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Abstract In recent years, the use of operant conditioning
procedures has shown that species as diverse as chim-
panzees, honeybees, and mosquitofish can be trained to
discriminate between sets containing different numbers of
objects. However, to succeed in this task, subjects can use
two different strategies: either select the array containing a
specific number of items (an absolute numerosity rule), or
select the set containing the larger (or smaller) quantity of
items (a relative numerosity rule). In the latter case, subjects
need not only be able to judge whether two numerosities are
equal or different but also be able to order numerosities.
Here, in two experiments, we address whether fish can
perform both kinds of judgment by training them with
specific numerosities and testing their generalization to new
numerosity contrasts. In Experiment 1, subjects were ini-
tially trained to select between visual arrays of 6 and 12
shapes, and were then tested with a contrast pairing the
previously trained numerosity (either 6 or 12) with a novel
numerosity (respectively, 3 or 24). Spontaneously, subjects
selected the novel numerosity, in accordance with a relative
numerosity rule. The second experiment tested whether
guppies can also learn to select one specific number against
all others, if appropriately trained. Fish trained to select an
array of 4 shapes against several alternatives (4 vs. 1, 4 vs.
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2, 4 vs. 8, 4 vs. 10) learned to recognize the number 4
against all alternatives and proved able to generalize their
discrimination to novel, more difficult contrasts (4 vs. 3 and
4 vs. 6 items). In summary, although guppies preferentially
opt for relative comparisons, they can flexibly learn either
relative or absolute decision criteria on numerosity stimuli,
depending on the context.

Keywords Numerical discrimination - Approximate
number system - Poecilia reticulata

Introduction

Comparative research in the last decades demonstrated the
existence of rudimentary numerical abilities in non-human
animals. The capacity to use numerical information has
been found not only in mammals (rhesus monkeys: Beran
2006; elephants: Perdue et al. 2012; horses: Miletto Pe-
trazzini 2014; dogs: West and Young 2002), but also in
birds (Pepperberg 2006; Rugani et al. 2008), fish (Buck-
ingham et al. 2007; Agrillo et al. 2011, 2012b; Gémez-
Laplaza and Gerlai 2013a, b), as well as in invertebrates
(Gross et al. 2009; Nelson and Jackson 2012). One
methodology most commonly adopted in this research topic
consists of training subjects to discriminate between two
visual stimuli differing in numerosity in order to obtain a
food reward (e.g., Cantlon and Brannon 2007; Rugani et al.
2008; Gross et al. 2009; Agrillo et al. 2011; Vonk and Beran
2012). In these studies, the size of the items presented and
their spatial configurations are varied in order to control for
non-numerical perceptual cues such as density or overall
area. Provided that no other information can be used as a
discriminative cue, subjects will reach the learning criterion
in these tasks only if they are sensitive to numerosity.
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When subjects learn to discriminate between two values
of numerosity, they may be applying two kinds of nu-
merical strategies. First, they might have learned a rule
about a specific value of numerosity: “select four ob-
jects”—hereafter called the “absolute numerosity” rule.
Alternatively, they might have learned to select the larger
(or smaller) group regardless of the absolute numerosity of
the arrays, a strategy hereafter referred to as the “relative
numerosity” rule. In both cases, the behavioral output is
the same, thus making it impossible to decide which rule
subjects applied in a traditional operant conditioning
procedure.

There is evidence in the comparative literature that non-
human animals use a relative rule in some cognitive do-
mains. For instance, in a study on relative size transposi-
tion, one parrot trained to respond to the smaller or the
larger of the two stimuli responded on a relative basis in
test trials when presented with novel-sized objects, larger
or smaller than those used during training (Pepperberg and
Brezinsky 1991). Similar abilities to use a relative rule in a
size discrimination task have been reported in horses
(Hanggi 2003). In numerical cognition studies, the picture
is less clear. For instance, in a study by Brannon and
Terrace (1998), rhesus monkeys were initially trained to
discriminate between groups of two-dimensional figures
presented on a monitor in the range 1-4; subsequently, the
subjects proved able to generalize the numerical rule also
to novel numerosities (range 5-9), thus excluding the
possibility that subjects were using an absolute numerosity
rule. However, during the training phase, the subjects were
required to learn a relative numerosity rule, as different
combinations of numerical contrasts between 1 and 4 were
presented, making impossible to focus on a specific nu-
merosity as positive stimulus. In contrast, Davis (1984)
reported that a raccoon successfully learned to select a set
containing three items from alternative arrays containing
one, two, four, and five items after extensive training. In
this task, it is likely that the raccoon was reinforced to use
an absolute numerosity rule as it was required to always
select a specific number of objects against different alter-
natives containing a smaller or larger number of objects.
These examples raise the possibility that the training pro-
cedure employed may influence the type of rule applied by
the subjects. However, to our knowledge, no study has
addressed whether a relative or an absolute responding rule
is spontaneously preferred in an animal species, nor whe-
ther animals from the same species can be successfully
trained to use both strategies.

In the present study, we tackled these issues in fish. In
the first experiment, guppies (Poecilia reticulata) were
trained to discriminate between 6 and 12 objects in order to
obtain a food reward. After reaching the learning criterion,
they were subjected to probe trials in which a novel
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numerical contrast was presented (e.g., 12 vs. 24 if they
had previously been trained to choose 12 over 6 objects). If
guppies spontaneously apply an absolute numerosity rule,
they should select the numerosity reinforced in the previ-
ous training phase (12), even though 12 represents the
smaller group in comparison with 12 versus 24. On the
contrary, if they use a relative numerosity rule, they should
select the larger group composed of 24 items, even though
the numerosity previously reinforced is also available (12).

As guppies proved to use a relative numerosity rule in
Experiment 1, we set up Experiment 2 in order to assess
whether they can learn to select a specific number of ob-
jects against all alternatives (absolute numerosity rule). For
this purpose, guppies were trained to choose a group con-
taining four objects against both a smaller group of objects
(1 or 2) and a larger group of objects (8, 10). They were
then tested in probe trials for their ability to generalize to
novel contrasts (4 vs. 3 and 4 vs. 6 items).

Experiment 1

In the present experiment, we tested whether guppies,
trained to discriminate between two numerosities (e.g., 6
vs. 12), generalize to new numerosity contrasts by using an
absolute numerosity rule (e.g., select number 12) or by
using a relative numerosity rule (select the larger group).

Subjects

Thirty-two adult female guppies (Poecilia reticulata) were
tested. The fish used in this experiment were tenth-gen-
eration descendants of wild caught fishes collected from
the Tacarigua River in Trinidad. Subjects were maintained
at the Department of General Psychology in 150 one-stock
aquaria containing mixed-sex groups (15 individuals with
approximately a 1:1 sex ratio). Aquaria were provided with
natural gravel, an air filter, and live plants. Both stock
aquaria and experimental tanks were maintained at a con-
stant temperature of 25 + 1 °C and a 14- to 10-h light/dark
(L/D) photoperiod with an 18-W fluorescent light. Before
the experiment, fish were fed twice daily to satiation with
commercial food flakes and live brine shrimps (Artemia
salina).

Apparatus and stimuli

We used the apparatus previously adopted in two studies
investigating numerical abilities in fish (Agrillo et al.
2012b, 2014). The experimental apparatus was composed
of a 50 x 19 x 32 cm tank (Fig. 1) filled with gravel and
24 cm of water. The short walls were covered with white
plastic material, while the long ones were covered with
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Fig. 1 Experimental apparatus used in Experiment 1. Guppies were
housed in the experimental tank for the entire experiment. Two
mirrors were placed in front of each other in the middle of the tank.
Two choice areas were defined by white rectangles covered by a
green net in correspondence with the short walls. At the beginning of
each trial, stimuli (two groups of figures differing in numerosity: 6 vs.
12 in the training phase, 12 vs. 24 or 3 vs. 6 in the test phase) were
hanged on the short walls (color figure online)

green plastic material. Two mirrors (29 x 5 cm) were
placed in the middle of the tank, 3 cm away from the long
walls, in order to reduce the potential effects of social
isolation (Miletto Petrazzini et al. 2012). In addition, an
artificial leaf (9 x 8 cm) was placed in the middle to
provide some shelter for the subjects. Two “choice areas”
were defined by white rectangles (14 x 12 cm) covered by
a green net in correspondence with the sides in which
stimuli were presented.

Stimuli were printed within a 6 x 6 cm square area and
were presented at the bottom of a 6 x 32 transparent
plexiglass panel that was vertically inserted into water
against the short walls. Stimuli were thus displayed in the
lower part of the wall, 10 cm above the floor. They con-
sisted of groups of black geometric figures (circles, ovals,
triangles, crosses, stars, squares, and rectangles) differing
in size on a white background. In the training phase, we
presented the 6 versus 12 numerical contrast. In the test
phase, we presented either 12 versus 24 (for subjects
trained toward the larger numerosity as positive, see pro-
cedure) or 3 versus 6 (for subjects trained toward the
smaller numerosity). Stimuli selected for the experiment
were extracted from a pool of 24 different pairs for each
numerical contrast. The overall configuration (i.e., the
spatial arrangement of the figures within the square) of the
stimuli was changed across sets (i.e., pairs of stimuli) to
avoid the possibility of fish using pattern recognition of the
arrays instead of numerical information as the discrimina-
tive cue.

Numerosity covaries with other physical attributes, such
as cumulative surface area, overall space encompassed by

the stimuli, or density of the arrays. These non-numerical
cues are commonly referred to as “continuous quantities”
(Feigenson et al. 2002; Gebuis and Reynvoet 2012;
Gomez-Laplaza and Gerlai 2012, 2013a, b). To control for
continuous quantities, we used a procedure previously
adopted in other studies on guppies (Agrillo et al. 2014;
Bisazza et al. 2014). In particular, for one-third of the
stimuli, the two numerosities were 100 % equated for cu-
mulative surface area. However, a by-product of equating
the cumulative surface area was that smaller-than-average
objects would be more frequent in the larger groups, and
guppies might use this information instead of number. To
reduce this possibility, cumulative surface area was con-
trolled to 85 % in another third of the stimuli during the
training phase, and in the remaining one-third of the
stimuli, it was controlled to 70 %. As a consequence, in the
70 % condition, the biggest object within each stimulus
pair was shown in the larger set; in the 85 % condition, the
biggest object was shown in the larger set in half of the
trials and in the smaller set in the other half of trials. In
probe trials, cuamulative surface area was always matched
to 100 %. In this way, should guppies discriminate between
the two arrays in probe trials, neither cumulative item area,
matched to 100 %, nor the individual item size, an unre-
liable cue in the training phase, could have played a key
role. Furthermore, as density is negatively correlated to the
overall surface occupied by the array, half of the set was
controlled for overall surface, whereas the second half was
controlled for density.

Sixteen identical experimental tanks, placed close to
each other on the same table, were used. A video camera
was suspended about 1 m above the experimental tanks
and used to record the position of the guppies during the
tests.

Procedure

The experiment was divided into three different steps: fa-
miliarization, training, and test. Familiarization was set up
to familiarize the fish with the experimental apparatus.
Subsequently, subjects were singly trained to discriminate
between 6 and 12. The fish that reached the learning cri-
terion were subsequently tested in extinction with a novel
numerical contrast (either 12 vs. 24 or 3 vs. 6). Should the
fish have used an absolute numerical rule, they were ex-
pected to select the numerosity reinforced during the pre-
vious training phase.

Familiarization
During the 6 days preceding the beginning of training,

guppies were gradually familiarized with the experimental
apparatus. On the first 2 days of the familiarization phase,
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four subjects were inserted in the apparatus for a total of
4 h and then returned to their aquarium; in the following
2 days, two subjects were inserted in the apparatus for 4 h;
then, the fish stayed singly in the apparatus for the fol-
lowing 2 days. In this latter period, guppies were fed twice
a day with Artemia salina nauplii that were inserted in the
morning and in the afternoon near the two short walls.

Training

All subjects were presented with the same numerical
contrast: 6 versus 12. Half of the fish received food near
the larger numerosity, while the other half received food
near the smaller numerosity, in order to reinforce an as-
sociation between the positive numerosity (larger or
smaller) with the reward (food). More specifically, on days
1-3, fish received four trials per day (three consecutive
days, for a total of 12 trials). Each trial consisted of in-
serting two stimuli panels on the short walls soon followed
by the release of a food reward (nauplii of Artemia salina)
near the reinforced stimulus. Food consisted of live brine
shrimps released with a Pasteur pipette; an identical sy-
ringe released pure water near the non-reinforced nu-
merosity. Subjects were left free to feed for 7 min after
which stimuli were removed from the tank. The intertrial
interval lasted 3 h. We counterbalanced the position of the
stimuli (left-right) over trials. Subjects were moved from
one tank to another at the end of each day in order to
avoid the possibility of using the local/spatial cues of the
tank.

From day 4, subjects continued to receive four trials per
day with the same stimuli, but they obtained a reward only
if they chose the correct stimulus. In these trials, the two
stimuli were introduced, while the fish was outside the two
choice areas. We consider the first choice area entered by
the subject as an indicator of its choice. In particular, the
subject was considered as selecting a stimulus when its
head was inside the choice area associated with that sti-
mulus. If the choice was correct, we released the food near
that stimulus; if the choice was incorrect, both stimuli were
removed and the trial ended. If guppies did not select a
choice area within 2 min, the trial was considered null.
This procedure continued until the subject reached a
learning criterion of 10 correct trials in 12 consecutive
trials (83 % accuracy, corresponding to a statistically sig-
nificant choice with the binomial test). If subjects did not
reach the learning criterion within 20 trials, the training
phase was interrupted and the fish did not start the test
phase.

To date, studies on discrimination learning in fish have
used both the proportion of correct choices (Gierszewski
et al. 2013; Bisazza et al. 2014) and the association time
near the positive stimulus (Agrillo et al. 2012b, c) as
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measures of learning. While it has been shown, in rats, that
response choice and response time are correlated and both
are reliable indicators of discrimination learning (Olton and
Samuelson 1974), no study has currently investigated
whether these variables could be indifferently used as an
index of learning in fish. A recent study showed that nu-
merical acuity of goldbelly topminnows is partially dif-
ferent when response choice is used instead of association
time (Agrillo and Dadda 2007). However, the study was
not specifically designed to investigate this issue, as dif-
ferent apparatuses and procedures were also used in the
two tests. To shed light on this topic, at the end of the
training phase, all fish (including those not admitted to
the test phase) were subjected to two probe trials (inter-
mingled with a reinforced trial) in which stimuli were in-
serted for 4 min in the tank without any reinforcement, and
we measured the proportion of time spent near the positive
numerosity. The proportion of correct choices was then
correlated with the proportion of time.

Test

In test phase, three probe trials were presented each day for
four consecutive days. Fish trained to select the larger
numerosity (12) as positive were presented with 12 and 24
objects; fish trained to select the smaller numerosity (6) as
positive were presented with 3 and 6 objects. The intertrial
interval lasted 3 h. Two reinforced trials presenting the
numerical contrast of the training (6 vs. 12) were alternated
in the probe trials. As dependent variable, we considered
the proportion of time spent in the “choice areas” (accu-
racy) during probe trials.

Proportions were arcsine (square-root)-transformed
(Sokal and Rohlf 1995). Mean £ SD are provided. Statis-
tical tests were carried out using SPSS 20.0.

Results
Training (6 vs. 12)

Sixteen subjects out of 32 (50 %) reached the learning
criterion within 20 trials. Eight of these subjects were
trained toward the larger numerosity as positive and eight
toward the smaller numerosity as positive. There was no
difference in the proportion of correct choices between fish
trained toward the larger numerosity as positive
(0.694 + 0.121) and those trained with the smaller nu-
merosity as positive (0.668 £ 0.151, independent ¢ test,
t(30) = 0.506, P = 0.617). The same result was obtained
when we analyzed the performance of the 16 subjects who
reached the learning criterion (larger numerosity as posi-
tive: 0.800 £ 0.048, smaller numerosity as positive:
0.798 £ 0.048, #(14) = 0.103, P = 0.919).
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Fig. 2 Results of Experiment 1: training. A positive correlation
between the two dependent variables was found (proportion of correct
choices: X-axis, proportion of time spent near the reinforced
numerosity: Y-axis), meaning that the proportion of time spent near
the reinforced numerosity is a reliable predictor of the proportion of
correct choices
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Fig. 3 Results of Experiment 1: training and test. Y-axis refers to the
proportion of time spent near the reinforced numerosity in the training
phase (16 subjects admitted to the test phase), and the proportion of
time spent near the novel numerosity (smaller or larger than the
reinforced numerosity) in the test phase. While subjects spent more
time near the reinforced numerosity during the training, they switched
their preference in the test phase and spent more time near the
stimulus that presented a larger/smaller number of objects. Bars
represent the standard errors. Asterisks denote a significant departure
from chance level

One-sample ¢ tests conducted on all 32 fish evidenced a
significant discrimination of the two numerosities (6 vs.
12), both considering the proportion of correct choices
during training [0.68 £ 0.14, #31) = 7.419, P < 0.001]
and the proportion of time spent near the correct
stimulus in the probe trials [0.67 £ 0.25, #31) = 3.803,
P = 0.001]. A significant positive correlation between
these two measures of learning was found (Pearson’s test,
r = 0.566, P = 0.001, Fig. 2).

Test (12 vs. 24 or 3 vs. 6)

In the probe trials of the test phase, no difference was
found between fish trained toward the larger numerosity as

positive (0.67 = 0.12) and those trained toward the smaller
numerosity as positive (0.74 £ 0.13) in the proportion of
time spent near the previously non-reinforced numerosity
[independent ¢ test, #(14) = 1.027, P = 0.322]. We ac-
cordingly pooled together the two groups in subsequent
analyses.

On the whole, guppies exhibited a significant preference
for the non-reinforced numerosity [0.71 £ 0.13,
t(15) = 5.740, P < 0.001, Fig. 3]. No difference was
found when we contrasted the overall accuracy in the first
half of the test phase (trials 1-6: 0.68 & 0.16) with the
overall accuracy in the second half [trials 7-12:
0.74 £ 0.15, paired r test, #(15) = 1.33, P = 0.203],
meaning that the performance observed is not influenced
by any form of learning during the test phase.

Discussion

The results of this experiment show that fish that had
learned to discriminate between two numerosities will
later generalize to a relative numerosity rule, selecting a
novel numerosity over the previously reinforced nu-
merosity. Relative numerosity rules are thus preferred
over absolute numerosity rules in fish, despite the fact that
applying a relative rule might be cognitively more chal-
lenging because it requires the ordering of numerosities
presented. In other cognitive tasks, learning to respond on
the basis of a relative rather than an absolute rule has been
considered more complex because it requires the subject
to compare the stimuli and then derive a general rule in-
stead of forming a single association (Thomas 1980;
Pepperberg and Brezinsky 1991). Similarly, in the case of
numbers, same—different judgments (absolute rule) are
logically simpler than more—less judgments (relative rule).
Being able to assess whether a numerosity is larger/s-
maller than another implies the capacity to represent the
absolute numerosity of both sets, in order to compare
these two numerosities. Alternatively, it is possible to
hypothesize that the peak shift phenomenon described in
several species in other cognitive tasks may explain our
data (Dougherty and Lewis 1991; Cheng et al. 1997). In
peak shifts, subjects are initially trained to respond to a
positive stimulus (S+) and withhold responding to a
negative stimulus (S—) that is similar, although not
identical, to S+ [see Purtle (1973) for a review]. In probe
trials, subjects are tested in the absence of reward on a
continuum of stimuli including S+ and S—: maximal re-
sponse is not commonly observed with S+ but to a sti-
mulus similar to S+; the novel stimulus selected is also
more distinct from S—. This phenomenon seems to occur
as a consequence of learning different outcomes for two
partially similar stimuli and is supposed to involve basic
associative processes (Perry et al. 2013).
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In our experiment, guppies were simultaneously trained
to reach a positive stimulus (e.g., S+: 12) and avoid a
negative one (S—: 0); in test phase, subjects did not select
S+ but a novel stimulus (24) more distinct from S—, a
pattern of response that resembles peak shift phenomenon.
However, it is worth noting that in test phase, we presented
only two alternative stimuli instead of a continuum of
stimuli from S+ to S—, a methodological difference that
prevents us a fine comparison with the existing literature on
this effect. In addition, the size of peak shift was found to
be inversely related to the magnitude of the difference
between S+ and S— (Hanson 1959). In our study, the ratio
between S+ and S— was equal to 2:1, a large numerical
ratio easily discriminated by guppies (Agrillo et al. 2014)
that should have led to a reduced peak shift. In contrast,
guppies showed a strong generalization to the novel nu-
merosity, thus suggesting that the pattern of data here re-
ported could be only partially ascribed to the simple
associative models underlying peak shifts.

Because we measured the fish discrimination using two
different dependent variables within individuals, Ex-
periment 1 also provided useful information on the relation
between the dependent variables used in training studies.
Usually, traditional operant conditioning studies use the
proportion of correct choices in many consecutive probe
trials as a measure of learning. Here, we found that this
variable correlates positively with the time spent near the
reinforced numerosity, meaning that the association time is
a reliable predictor of the proportion of correct choices
commonly observed with a traditional procedure [reviewed
in Agrillo and Bisazza (2014)].

One may argue that only half of the subjects met the
learning criterion in the training phase, thus making it
difficult to understand whether our results can be widely
generalized to guppies’ populations. The proportion of fish
starting the test phase in our study is similar to the pro-
portion reported in previous studies that used this method
of operant conditioning (Agrillo et al. 2012b, c; Bisazza
et al. 2014). With respect to this topic, it is important to
notice that fish that do not meet the learning criterion after
a few trials do not usually improve their performance even
after extensive training (e.g., Agrillo et al. 2012b); hence,
these individuals apply neither an absolute nor a relative
numerosity rule.

In sum, Experiment 1 showed that trained guppies, when
given the possibility to use two alternative solutions, an ab-
solute rule (select a given number of objects) or arelative rule
(select the largest or smallest number of objects), sponta-
neously favor the latter strategy. However, this result does
not necessarily imply that they are not equipped with the
cognitive ability to learn an absolute rule if tested in different
conditions. We addressed this issue in Experiment 2.
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Experiment 2

In this experiment, we trained guppies to select a fixed
number of objects (4) against both larger and smaller
quantities, and studied whether fish were able to generalize
the learned rule when presented with novel numerical
contrasts. For this experiment, we used a novel, recently
developed setup for operant conditioning in guppies
(Bisazza et al. 2014; Lucon-Xiccato and Bisazza 2014).

Subjects

Ten adult guppies, one male and nine females of a do-
mestic strain, participated in this experiment. Five subjects
(one male and four females) have been previously trained
to dislodge discs in a shape discrimination task, but they
had no previous experience in numerical training (sub-
group I). The other five fish were naive (subgroup 2). The
group was initially composed of fourteen fish, but four
subjects (two males and one female from subgroup 1 and
one female from subgroup 2) were excluded from the ex-
periment because they ceased to participate in the early
stages of the experiment.

Apparatus and stimuli

The experimental apparatus was similar to that used in two
recent studies that investigated discrimination learning in
guppies (Lucon-Xiccato and Bisazza 2014; Bisazza et al.
2014). It consisted of a 60 x 40 cm tank, filled with gravel
and 30 cm of water maintained at a temperature of
25 4+ 2 °C (Fig. 4a). The apparatus was divided into two
compartments: the back compartment, with live plants, and
the front “experimental compartment.” A start box was
inserted between the compartments and was provided with
a transparent guillotine door. Each compartment was lit by
a 15-W fluorescent light. The apparatus was provided with
two air filters. A green plastic panel (20 x 15 cm) with
83 holes (@ 1 cm, depth 0.5 cm) was placed on the
gravel substratum of the experimental compartment
(30 x 40 cm), close to the front wall. The bottom of the
panel was covered with a green net to allow the smell of
the food reward to pervade the whole compartment and so
to reduce the possibility for the subject to identify the
correct choice using olfactory cues. Four social compan-
ions were kept in the apparatus to avoid social isolation and
were temporarily removed at the beginning of each session.

Stimuli  consisted of laminated panels placed
orthogonally to the green panel (Fig. 4b). Stimuli were
groups of black dots on a white background (5 x 5 cm).
During training, we presented four different numerical
contrasts: 4 versus 1, 4 versus 2, 4 versus 8 and 4 versus 10.
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Fig. 4 Experimental apparatus
used in Experiment 2 (a). The
back compartment was provided
with live plants, and a green
plastic plate was placed on the

gravel in the experimental
compartment. The start box was
inserted between the
compartments. Stimuli were
placed on the green plate, and a
pair of yellow discs was used to
completely cover the holes in
front of each stimulus during g
both training and control tests %
(b) (color figure online)

(a

In test 1, fish were tested with the same comparisons but
with novel spatial configurations. In test 2, fish were pre-
sented with two novel numerosities: 4 versus 6 and 4
versus 3. The size of the dots and their spatial distribution
varied across pairs to avoid pattern recognition. In addition,
stimuli were controlled for continuous quantities as de-
scribed in Experiment 1. More specifically, in one-third of
the stimuli, the cumulative surface area was matched to
100 %:; in another third, it was matched to 75 %; and in the
remaining third, the cumulative surface area was not con-
trolled (i.e., the ratio between the cumulative surface area
within each pair was congruent with the numerical ratio).
In probe trials of test 2, cumulative surface area was always
matched to 100 %. Stimuli were extracted from a pool of
18 different pairs for each numerical contrast (six pairs for
each control condition).

Two yellow plastic discs (@ 1.2 cm, height 0.2 cm)
were used during the experiment to cover the holes of the
panel.

Procedure

We used a modification of the procedure recently em-
ployed to study learning abilities in guppies (Bisazza et al.
2014; Lucon-Xiccato and Bisazza 2014).

The procedure consisted of four phases: familiarization,
pre-training, training, and control tests.

Familiarization

Two subjects were introduced into the apparatus 4 days
before the beginning of training in order to familiarize
them with the experimental apparatus. On the first 2 days,
fish received food twice daily in the presence of a pair of
stimuli (the same numerical contrasts used later in the

training phase) randomly presented in order to habituate
them to their presence. Commercial food flakes were re-
leased through a Pasteur pipette in correspondence with the
stimulus showing four items. From the third day, fish were
familiarized with the experimental procedure. Four times a
day for two consecutive days, fish were gently encouraged
to enter the start box using a transparent plastic panel.
Subsequently, the transparent guillotine was closed from a
remote location, and a green plastic barrier was placed in
front of it to prevent the fish from seeing the experimental
compartment. Dry food was delivered in five holes close to
the stimulus showing four items, and two yellow discs were
placed nearby to familiarize fish with their presence.
Subsequently, fish were allowed to enter the experimental
compartment and eat the food. Each numerical contrast
was presented twice. On the evening of day 4, fish were
individually housed in an experimental apparatus. The
training phase began the next day.

Pre-training

In this phase, fish were trained to dislodge the discs. A total
of 18 trials were administered in two consecutive days. At
the beginning of each trial, the subject was gently ushered
into the start box, the guillotine was closed, and the green
panel was placed in front of it. A pair of stimuli was placed
on the green plate, and a yellow disc was used to partially
cover the hole in front of each stimulus. On day 1, fish
received a total of eight trials, subdivided into two sessions
of four each (one in the morning and one in the afternoon).
The intersession interval lasted 5 h. In trials 1-3, the discs
covered 25 % of the holes; in trials 4-6, they covered
50 %; in trials 7-8, they covered 75 %. On day 2, fish
received a total of 10 trials, subdivided into two sessions of
five each. In trials 1-2 and 6-7, the discs covered 75 % of
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the holes; in trials 3-5 and 8-10, the discs completely
covered the holes. The same four numerical contrasts of the
successive training phase (4 vs. 1,4 vs. 2,4 vs. 8, 4 vs. 10)
were presented in random order, and a food reward was
placed each time under the disc in front of the stimulus
with four items. These trials were not included in the sta-
tistical analyses.

Training

In this phase, the subjects received 12 trials per day, sub-
divided into two sessions of six each.

Each trial started with the subjects in the start box and the
green barrier in place to block the view of the experimental
compartment. A pair of stimuli was placed on the plate, and
yellow discs covered the corresponding holes entirely.
Subsequently, the barrier was removed, and after 30 s, the
guillotine was opened to allow the subject to enter the ex-
perimental compartment. The choice was defined as the first
disc dislodged by the fish. In order to keep the subject
motivated, we adopted a correction procedure, and when the
fish opened the wrong disc, it was allowed to open the
correct one and eat the food. If the subject did not dislodge
any disc within 5 min, the trial was considered invalid and
repeated later. The distance from the corridor and the po-
sition of the stimuli on the panel was determined with a
pseudorandom rule. To avoid the side bias, the positive
stimulus was never presented more than twice in a row on
the same side, and the left-right position of the stimuli was
counterbalanced over trials. Each numerical contrast was
presented three times a day, once for each control condition.

The learning criterion was set at 70 % correct trials over
two consecutive days (corresponding to a statistically sig-
nificant preference with the Chi-square test calculated on
the 2 days).

Once the criterion was reached, the fish entered the test
phase.

Test

The test phase consisted of two tests. In test I, four probe
trials intermingled with 12 standard trials were presented
for four consecutive days (for a total of 16 daily trials
subdivided into two sessions of eight trials each). In probe
trials, fish were presented with the same numerical con-
trasts (4 vs. 1,4 vs. 2,4 vs. 8, 4 vs. 10) used during training
but with completely novel spatial configurations (e.g., dots
were aligned, a pattern never presented during training).
There were four presentations for each numerical com-
parison. Subjects were non-differentially reinforced for
their selections on these trials with a probability of 0.50 for
reward and a probability of 0.50 for no reward. Standard
trials were normally reinforced.

@ Springer

In test 2, four probe trials intermingled with 12 standard
trials were presented for four consecutive days (for a total
of 16 daily trials subdivided into two sessions of eight trials
each). In these probe trials, fish were presented with two
novel numerical contrasts with closer numerical ratio: 4
versus 6 (0.67 ratio) and 4 versus 3 (0.75 ratio), eight
presentations for each numerical comparison. Half of the
probe trials was randomly rewarded, and the other half was
not as in test 1; standard trials were normally reinforced.
Two fish (both females from subgroup 1) ceased to par-
ticipate in this test after 2 days and one fish (a female from
subgroup 2) after 3 days.

As during training, the distance from the corridor and
the left-right position of the stimuli was pseudorandomly
determined. In both tests, we considered the proportion of
choices for the number 4 during probe trials as the de-
pendent variable. Proportions were arcsine square-root-
transformed (Sokal and Rohlf 1995). Mean #+ SD are
provided.

Results
Training

On average, all subjects reached the learning criterion in
81.6 £ 30.88 trials with no difference in learning rate be-
tween subgroups 1 and 2 [independent ¢ test, #(8) = 0.981,
P = 0.355]. None of the subjects exhibited a side bias (all
Ps > 0.05).

Test 1

Fish showed a statistically significant preference for the
trained stimulus even when they were presented with
novel spatial configurations [0.687 £ 0.065, #9) = 8.441,
P < 0.001, Fig. 5]. We found no statistical difference in
the proportion of correct choices between subgroup
1 (0.725 £ 0.071) and subgroup 2 [0.650 £ 0.034;
#8) = 2.119, P = 0.067].

Test 2

Fish showed a statistically significant preference for the
trained stimulus even when they were presented with
novel, more difficult numerical ratios [0.629 £ 0.073;
1(9) = 5.475, P <0.001, Fig. 5]. We found no statisti-
cal difference in the proportion of correct choices
between subgroup 1 (0.650 £ 0.071) and subgroup 2
[0.608 £ 0.077; #(8) = 0.890, P = 0.399]. When the nu-
merical contrasts were examined separately, a significant
preference for the number 4 was observed both in 4 versus
3 [0.629 £ 0.103, #9) = 3.931, P = 0.003] and in 4 ver-
sus 6 [0.629 £ 0.132, #9) = 3.097, P = 0.013] with no
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Fig. 5 Results of Experiment 2. In test 1, fish significantly selected
the number 4 in the presence of completely novel pattern configura-
tions. In test 2, fish generalized the rule to novel numerosities and
successfully selected the number 4 with novel numerical contrasts: 4
versus 3 and 4 versus 6. Bars represent the standard errors. Asterisks
denote a significant departure from chance level

significant difference between the two numerical contrasts
[paired 7 test, #(9) = 0.015, P = 0.988].

When we compared the tests, fish showed to be more
accurate in test 1 than in test 2 [paired ¢ test, #(9) = 3.109,
P = 0.013].

Discussion

The second experiment was designed to test whether
guppies can learn to use an absolute numerosity rule if
appropriately trained. Fish learned this task in a relatively
small number of trials in comparison with other studies
where fish underwent more trials to learn shape dis-
criminations (approximately 100 trials: Sovrano and
Bisazza 2008; Siebeck et al. 2009) or numerical dis-
criminations (approximately 150/200; Agrillo et al. 2009,
2010).

However, since guppies and their relatives possess so-
phisticated learning skills and can discriminate complex
patterns such as the individual features of another guppy
(Bisazza 2010), they could have hypothetically solved the
task by learning all 72 different pairs of stimuli or at least
some of them. To rule out this possibility, in the first
control test, we presented the same numerical comparisons
but with novel, very different configurations and found that
guppies retain their ability to choose the stimulus con-
taining four objects. Thus, we can exclude that pattern
recognition took place over training trials. A second pos-
sibility is that guppies have simultaneously learned to
avoid quantities that approximate 1 or 2 units and quanti-
ties that approximate 8—10 units. To test for this possibility,
in test 2, we proposed probe trials in extinction with novel
numerical comparisons, 4 versus 3 and 4 versus 6. Even in
this case, fish selected the number 4 more often than

chance. One may argue that if fish learned to avoid quan-
tities both smaller and larger than 4, results in test 2 might
be due to fish avoidance to the novel numerosities because
6 is closer to 8—10 and 3 is closer to 1-2 than 4. Though we
cannot exclude this hypothesis, it is worth noting that the
question whether they learned to avoid 1, 2, 3, 6, 8, 10 or
whether they learned to select 4 is irrelevant to the abso-
lute—relative rule issue because both strategies rely on an
absolute rule and not on a relative rule.

The performance in test 2 was significantly lower than
with the easier numerical contrasts of test 1, but it must be
pointed out that, in terms of ratio, these contrasts are close
to or even beyond the limits reported for most mammals and
birds (Agrillo and Bisazza 2014). Actually, the numerical
acuity seen in test 2 appears to be higher than previously
reported for guppies and fish in general. Previously, guppies
were found to fail in discriminating 4 from 6 conspecifics
(Agrillo et al. 2012a) and did not learn to discriminate 4
from 3 objects with two-dimensional stimuli, although they
could discriminate these quantities when stimuli were in
motion (Agrillo et al. 2014). In these studies, guppies were
very likely to use an approximate relative numerosity rule to
solve their quantity tasks. In Experiment 2, this strategy was
not available; therefore, our results suggest the possibility
that learning an absolute numerosity rule had a refining
effect on guppies’ representations of numerosity, perhaps
by providing an anchor in memory.

It is worth noting, however, that in this experiment,
guppies were trained with more trials compared to previous
studies using operant conditioning procedures in fish
(Agrillo et al. 2012b, 2014) and had a longer training ex-
perience when faced with the more difficult discrimina-
tions. As a consequence, the possibility exists that the
extensive training increased their numerical acuity, as re-
cently reported in the same species (Bisazza et al. 2014).

General discussion

Discrimination learning between two quantities of objects
is probably the most frequently used technique in the in-
vestigation of numerical abilities of non-human species.
Although this technique has been widely employed in non-
human primates, birds, fish, and insects, in many studies,
the subjects could have solved the task either by applying
an absolute numerosity rule (select that exact numerosity)
or by applying a relative numerosity rule (select the larger/
smaller array). It is thus not clear whether animals can
apply both or only one of these rules—and, in this case,
which rule. In the present study, we investigated this issue
in guppies in two experiments where subjects were re-
quired to make numerosity judgments between groups of
two-dimensional figures.
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In Experiment 1, we trained guppies to perform a nu-
merical discrimination, 6 versus 12 elements until criterion.
We then tested them in extinction in a critical numerical
contrast, where the previously trained numerosity was
pitted against a new numerosity, which was either twice as
large (24, for the fish previously trained to select 12 over
6), or twice as small (3, for the fish previously trained to
select 6 over 12). Overall, fish spontaneously responded
according to a relative numerosity rule: they selected the
new numerosity over the numerosity that had been previ-
ously reinforced.

However, the fact that guppies do not exhibit any
preference for using an absolute rule does not necessarily
imply that they are not equipped with the cognitive ability
to learn an absolute rule. To test this hypothesis, in Ex-
periment 2, guppies were subjected to a task that could not
be solved using a relative numerical rule. They were first
trained to select a group containing four objects both when
paired with smaller (4 vs. 1 or 4 vs. 2 objects) or with larger
quantities (4 vs. 8 or 4 vs. 10 objects) and then tested with
numerosity 4 paired against familiar and novel numerosity
values. In this experiment, fish succeeded in applying an
absolute numerosity rule, thus proving that both types of
rules are within their repertoire, but which is chosen de-
pends on the training context.

To date, the literature about the use of absolute and
relative numerical representation is restricted to a few
mammals tested after extensive training (e.g., Davis 1984;
Brannon and Terrace 1998). This study represents the first
evidence showing that also a species distantly related to
humans, such as guppies, can use both strategies when
required to make relative numerosity judgments. In other
words, while previous studies have shown that numerical
acuity of non-human animals can largely vary according to
the experimental procedure adopted [e.g., training proce-
dures vs. spontaneous choice tasks, food as stimuli vs. two-
dimensional figures as stimuli, reviewed in Agrillo and
Bisazza (2014)], the present work extends these method-
ological findings by showing that the type of training
procedure used influences not only the numerical acuity but
also the cognitive strategy adopted by subjects involved in
numerosity judgments.

Although fish can use both relative and absolute nu-
merosity rules, they spontaneously favor the relative rule.
Applying a relative rule is supposed to require a greater
level of abstraction than an absolute rule (Thomas 1980;
Pepperberg and Brezinsky 1991) because subjects need to
abstract away the absolute values of numerosities and in-
stead decide based on a relation between the two nu-
merosities. However, relative rules are also more adaptive.
In nature, animals have to repeatedly face relative nu-
merosity judgments, such as selecting the largest quantity
of food items to optimize food intake (Royama 1970;
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Bodmer 1990) or selecting the largest group of social
companions in order to dilute the chance to be captured by
predators (Foster and Treherne 1981; Cresswell 1994). In
these circumstances, it is not the absolute number that
counts, as normally there is not an optimal quantity of food
items or an optimal shoal size to select. Instead, in all these
situations, selecting the most advantageous option requires
applying a relative numerosity rule, regardless of the exact
numerosities involved. Because these problems are faced
by most species, we suggest that the relative numerosity
rule must be the most common strategy in many species.

In conclusion, our study provides evidence that trained
guppies flexibly learn to apply different numerical criteria
depending on the context, although they spontaneously use
a relative numerical rule, probably because of its higher
adaptive value. Future studies are now required to assess
whether these cognitive abilities are unique in guppies or
instead are shared by other fish and, more broadly, other
non-human animals.
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