
plete the discrimination task was not related to their ability to successfully
discriminate between the stimuli. Furthermore, the trial times for each
fish were very similar: the median trial time for Fish 5 (7.76 s, IQR=
4.32 s) was the longest, followed by Fish 3 (Median= 7.59 s, IQR=
5.27 s), while Fish 4 had the shortest median trial time (6.34 s, IQR=
6.13 s). Outliers were defined as trial times that exceeded the sum of the
third quartile of trial times and three times the interquartile range (i.e.,
25.35 s); there were six trials where the trial times of Fish 3 exceeded this
threshold and one trial where the trial time of Fish 5 exceeded this
threshold. It is not known whether these trial times in excess of nearly
30 s were indicative of unusual behavior by the fish or due to timing
errors, so they were not included in the model of trial times.

4. Experiment 3

4.1. Method

4.1.1. Subjects
The subjects were four (3 M; 1 F) commercially-obtained goldfish

Fig. 6. Performance accuracy in the training sessions (block 1) of (A)
Experiment 1 and (B) Experiment 2 shown for each individual fish that com-
pleted the training phase in each experiment.

Table 3
Post-Hoc Contrasts for the S+ Orientation for Each Fish in the Experiment 2
Test Sessions.

Fish Orientation (°) Accuracy (%) 95% CI (%)

3 0 66.7 (52.4, 80.9)
45 74.8 (50.2, 99.4)
90 83.6 (62.8, 100.0)
135 58.4 (30.6, 86.3)
180 49.8 (21.6, 78.1)
225 49.7 (21.4, 78.0)
270 8.3 (0.0, 23.8)
315 70.8 (40.4, 93.6)

4 0 88.1 (78.3, 97.9)
45 74.8 (50.2, 99.4)
90 67.1 (40.6, 93.7)
135 66.8 (40.2, 93.4)
180 58.2 (30.3, 86.1)
225 66.4 (39.6, 93.2)
270 58.2 (30.3, 86.1)
315 83.5 (62.7, 100.0)

5 0 64.3 (49.8, 78.8)
45 83.2 (61.9, 100.0)
90 83.6 (62.8, 100.0)
135 75.1 (50.6, 99.5)
180 74.9 (50.4, 99.5)
225 66.4 (39.6, 93.2)
270 66.6 (39.8, 93.2)
315 67.0 (40.4, 93.6)

Note. Marginal discriminative accuracy is shown with corresponding 95%
confidence intervals.
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(Carassius auratus), 12–14 cm in total length. Three subjects were tested
in Experiment 2, and one was from Experiment 1. Two subjects were
obtained in 2011 and were approximately six years old at the start of
the study. Two subjects were obtained in 2014 and were approximately
three years old at the start of the study. These subjects were housed in
aquaria with the same equipment and fed the same food as in
Experiments 1 and 2.

4.1.2. Stimuli
Fig. 8 shows the stimuli used in Experiment 3. Six of the stimulus

pairs from Experiment 2 were used: 0°, 45°, 135°, 180°, 225°, and 315°.
As in Experiments 1 and 2, only the 0° aspect angle was used during
training sessions and all aspect angles were used during test sessions.
The rotation scheme was different than the one used in Experiments 1
and 2. In both previous experiments, the S+ and S− were always
shown at the same aspect angle (i.e., both S+ and S− would be at
presented at 180° on a 180° trial). We called this the ‘matched rotation
scheme.’ In Experiment 3, the S− was always shown at 0°, whereas the
S+ was shown at all angles (i.e., the S− would be shown at 0° and the S
+ at 180° on a 180° trial). We called this the ‘only S+ rotated scheme.’

4.1.3. Experimental set-up
The experimental set-up was the same as in Experiment 2.

4.1.4. Procedure
The procedure was the same as in Experiment 2. We recorded both

total session times and individual trial times. Training sessions aver-
aged 5.3 min (Minimum= 2.0 min, Median= 5.0 min,
Maximum= 11.0 min). Testing sessions averaged 5.4 min
(Minimum= 2 min, Median= 5.0 min, Maximum= 13 min). Trial times
were recorded for 380 of the 462 trials in Experiment 3 (82%). There
were 120 trials per fish for three fish; Fish 4 competed 102 trials due to
illness. Trial times were not recorded for 82 trials; 25 of the untimed
trials were from sessions with Fish 3, 21 untimed trials were from
sessions with Fish 4, 18 untimed trials were from sessions with Fish 5,
and 18 untimed trials were from sessions with Fish 6.

4.1.4.1. Training. Two fish were trained to select the turtle as the S+
and two fish were trained to select the frog as the S+. All training
stages were conducted in the same way as in Experiment 1. We
conducted pre-training and training stage 1 sessions for one fish only,
who had failed to complete Experiment 1 due to slow responses during

Fig. 7. Trial times in (A) Experiment 2 test block 2 and (B) all Experiment 3 test sessions. Trial times were recorded for 335 of 378 trials in Experiment 2 block 2
(89%) and 380 of 462 trials in Experiment 3 (82%). Boxplots show the median, 1st and 3rd quartiles, and the upper and lower ends of 1.5 times the interquartile range
(IQR). Trial times more extreme than the 1st quartile minus 1.5 times the IQR or more extreme than the 3rd quartile plus 1.5 times the IQR are plotted individually.
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training. In training stage 2, both the S+ and S− were at 0°. There was
only one block of training trials in training stage 2 prior to testing. For
the three fish that participated in Experiment 2, training trials for
Experiment 3 began the day after Experiment 2 was completed.
Training was conducted from March 10, 2017 to April 12, 2017, with
21–33 sessions per fish. For the other fish, training stage 2 was
conducted from February 7, 2017 to April 13, 2017 (46 sessions).

4.1.4.2. Testing. Test sessions were conducted in the same manner as in
Experiments 1 and 2, with a couple exceptions. There was only one
block of test sessions containing 20 sessions (instead of two blocks of 21
sessions). In Experiment 3, each of the six aspect angles appeared
exactly once in each session (20 total presentations of each aspect
angle). The order in which the aspect angles appeared within the
session was randomized. In contrast, in the two previous experiments a
single test block contained 12 presentations of each stimulus pair
(except the 0° aspect, which appeared 42 times in each test block and
always appeared in the first two trials of each session). Testing began
two weeks after the completion of training phase 2 and lasted from
April 25, 2017 to June 9, 2017. Fish 4 became ill during testing and
only completed 17 of the 20 sessions (his data are included with the
results). After completing the testing for the ‘only S+ rotated scheme’,
we intended to conduct 20 test sessions for the ‘only S− rotated
scheme’. Unfortunately, the remaining fish showed pervasive side
biases and overall poor performance when given 25 additional
training sessions, so we did not conduct any further test sessions.

4.1.5. Data analyses
The data analyses were the same as in Experiment 1.

4.2. Results

4.2.1. Performance accuracy in the training sessions
We analyzed data from the training stage 2 for all four fish. In this

stage, the four fish completed 8, 21, 22, and 41 sessions where each
session consisted of six trials for a total of 48, 126, 132, and 246 trials
per fish, respectively, and 552 trials in total. The overall accuracy after
controlling for session number was significantly better than chance
(i.e., 50%), Accuracy= 64.1%, SE= 2.5%, Z= 5.37, p < .0001, 95%
CI [59.2%, 69.0%]. A logistic regression model was used to model
performance, but was not significantly better than a null model based
on a likelihood ratio test of model goodness-of-fit,

= =p(9) 8.48, . 48692 .
A sequential analysis of deviance using likelihood ratio tests was

performed to test the statistical significance of effects of session

number, fish, S+ position, and exemplar. Adjusting all p-values using
Holm’s (1979) method, there were no statistically significant effects of
session number, = =p(1) 0.88, 1.00002 , fish, = =p(3) 1.72, 12 ,
exemplar, = =p(1) 0.52, 1.00002 , and S+ position,

= =p(1) 0.30, 1.00002 , at an overall = 0.05. There was no sig-
nificant interaction between fish and S+ location,

= =p(3) 4.04, 1.00002 . Fish 3 (Accuracy = 63.5%, 95% CI [52.9%,
74.2%]), Fish 4 (Accuracy = 69.7%, 95% CI [59.3%, 80.2%]), and Fish
6 (Accuracy= 63.1%, 95% CI [54.7%, 71.5%]) performed statistically
significantly better than chance, but Fish 5 (Accuracy = 60.3%, 95% CI
[41.8%, 78.8%]) did not.

4.2.2. Performance accuracy in the test sessions
In the testing stage of Experiment 3, three of the four fish each

completed 20 sessions while the fourth fish completed 17 sessions (due
to illness) where each session consisted of six trials for a total of 102,
120, 120, and 120 trials per fish and 462 trials in total. Each fish per-
formed 20 trials at each of the six orientations except for the fourth fish
which completed 17 trials at each of the six orientations. For the four
fish together, 77 trials were conducted at each of the six orientations.
The overall accuracy after controlling for session number was sig-
nificantly better than chance (i.e., 50%), Accuracy= 58.1%,
SE= 2.6%, 95% CI [53.1%, 63.2%], Z= 3.09, p= .0020. The log-odds
in the test sessions of Experiment 3 after controlling for session number
was compared to the log-odds in the test sessions of the Experiment 2
after controlling for session number. Overall accuracy in Experiment 3
(58.1%) was significantly lower than overall accuracy in Experiment 2
(65.9%), = =Z p2.31, .0211, Difference in Log-Odds= −0.330, 95%
CI [-0.610, -0.050]. A logistic regression model fit well based on a
likelihood ratio test of model goodness-of-fit,

= =p(21) 43.13, .00302 .
A sequential analysis of deviance using likelihood ratio tests was

performed to test the statistical significance of effects of session
number, fish, S+ position, and orientation at an overall = 0.05.
Adjusting all p-values using Holm’s (1979) method, there were no sta-
tistically significant effects of session number, = =p(1) 0.14, .86292 ,
or fish, = =p(3) 6.48, .45272 . Like Experiment 2, there was no sta-
tistically significant effect of S+ position, = =p(1) 2.63, 0.45272 .
Replicating the results of Experiments 1 and 2, there was no statistically
significant main effect of orientation, = =p(5) 6.20, .86292 . As
shown in Fig. 9, performance was only significantly better than chance
for the 225° (Accuracy = 65.7%, 95% CI [52.4%, 79.1%]) aspect angle.
Performance was not different than chance for 0° (Accuracy = 63.1%,
95% CI [49.1%, 77.1%]), 45° (Accuracy = 63.7%, 95% CI [49.7%,
77.8%]), 135° (Accuracy = 56.7%, 95% CI [43.0%, 70.3%]), 180°

Fig. 8. The experimental stimuli for Experiment 3. This experiment used an ‘only S+ rotated’ scheme in which only the S+ was rotated and the S− was always
shown at 0°. For example, on a 45° trial, the S+ was shown at 45° and the S− was shown at 0°. Although the turtle is shown here as the S+, note that the frog was the
S+ for half of the subjects (thus the turtle was always at 0°).
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(Accuracy = 47.8%, 95% CI [33.3%, 62.3%]), and 315° (Accuracy =
58.4%, 95% CI [44.2%, 72.7%]). Performance of each fish at each or-
ientation is shown in Table 4. Finally, we tested for linear, quadratic,
and cubic trends in performance as a function of orientation from 0° to
315° using orthogonal polynomials with a Scheffé adjustment for
multiple comparisons, but none of these trends were statistically sig-
nificant, all p > .90.

There was a statistically significant interaction between fish and S+
location, = =p(3) 15.74, . 0077.2 Post-hoc analysis of simple effects

for the interaction between fish and S+ location suggested that Fish 4
and Fish 5 developed side biases: Fish 4 performed statistically sig-
nificantly better when the S+ was on the right (Accuracy= 78.0%,
95% CI [67.1%, 89.0%]) than on the left (Accuracy= 47.4%, 95% CI
[34.5%, 60.2%]). Fish 5 also performed statistically significantly better
when the S+ was on the right (Accuracy= 71.7%, 95% CI [60.4%,
83.0%]) than on the left (Accuracy= 53.4%, 95% CI [40.8%, 65.9%]).
Fish 3 and Fish 6 did not exhibit significant side biases, as they per-
formed poorly when the S+ was on the right or left. Performance was
only significantly better than chance for Fish 4 and Fish 5 when the S+
was on the right side; performance for all other fish-S+ position
combinations was not significantly different than chance. The interac-
tion is shown in Table 5.

4.2.3. Trial times in the test sessions
Trial times were recorded for all four fish in 380 of the 462 trials in

Experiment 3 (82%, see Section 4.1.4 for the number of unrecorded
trial times for each fish). Trial times were positively skewed, so the
median and interquartile range are emphasized over the mean and
standard deviation. The median trial time was 7.29 s and the inter-
quartile range was 5.67 s (Minimum = 0.34 s, Mean= 9.37 s, SD =
6.47 s, Maximum = 48.56 s).

Trial times were modeled using a Gamma regression model with a
log link function. The model fit well based on a chi-square goodness-of-
fit test, = =p(361) 342.50, . 75042 . Differences between the four fish,
between S+ locations (left vs. right), and between the six S+ or-
ientations were tested using main effects. Adjusting p-values using
Holm’s (1979) method, there were significant differences among the
fish, = =p(3) 14.76, . 00612 , but the main effects of S+ location,

= =p(1) 0.21, .1.00002 , and S+ orientation, 2

= =p(5) 2.36, 1.0000, were not significant. These results suggest that
trial times were similar for all orientations of the stimuli and that trial
times did not differ between orientations where performance was above
chance (225°) and orientations where performance was at chance (0°,
45°, 135°, 180°, 315°) as shown in Fig. 7. This suggests that the time
taken by the fish to complete the discrimination task was not related to
their ability to successfully discriminate between the stimuli.

Pairwise comparisons of the trial times for each fish found that Fish
4 (M = 7.4 s, 95% CI [6.3, 8.5]) was significantly faster than Fish 6 (M
= 10.0 s, 95% CI [8.7, 11.4]), Z= −3.71, p= .0012, but there were no
other significant differences among the fish. The average trial time was
8.3 s, 95% CI [7.1, 9.4] for Fish 3 and 8.9 s, 95% CI [7.7, 10.1] for Fish
5. Outliers were defined as trial times that exceeded the sum of the third
quartile of all trial times and three times the interquartile range (i.e.,
28.1 s); there was one trial where the trial time of Fish 3 exceeded this
threshold and seven trials where the trial time of Fish 6 exceeded this
threshold. It is not known whether these trial times near or in excess of
approximately 30 s were indicative of unusual behavior by the fish or
due to timing errors, so they were not included in the model of trial
times.

Fig. 9. Performance accuracy in the test sessions of Experiment 3 for each S+
orientation. The S− was always fixed at a 0-degree orientation. Four fish
completed the test phase in Experiment 3. Accuracies are shown along with
95% simultaneous Tukey confidence intervals.

Table 4
Post-Hoc Contrasts for the S+ Orientation for Each Fish in the Experiment 3
Test Sessions.

Fish Orientation (°) Accuracy (%) 95% CI (%)

3 0 60.0 (38.6, 81.5)
45 65.0 (44.2, 88.6)
135 80.0. (62.5, 97.5)
180 50.0 (28.1, 72.0)
225 60.0 (38.6, 81.5)
315 60.0 (60.0, 81.5)

4 0 67.3 (46.8, 87.8)
45 59.8 (38.1, 81.4)
135 61.5 (39.4, 83.6)
180 36.2 (14.7, 57.7)
225 87.8 (72.4, 100.0)
315 63.6 (42.0, 85.2)

5 0 70.0 (50.2, 89.7)
45 65.0 (44.5, 85.6)
135 55.0 (33.7, 76.4)
180 55.0 (33.7, 76.4)
225 65.1 (44.5, 85.6)
315 65.1 (44.5, 85.6)

6 0 55.1 (33.5, 76.6)
45 65.0 (44.4, 85.7)
135 30.0 (10.2, 49.9)
180 50.0 (28.4, 71.7)
225 50.0 (28.4, 71.7)
315 45.0 (23.5, 66.6)

Note. Marginal discriminative accuracy is shown with corresponding 95%
confidence intervals.

Table 5
Simple Effects for the Interaction Between Fish and S+ Location for the
Experiment 3 Test Sessions.

Fish S+ Location Accuracy (%) 95% CI (%)

3 Left 63.4 (51.4, 75.3)
Right 61.7 (49.6, 73.8)

4 Left 47.4 (34.5, 60.2)
Right 78.0 (67.1, 89.0)

5 Left 53.4 (40.8, 65.9)
Right 71.7 (60.4, 83.0)

6 Left 56.7 (44.5, 69.0)
Right 41.7 (29.5, 53.9)

Note. Discriminative accuracy is given with corresponding Tukey-adjusted 95%
confidence intervals.
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5. Discussion

The purpose of this study was to investigate whether goldfish vi-
sually recognize planar-rotated 2D stimuli independent of their viewing
angle. The fish were trained to discriminate among the stimuli with the
0° aspect, then tested with seven novel aspect angles (+ 45°, + 90°, +
135°, 180°, +225°/−135°, +270°/−90°, +315°/−45°). In the first
two experiments, the fish’s performance was above chance on four of
the seven novel aspect angles. Performance exceeded chance on only
one novel aspect angle in the third experiment. Individual trial times
did not vary as a function of aspect angle. There was no significant
difference in overall test performance between simple and complex
stimuli, although the fish required approximately twice as many
training trials to achieve the same level of accuracy for the simple sti-
muli compared to the complex stimuli. Finally, we compared a ‘mat-
ched rotation scheme’ (rotating both S+ and S-) to a single stimulus
rotation scheme (rotating only the S+). The fish’s performance on the
matched rotation scheme was superior.

Studies utilizing planar-rotated stimuli have resulted in at least
three different patterns of performance: viewpoint-independent (i.e.,
rotational invariance), viewpoint-dependent (a mental rotation process
is often invoked), or data that does not clearly fit either pattern (Peissig
and Goode, 2012). Viewpoint-independent performance has been found
in pigeons (Delius and Hollard, 1995; Hollard and Delius, 1982), al-
though Hamm et al. (1997) reported viewpoint-dependent behavior in
pigeons. The performance of the goldfish in this study cannot be clearly
characterized as viewpoint-independent, as they were not able to gen-
eralize to all aspect angles. In Experiments 1 and 2, the goldfish failed
to recognize the stimuli at three novel aspect angles: +135° across both
experiments and two other angles that varied between the two ex-
periments (180°, +225°/−135°, +270°/−90°, +315°/−45°). How-
ever, performance accuracy always exceeded chance at +45° and
+90°.

Viewpoint-dependent performance is characterized by a decrease in
accuracy or increase in reaction time as the stimuli are rotated further
away from 0° (the training aspect) in either direction. When trial time
linearly increases as a function of aspect angle in human subjects, it is
thought to provide evidence for mental rotation (Shepard and Metzler,
1971). A linear increase in reaction time with angular disparity has also
been found in sea lions (Mauck and Dehnhardt, 1997), but not in ba-
boons (Hopkins et al., 1993) or lion-tailed macaques (Burmann et al.,
2005). The results of the current study do not match the pattern of a
systematic decrease in performance or a systematic increase in trial
time as a function of distance from the 0° aspect that would be con-
sistent with the process of mental rotation. We found no evidence for
trends in performance as a function of orientation, which would have
been easier to interpret. The fish performed well on two angles close to
0° in the clockwise direction (+45° and +90°), but performed poorly
on two angles close to 0° in the counterclockwise direction (on -45° in
Experiment 1 and -90° in Experiment 2), and trial time was similar
across all aspect angles. The performance of the fish is more char-
acteristic of viewpoint-dependence than viewpoint-independence, but
doesn’t match the classic trend in performance as a function of or-
ientation that would indicate mental rotation. Burmann et al.’s (2005)
lion-tailed macaques also showed a pattern of performance that did not
clearly fit viewpoint-independence or provide evidence for mental ro-
tation. The macaques did not show a systematic decrement in perfor-
mance as a function of aspect angle, but their performance was sig-
nificantly better for nonrotated vs. rotated stimuli.

The goldfish in the current study were not always more accurate or
faster at angles closer to 0° compared to more disparate angles. Good
performance was found at some angles distant from 0° (180° in
Experiment 1 and 225°/−135° in Experiments 2 and 3). These results
diverge with other studies showing fish are more likely to perform well
only at angles closer to the training aspect. For example, Mackintosh
and Sutherland (1963) found that goldfish trained to discriminate

between a horizontal and a vertical rectangle transferred to stimuli
rotated up to 30°, but performance dropped with stimuli rotated
40–45°. In another study, sticklebacks and minnows trained to dis-
criminate between 2D triangles and squares successfully recognized
those stimuli when rotated by 15° or 20° but couldn’t recognize the
stimuli when they were rotated at 30°, 45° or 60° degrees (Meesters,
1940 cited in Schluessel et al., 2014).

The results of Experiment 1, in which the goldfish viewed simple
geometric stimuli (half circle/ arrow), agree with some past studies on
the perception of rotated 2D artificial stimuli in fish. Like Bowman and
Sutherland’s (1969) goldfish discriminating between ‘W’ and ‘V’ shapes,
our subjects performed well at 90° and 180°. Our fish were better at
+45° compared to +/− 135° like Sutherland and Bowman’s (1969)
goldfish discriminating between a circle and a diamond or square with
a knob. Our results disagree with other findings. The goldfish in
Sutherland and Bowman’s (1969) study and Bowman and Sutherland
(1970)’s study could not recognize a square rotated 45°, whereas our
fish succeeded in recognizing an arrow or half circle at 45°. Further,
Bowman and Sutherland’s (1970) fish subjects did not treat rotated
irregular squares as equivalent to the training stimuli for rotations of
90° or 180°, whereas our fish succeeded at those aspect angles. The
extent to which the current results match prior studies may be a
function of the exact shapes used as stimuli and/or the stimulus features
utilized by the fish during the task.

The fish in the current study could have attended to local stimulus
features or the global stimulus (holistic processing). Sutherland and
Bowman (1969) have suggested that fish appear to attend to local
features, and selectively attend to the tops or sides of objects and ignore
the bottoms. In Experiment 1, the distinctive feature of the half circle
could be the orientation of the straight line within the shape being
horizontal, vertical, or diagonal, and the key feature of the arrow may
be the direction of the arrow head, the orientation of the body of the
arrow, or its presence in a certain area of the stimulus card. The fish in
the current study performed poorly when the arrow head pointed down
(diagonal arrow body) and the line within the half circle was diagonal
(+/− 135°). When the line within the circle was diagonal, but the
arrow pointed up (diagonal arrow), the fish did well at +45° but poorly
at −45°. The fish performed well at all orthogonal aspect angles where
the line within the circle was horizontal or vertical and the arrow body
was also oriented horizontally or vertically (0°, +/− 90°, 180°). Thus,
the angles of the lines within the stimuli may have served as diagnostic
features, with the fish typically performing poorly when both stimuli
contained diagonal lines. In Experiments 2 and 3, there are many po-
tential features fish could use: the angle of the line produced by the
back of the turtle or frog (straight or diagonal); the location of the head,
eye, or legs within the stimulus field; or the general body shape of each
animal (elongated vs. rounded). The fish’s poor performance on 135°,
180°, and +270°/−90° do not yield any obvious clues as to the local
features they may have used. With the naturalistic stimuli (or all stimuli
in this study), it is possible that the fish used a combination of features
or the holistic shape of the stimuli instead of local features. Recent
studies suggest that fish may attend to visual stimuli as a whole, rather
than only attending to local features of objects (Agrillo et al., 2013;
Newport et al., 2016; Schluessel et al., 2012; Truppa et al., 2010).

Contrary to our prediction, the goldfish did not achieve higher
performance accuracy when discriminating complex stimuli (line
drawings) compared to simple stimuli (geometric shapes). There was no
significant difference in overall test performance in Experiments 1 and
2, and the fish failed to discriminate between stimuli in three of seven
novel aspect angles in both experiments. It is noteworthy that there
were some differences in performance between Experiments 1 and 2.
Peissig et al. (2005) also found differences in performance with simple
vs. complex stimuli in pigeons (line drawings vs. shaded images). The
fish in the current study showed some signs of difficulty when dis-
criminating the simple stimuli vs. the complex stimuli in two ways.
First, the fish required approximately twice as many training trials to
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achieve the same level of accuracy for Experiment 1 (simple stimuli) vs.
Experiment 2 (complex stimuli). This stands in contrast to the finding
that cichlids needed about the same number of training sessions to
discriminate 2D geometric symbols as they needed to discriminate 2D
line drawings of fish and snails (Schluessel et al., 2012). Second, the
goldfish showed evidence of a side bias throughout the training and test
sessions in Experiment 1 that was not present in Experiment 2. The
savings in training trials and lack of side bias in Experiment 2 cannot be
attributed to a practice effect, since the fish subjects who completed
Experiment 1 were different individuals than the subjects that com-
pleted Experiment 2. Disparities between the experiments may be due
to individual differences between the fish subjects. Alternately, the
difficulties with Experiment 1 may have been due to the fact that the
simple stimuli presented fewer features to use for discrimination than
the complex stimuli. The simple stimuli contained only straight, curved,
and diagonal lines whereas the complex stimuli contained a variety of
lines and shapes conjoined in multiple ways. As previously noted,
neither of the sets of stimuli were familiar to our fish subjects. Famil-
iarity and expertise are relevant variables for some animals when dis-
criminating between rotated objects (e.g., Parr, 2011; Parr and Heintz,
2008; Wang and Takeuchi, 2017). A future study could explore whether
goldfish show differences in performance on this task with stimuli that
vary in familiarity.

In the present study, we compared a ‘matched rotation scheme’
(rotating both S+ and S-) in Experiments 1 and 2 to a single stimulus
rotation scheme (rotating only the S+) in Experiment 3. It should be
noted that the single stimulus rotation scheme was tested only with the
complex stimuli, so our conclusions are limited to one stimulus type.
The goldfish performed significantly worse in Experiment 3 compared
to the first two experiments. These results agree with Bowman and
Sutherland’s (1969) study in which all fish succeeded in discriminating
between letters with the matched rotation scheme, but one-third of the
subjects failed when only one stimulus was rotated (S+ or S-). We in-
tended to test both single stimulus rotation schemes, but were unable to
continue past the ‘only S+ rotated’ phase when the fish showed in-
tractable side biases. Their poor performance on the ‘only S+ rotated’
phase may have been due to methodological differences. In Experi-
ments 1 and 2, the first two trials of a test session always contained the
0° aspect but in Experiment 3, the trial containing the S+ at the 0°
aspect could appear in any trial position. In addition, fish completed
only 120 test trials in Experiment 3 compared to 252 trials in Experi-
ment 2. Another potential reason for poor performance is that the fish
were more familiar with the S− presented at 0°. The fish had much
more exposure to the stimuli in the 0° aspect in both the training trials
(where both stimuli were always at 0°) and in Experiment 2 where there
were more than twice as many trials at 0° than at other aspect angles.
The fish may have been selecting the S− at 0° during the test sessions in
Experiment 3 because they were more familiar with that stimulus
compared to the rotated S+. Perhaps the 0° stimuli gained special
status as a result of overexposure.

Yet another potential reason for poor performance in Experiment 3
is that three of the four fish completed both Experiments 2 and 3, and
they may have developed strategies suited to the matched rotation
scheme in Experiment 2 that didn’t work well in the single stimulus
rotation scheme in Experiment 3. The fish failed to discriminate be-
tween the 0° stimuli during the test sessions in Experiment 3, even
though they succeeded at discriminating between the 0° stimuli during
the training phase. Their inability to succeed on other aspect angles
could be understood as a failure of discrimination, instead of a failure of
generalization to novel aspect angles. Thus, the results from Experiment
3 are inconclusive. Further studies are needed to examine what role
rotation scheme plays in the ability of fish to recognize rotated stimuli.
Our results were based on comparing the rotation schemes using only
the complex stimuli, so this task could be repeated with stimuli with
varying levels of complexity. Separate groups of fish could be tested
with these different rotation schemes to avoid the potential issues in the

current study that may have arisen from using the same subjects in
Experiments 2 and 3.

Test trials with novel aspect angles were rewarded in the test phase
of all three experiments to maximize the fishes’ opportunity to learn to
discriminate rotated objects. If fish showed poor performance at the
onset of the test phase, we wanted to find out if they could improve if
given feedback. This learning opportunity (20–24 trials per fish for each
novel angle) was insufficient to produce good performance across all
aspect angles. It is possible that fish provided with even more rewarded
trials for each aspect angle may achieve higher accuracy. There is
evidence that fish provided with extensive training can achieve im-
proved performance on a visual perception task (DeLong et al., 2017a).
Alternately, no amount of practice may be sufficient to attain perfor-
mance that exceeds chance at all aspect angles with 2D black and white
stimuli.

Side biases were observed in two of three experiments in the present
study. In Experiment 1 two fish performed better when the S+ was on
the left, and in Experiment 3 two fish performed better when the S+
was on the right. Side biases are present in visual discrimination ex-
periments with other fish species (e.g., Colwill et al., 2005; Graeber and
Ebbesson, 1972; Schluessel and Bleckmann, 2005) and with goldfish
(DeLong et al., 2017b). In a study of rotated 3D objects in cichlids, eight
out of nine fish showed side biases at least once (Schluessel et al.,
2014). Other studies with cichlids also show side biases even when
overall performance is above chance level (Gierszewski et al., 2013;
Schluessel et al., 2012). Side biases can come and go within and be-
tween experiments, and fish can show both left and right side biases
(Schluessel et al., 2014). Side biases can also be prevalent when a fish
cannot discriminate between stimuli and default to the preferred side in
the absence of a successful strategy (Siebeck et al., 2008). Some studies
report no side biases occurred (e.g., Siebeck et al., 2009). Laterality
seems to be a widespread trait in the behavior of fishes, and may ac-
count for some side preferences (Bisazza and Brown, 2011).

We used four goldfish in each of the three experiments. We should
use caution in interpreting results from few subjects because within-
species differences between fish can occur (Gierszewski et al., 2013;
Lucon-Xiccato et al., 2016; Miletto Petrazzini and Agrillo, 2016).
However, other studies have utilized two to five fish per experiment
(Frech et al., 2012; Gierszewski et al., 2013; Neumeyer, 1992, 2003;
Newport et al., 2016; Wyzisk and Neumeyer, 2007). One way to com-
pensate for having few subjects is to collect many trials per subject. In
Experiments 1 and 2, each novel test angle was presented 24 times for
each fish and in Experiment 3, each novel test angle was presented 20
times for each fish. Schluessel et al. (2014) and Mackintosh and
Sutherland (1963) presented each novel test angle only five times in
each experiment. Even though we compensated for fewer subjects with
more stimulus presentations, it is still important to replicate these re-
sults with additional subjects in future research.

The current results taken together with previous studies suggest that
fish do not consistently recognize 2D stimuli independent of viewing
angle, but they appear to show viewpoint-invariant object recognition
with 3D stimuli (Bowman and Sutherland, 1969, 1970; DeLong et al.,
2018a; Mackintosh and Sutherland, 1963; Schluessel et al., 2014;
Sutherland and Bowman, 1969), unless the 3D stimuli are conspecific
faces (Wang and Takeuchi, 2017). Viewing 3D stimuli, but not 2D sti-
muli, may evoke object representations or cognitive processes that
support viewpoint-invariant recognition. Fish may not recognize 2D
stimuli like line drawings of animals as representations of 3D real an-
imals. Alternately, the attributes of the stimuli used in these studies
other than their identity as 2D vs. 3D objects may be responsible for the
results. All studies on 2D object constancy in fish have used black and
white stimuli, with all studies except the current study employing
simple artificial stimuli such as geometric shapes and letters. In con-
trast, studies done with 3D stimuli used realistic plastic models of an-
imals that contained rich color and texture cues (DeLong et al., 2018a;
Schluessel et al., 2014). The fish may have recognized the 3D stimuli
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independent of aspect angle by using color or surface texture – features
that are present at nearly all aspect angles. Schluessel et al. (2014) did
conduct an experiment where fish succeeded in discriminating all
possible combinations of 10 turtles and frog models (in all different
colors), so color alone was not responsible for the fish’s performance.
Future research efforts should include 2D stimuli that share some of the
properties of the 3D stimuli (e.g., full color photos or drawings, use of
realistic stimuli). Alternately, one could utilize less rich 3D stimuli
(lacking color cues, less ecologically valid objects) or 3D stimuli that
are more difficult to discriminate (two similarly-shaped objects). Pur-
suing this line of research could shed light on the conditions necessary
for viewpoint-invariant performance in fish.

Some researchers have suggested that an organism’s capacity for
identifying rotated objects depend on ecological demands and habitat
(e.g., Burmann et al., 2005; Delius and Hollard, 1995; Mauck and
Dehnhardt, 1997). According to this theory, aerial and aquatic species
should be more likely to show viewpoint-independent performance,
whereas terrestrial species should show viewpoint-dependence. Only a
few aquatic species have been tested, and they do not all show view-
point-independent performance. Fish appear to show viewpoint-in-
dependent performance, but only with 3D stimuli as discussed above
(with no correlation between reaction time and rotation angle; DeLong
et al., 2018a; Schluessel et al., 2014). Octopuses did not recognize a
diamond as a rotated square (Sutherland, 1969), but more data is
needed for these animals. A bottlenose dolphin’s performance was
above chance across all angles when viewing 2D objects rotated in the
picture plane or the depth plane (no reaction time data available;
DeLong et al., 2017b). A sea lion successfully identified 2D stimuli
across a range of angles, but showed the viewpoint-dependent pattern
of an increase in reaction time as a function of aspect angle (Mauck and
Dehnhardt, 1997). Sea lions have a semi-terrestrial lifestyle and may
rely on both a horizontal and vertical plane of reference, so their results
may not be the same as animals with a fully aquatic lifestyle. Inter-
preting the results of these studies on aquatic animals as a group is
difficult, given the differences in methodology and the fact that only a
single sea lion and dolphin have been tested (DeLong et al., 2017b;
Mauck and Dehnhardt, 1997). Peissig and Goode (2012) suggest that
stimulus type and methodology bias organisms to attend to different
stimulus features, which better accounts for the data than an evolu-
tionary/ecological explanation.

More research is needed to shed light on variables that may impact
the capacity for visual object constancy in animals living in an aquatic
habitat. One such variable may be related to an organism’s typical
movement patterns. Sea lions and bottlenose dolphins can swim upside
down and do barrel rolls, and thus could potentially orient their bodies
to view rotated stimuli from more typical viewing angles (e.g., Marino
and Stowe, 1997; Mauck and Dehnhardt, 1997). Conversely, the gold-
fish in our lab do not appear to swim upside down or tilt their bodies
more than about 10–15° unless they are experiencing swim bladder
problems. We did not video record the subjects in the current study, but
we observed that they typically remained upright during the training
and test phases. Thus, our goldfish likely viewed the rotated stimuli at
the aspect angles we intended to present. A bottlenose dolphin and a
sea lion showed superior performance with 2D stimuli compared to the
goldfish in the current study, although neither the sea lion or the dol-
phin appeared to rotate their heads or bodies to match the rotation
angle of the stimuli (DeLong et al., 2017b; Mauck and Dehnhardt,
1997). The sea lion’s head was in fixed upright position in a stationing
hoop when viewing the sample stimuli (Mauck and Dehnhardt, 1997).
The dolphin was unrestricted in his approach toward the sample sti-
mulus and could have rotated his own body to match the rotation of the
stimulus, but he maintained approximately the same body orientation
for every trial and did not change his positioning in relation to the
stimulus rotation angle (DeLong et al., 2017b). Comparing different
aquatic species within the same study that have different underwater
behaviors may be a fruitful direction for future research. For example,

some fish species swim upside down or tilt their bodies while swimming
(Blake and Chan, 2007; Moore, 2002). A future study could compare
the performance of fish species with different swimming behaviors in
terms of their ability to recognize rotated stimuli, as well as observe
how they choose to orient their bodies while viewing rotated stimuli.

6. Conclusions

Goldfish trained to discriminate between 2D stimuli at 0° were not
able to generalize to three of seven novel aspect angles in a two-alter-
native forced choice task where stimuli were rotated in the picture
plane. Further, reaction time did not vary as function of aspect angle.
There was no overall difference in performance when viewing simple
stimuli (arrow and half circle) vs. complex stimuli (line drawings of a
turtle and frog). Finally, fish performed better when both the positive
and negative stimuli were rotated to the same aspect angle compared to
presenting the negative stimulus at 0° and rotating only the positive
stimulus. These results are comparable to some early studies on the
visual perception of black and white 2D stimuli in goldfish (Bowman
and Sutherland, 1969; Sutherland and Bowman, 1969), but contrast
with the nearly viewpoint-invariant performance reported for fish
viewing ecologically relevant, full color 3D stimuli (DeLong et al.,
2018a; Schluessel et al., 2014). Future studies should seek to resolve
this discrepancy in performance for 2D vs. 3D objects, as well as test
more fish species. The ability to recognize objects independent of
viewing angle is adaptive for fish since they move in three dimensions
and frequently view objects from different orientations. Object con-
stancy may be important for a wide variety of behaviors such as navi-
gation, foraging, and identifying social partners, prey, and predators.
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