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New paradigms to study numerical cognition in animals.

Abstract

The mathematical abilities of animals have long fascinated scientists and the general public
alike. However, it is only in the last two decades that researchers have systematically
investigated this issue. Numerical abilities are widespread among mammals, birds and fish
but little is known about their occurrence in other taxa. They play important functions in
several ecological contexts, such as foraging, mate choice, and social interaction. The actual
mechanisms underlying number sense in animals and the upper limits of these abilities are
still a matter of debate. Conflicting results often emerge when comparing evidence from
different species and studies of the same species. It is unclear to what extent this is due to
differences in the complexity of the nervous system, to ecology, to phylogeny, or to other
factors. Some have argued that intra- and inter-species differences may be due to differences
in the used methodology. This is frequent in human literature, but the issue has received little
attention in animals. To unravel these issues, we need to expand the number of studied
species by including species that belong to a less studied taxa. In addition, there is a need for

studies that directly compare different methodologies within the same laboratory.

In this thesis, | focus on the two latter issues. In two studies, | investigated the effect of the
used methodology on the assessment of numerical abilities in a small teleost fish, Poecilia

reticulata.

In the first study, | adopted an operant conditioning procedure to train fish to solve a
numerical discrimination task using computer-generated stimuli. With this procedure, fish
showed very low numerical discrimination performance, considerably lower than that

reported in previous studies carried out in the same laboratory, in which fish had to solve a



similar numerical task in a more naturalistic setting. In a series of subsequent experiments, |
attempted to identify the key factors that determine the different outcome of the two methods.
Results only partly answer the question and it is possible that there are non-cognitive factors

(i.e. side bias due to cerebral lateralization) that explain the observed difference.

Previous studies on guppies showed greater numerical acuity when tested with operant
conditioning procedures than when tested with spontaneous preference methods, such as
testing the preference for the larger of two social groups (shoal choice test). This difference
could be due either to the different accuracy of the two methodologies or to within-species
variation in acuity related to the examined context (foraging vs social). In the second study, |
set up a modified version of the shoal choice test in order to eliminate some of the limitations
of the method that are thought to determine a large imprecision in the measurement. With this
new method, guppies were able to discriminate 4 vs. 5 companions, the same limit of

numerical discrimination determined with operant conditioning procedures.

The last two studies focused on studying numerical cognition in two new species, an
amphibian (Hyla intermedia) and an arthropod (Acheta domesticus) in a new context, shelter

choice.

Both species showed a preference for the larger cluster of shelters and, in a series of
subsequent experiments, | tried to determine the mechanism involved in such discrimination.
H. intermedia appears to possess a genuine numerical system, being able to select the most
numerous set even after | experimentally controlled the perceptual continuous variables, such
as cumulative surface area and convex hull, that co-vary with number. Results suggest that A.
domesticus have a less sophisticated system and make adaptive decisions, relying on

continuous quantity as a proxy of number.
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1. Introduction: current knowledge on numerical
cognition in human and non-human animals

1.1 Numerical cognition

Quantity such as amount, space, time, and number, is one of the basic types of
information that reflect a fundamental attribute of the environment (Dehaene & Brannon,
2011). Number, of course, is not a tangible attribute like other physical characteristic of
stimuli, such as colour, shape, and size. The concept of number is an abstract and flexible
property that allows defining an attribute of objects in many different contexts (Wiese, 2003).
Wiese classified number assignments into three categories. The first category is ‘cardinal
number’, which refer to the quantitative assignments for the elements of a set and concern the
questions ‘How many?’ or ‘How much?’ Humans use cardinal numbers to identify the
quantitative information of a set of elements. The category ‘ordinal number’ refers to the
ranking position of a single element in a sequence and concerns the question ‘Which one?’
For example, humans use ordinal numbers when we identify the position of a football team
during the season or the position of a runner during a marathon. The third category is the
“nominal number”, which assign numbers as a proper name for objects within a set, such as
“bus#3”, “salad#4”, “cr#7”. Nominal numbers are exclusively verbal and are found only in

humans endowed with language (Wiese, 2003).

Historically, the capacity to perceive quantitative information, especially numbers,

was considered a unique trait of human species. In particular, numerical cognition was
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thought to be developed as a consequence of language and verbal skills, as numerical
competence in humans involves the use of syntax and symbols (Dehaene, 1992). Although
certain numerical competence, such as mathematical calculus, are only performed by humans
(but see Matsuzawa, 2009; Pepperberg, 2006), other numerical abilities do not require the use
of symbolic representation. For example, it is possible to discriminate the relative numerosity
in two distinct sets to understand that a group of 5 apples is larger than a group of 2 biscuits.
The predisposition to easily and spontaneously use quantitative information without symbolic
representation is defined as ‘Number Sense’ (Dehaene, 2001), and it has been reported in

human infants and other animals (reviewed in Feigenson et al., 2004; Nieder, 2005).

Comparative psychology is concerned with the study of mechanisms possessed by
animals to solve widespread ecological situations (Shettleworth, 2010). In particular,
comparative psychologists have shown a growing interest in studying numerical cognition, a
distinct discipline that aims to understand the origin and development of numerical cognition

(Zorzi & Testolin, 2018).

1.1.1 Numerical cognition in vertebrates

The capacity to process quantitative information to make suitable decisions, or simply
numerical cognition, may confer an advantage for the individual from an adaptive point of
view (Gallistel, 1990). Contexts such as foraging, navigation, and avoidance of predators
require individuals to make adaptive decisions by simultaneously processing different sources
of quantitative information. Because human and non-human species have historically faced
similar situations, evolutionary pressures have led to the development of comparable
competencies to process quantitative information across different species (Gallistel, 1990;

Haun et al., 2011).
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During the past few decades, this hypothesis has been confirmed by a growing body
of evidence that suggests a wide variety of non-human species share a non-symbolic system
to process quantitative information (reviewed in Dehaene & Brannon, 2011; Gallistel, 1990;
Mou, 2014). When we talk about numerical cognition in non-human species, we are referring
to the non-symbolic system of processing quantitative information (e.g., ‘Number Sense’).
The development of techniques traditionally used with infants have been widely used with
non-human primates and birds in comparative investigations of numerical abilities (Boysen,

1997; Roberts et al., 2002; West & Young, 2002).

A first, reasonable question concerning the study of numerical competence in animals
is why should number matter for non-human species? Numbers are salient, and, like other
attributes of elements, they can be perceived, acquired, and processed to make adaptive
decisions. For instance, animals maximize the quantity of food in relation to the cost of
finding a food source by selecting the more profitable option (Hauser et al., 2000; Pantaleeva
et al., 2013). Social species reduce the risk of predation by forming larger groups of
conspecifics (Cresswell, 1994) or adapting different strategies in competitive behaviour in
relation to the number of potential competitors (Bensom-Amram et al., 2011; Bonanni et al.,
201; McComb et al., 1994). Opportunistic species use estimated fitness information (e.g.,
clutch size) of resident species as an indicator of quality of territory (Loukola et al., 2013),
while parasitised species use numerical information (e.g., egg recognition) to reduce the cost
of brood parasitism (Lyon, 2003). This selective pressure may explain why a large variety of
species have developed numerical competence. However, it is important to note that in
certain contexts numerical cognition is critical and has a direct impact on individual fitness
(e.g., survival rate, offspring), while there are other situations in which it is unnecessary to

discriminate between quantities. For example, a group of 4 apples provides a higher benefit
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than a group of 3 apples, whereas the discrimination between 13 and 12 apples does not

afford the same advantages.

A second question is whether other animals perceive and process numbers in the same
ways as humans. Considering performance patterns in numerical judgments, comparative
studies have reported that human infants and non-human animals demonstrate similar
performances when facing comparable numerical tasks (reviewed in Feigenson et al., 2004).
In particular, different species showed different accuracy when performing quantitative
discrimination between the range of small numbers (e.g., range 1-4 items) and larger
numbers (e.g., > 4 items). These findings led several authors to suggest that vertebrates share
two distinct non-symbolic quantificational systems (Beran, 2008; Feigenson, et al., 2004).
The first system is the object-file system (OFS), which was developed from two theories on
visual attention in adults: the FINST model (Pylyshyn & Storm, 1988) and the object file
model (Kahneman et al., 1992). The OFS is based on a primitive attentive mechanism that
permits identification of a limited number of elements as a unique symbol stored in the
working memory (Trick & Pylyshyn, 1993). OFS accuracy is independent of numerical ratio,
rather it depends on intrinsic memory limits and/or attentional constraints, which in human
adults appears to be about four elements (Burr et al., 2010; Hyde, 2011; Pylyshyn, 2001). The
second system is the approximate number system (ANS), which is involved in the estimation
process of large numerosity. The ANS does not depend on an absolute limit of elements, but
the accuracy of estimate numerosity is dependent on the numerical ratio between the
elements. The imprecision of ANS is due to the distance effect (the discrimination 5 vs. 10
items is easier than 5 vs. 6 items) and the size effect (the discrimination 2 vs. 3 is easier than
10 vs. 12 items; Gallistel & Gelman, 1992). Recently studies have raised the issues on the
existence of a single and unique system (ANS) that is activated in both small and large

numerical estimation. According to this view, the ANS may be involved to estimate both
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small and large numerosity in a similar way because the ability to precisely estimate the
difference between quantities depends on their ratio rather than their absolute difference (e.g.,
the difficulty of discriminating 3 vs. 4 objects is equal to 9 vs. 12 objects, because the ratio is
0.75 for both discriminations; Dehaene & Brannon, 2011; Gallistel, 1990; Halberda & Odic,
2015). However, several studies on mammals, birds, and fish have indirectly supported the
existence of two system involved on quantity estimation (reviewed in Agrillo et al., 2015).
These contrasting results may be explained by the possibility that specific condition may
activate different mechanism of quantity estimation. It has recently been proposed that the
ANS may be involved to estimate small numerosity when some specific properties of stimuli
are modified (e.g., sensory modality, physical properties of stimuli) and the task requires the
abstraction of the concepts of numbers (reviewed in VanMarle, 2015). The OTS fails to
represent “amodal” stimuli because the mechanism involved visual attention based on the
physical property of the stimuli. For this hypothesis, the activation of ANS instead of OTS in
the range of small numbers depends on the experimental methods that are adopted (Chapter
1.2.3). Another possibility concerns different species have developed differently quantity
estimation mechanisms in relation ecological pressures, such as other different cognitive
abilities (Shettleworth, 2010). For example, in a dangerous situation, preyed species need to
rapidly perform quantity discrimination when searching for the larger group; while predators
do not necessarily need the same accuracy on quantity estimation. For this view, evolutionary
pressures might play an important role in developing different forms of quantity

discrimination across species (Chapter 1.3).

The third question addresses the origin of the mechanism to process quantitative
information. Several authors have suggested that non-symbolic numerical systems may have
a long evolutionary history (Beran, 2008; Feigenson, et al., 2004). It is not yet known

whether the quantitative representation process originated in an ancient ancestor common to

15



most distant phylogenetic species (homology) or whether a similar system has evolved
independently in different species to afford similar ecological pressure (homoplasy). Despite
differences in neural system architecture, humans, non-human primates, and birds actively
display neural networks when performing quantitative discrimination tasks (reviewed in
Nieder, 2018). Jones and colleagues (2014) attempted to solve this issue by performing a
comparative study on human and non-human primates. The importance of this work is that
the authors employed a common set of task parameters and stimuli to estimated numerical
competence among species. The authors found an equivalent performance among all non-
human primate species, which was qualitatively similar to that of humans. Neurobiological
and behavioural findings from other comparative research (see Agrillo et al., 2012b; Hanus &
Call, 2007; Jordan & Brannon, 2006) seem to validate the hypothesis of a homoplasy origin
of numerical systems. The difference showed among species may be due to environmental
factors and individual experience (Shettleworth, 2010). Despite the large amount of published
data on numerical cognition in primates and birds, the origin of this system is still unclear.
Several researchers have proposed investigating this capacity in less studied species to

partially answer this question (e.g., Agrillo & Bisazza, 2018; Skorupski et al., 2018).

1.1.2 Numerical cognition in lower vertebrates

The growing interest in numerical competence in animals has focused only on
mammals and birds. To gain a clear understanding of the origin and evolution of numerical

cognition, it is essential to expand our knowledge of less studied species.

During the last decade, small fish such as the zebrafish (Danio rerio) and the guppy
(Poecilia reticulata) have rapidly become popular animal models in many research fields,

such as biomedicine, biomarker for assessing environmental quality, and comparative
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psychology. Factors that may have contributed to the recent boom in fish research include the
reduced cost of experiments, the facilitate of maintaining fish in semi-wild conditions, and
the velocity of reproduction compared to other vertebrates (Kalueff et al., 2016). Fish are
interesting animal models because, despite placing at the root of the vertebrate phylogenetic
tree, they share many physiological and cognitive traits similar to other vertebrates. Fish offer
possibilities for investigating the evolution of cognitive functions shared among vertebrates

(Brown et al., 2008; Bshary et al., 2002; Bshary & Brown, 2014).

The ecological pressure described for land vertebrates (Chapter 1.1) may lead fish to
develop a similar ability to choose the larger/smaller quantity in different contexts. For
example, fish show a spontaneous ability to select larger amounts when presenting a
dichotomous choice between food patches (Lucon-Xiccato et al., 2015), a preference for
larger groups of conspecifics when avoiding predators (Gomez-Laplaza & Gerlai, 2011), and
improving mating opportunities (Agrillo et al., 2008a). Despite the smaller brains of fish,
laboratory and fields studies have shown that the numerical cognition of fish is equal to that

of many other vertebrates (reviewed in Agrillo & Bisazza, 2018).

In a spontaneous forced-choice discrimination task adapted from procedures
developed for human infants and monkeys to assess numerical competence, red-backed
salamanders (Plethodon cinereus) discriminated and chose the larger group of live prey up to
2 vs. 3 discrimination (Uller et al., 2003). Further experiments showed that P. cinereus
performed similarly when the stimuli were live prey video or static images, suggesting that
this species possess a stimulus-independent system for processing quantitative information
(Krusche et al., 2010; Uller et al., 2003). A recent study by Stancher and colleagues (2015)
investigated the spontaneous preference of oriental fire-bellied toads (Bombina orientalis) for
different amounts of prey by presenting discrimination in the range of both small and large
numerosity. Results suggested that B. orientalis possess two different systems for processing
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small and larger numerosity, as reported for other vertebrates. However, the evidence of
quantity discrimination ability in amphibians is limited only in the context of prey selection.
Few studies have suggested that amphibians may use quantitative information during social
communication such as female mate choice (Arntzen, 1999) and male calling (Gerhardt et al.,
2000; Rose, 2018), but no study has directly investigated their numerical competence in

contexts other than prey selection.

1.1.3 Numerical cognition in invertebrate

In recent years, research on invertebrate cognition has raised growing interest among
comparative psychologists. Historically, invertebrates were considered as automats that
simply interact with their environment by innate reflexes, but recent behavioural and
theoretical studies show that invertebrates, especially insects, are able to acquire, store, and

process different source of environmental information (Chittka & Niven, 2009).
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Invertebrates and vertebrates face similar ecological situations where numerical
competence may provide a remarkable adaptive benefit to the individual by maximizing their
fitness by discriminating and choosing the best available option among different in their
environment. Numerical cognition research on invertebrates has mainly investigated the
spontaneous preference for quantity (reviewed in Pahl et al., 2013; Tab. 1).

Bees and ants exhibit proto-counting abilities during navigation based on the number
of overcome landmarkers and the covered distance from a food source (Chittka & Geiger
1995a; Wittlinger et al., 2006). Social and non-social species, such as ants, beetles, ladybirds,
and spiders, assess the number of potential competitors to make proper decisions when
searching for food sources, avoiding unequal conflicts, and choosing potential mates (Carazo
et al., 2012; Hemptinne et al., 1992; Nelson & Jackson, 2012; Tanner, 2006). Recently, some
studies have developed trained procedures to assay numerical competence in some social
hymenopteran species. Bees are able to discriminate up to 3 vs. 4 items and understand the
‘concept of zero’ under control conditions (Gross et al., 2009; Howard et al., 2018).

The findings that invertebrates possess numerical competence comparable to
vertebrates are surprising given the relatively small brain of invertebrates. However,
theoretical and neuroactivity experiments have shown that high cognitive functions, such as
attention, required a limited number of neurons. Invertebrates are able to solve complex tasks
and perform as well as vertebrates without a high number of neurons (human: 85 billion;
chimpanzee: 22 billion; grey parrot: 1.57 billion; mouse: 0.07 billion; zebrafish: 0.01 billion;
bees: 0.001 billion; “List of animals by number of neurons”, n.d.). Indeed, a large brain
seems not to be required for making quantitative discriminations, such as other cognitive
functions (reviewed in Chittka & Niven, 2009). Neuroimaging studies have shown that non-
symbolic numerical representation does not require a dedicated cortical module (Nieder,

2009, 2018), but may rather be an inherent process of visual perception that summarises
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sensory input and maintains a representation of the object in the working memory (Burr &
Ross, 2008; Stoianov & Zorzi, 2012). This hypothesis is supported by theoretical models
(Dehaene & Changeux, 1993; Stoianov & Zorzi 2012) and studies on infants (Cantlon et al.,

2010; Hannula-Sormunen, 2015).

1.2 Methods adopted in studying numerical cognition in nonhuman animals

Two main procedures have been adopted for studying numerical cognition in animals,
and they are based on ones traditionally developed for human infants: spontaneous forced-
choice test and discrimination learning procedures. The former is generally conducted in
nature or laboratory by presenting a choice in a biologically relevant situation; whereas
discrimination learning procedures require sophisticated apparatus, prolonged training, and

manipulation of stimuli, which are possible only under standard conditions in the laboratory.

1.2.1 Spontaneous forced-choice test

The spontaneous forced-choice test implies a spontaneous discrimination between
biologically relevant stimuli (e.g., food). Animals are tested in their natural environment or in
the laboratory under semi-natural conditions. This procedure allows to study the inherent
numerical competence of a species in a situation that mimics its natural habitat. Observing
how an animal behaves freely in critical conditions makes it possible to advance hypotheses

on the adaptive importance of numerical cognition (Fig. 1).
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Fig. 1. A New Zealand robin (Petroica
longipes) receives a food reward
(mealworm) in a spontaneous forced-
choice discrimination. Photo is provided
by Garland and colleagues, 2012.

Most of the studies that have employed this procedure focused on the animal’s
tendency to choose the set containing the larger number of elements, such as food patches or
social companions. In consideration of basic foraging behaviour, discrimination and selection
of the largest amount of food will maximize intake and subsequently increase survival rates

(Stephens & Krebs, 1986).

Food is one of the most studied stimuli used to assess whether animal spontaneously
show quantitative discrimination abilities. Animals spend most of their time in searching for
food, so the ability to estimate food quantities plays a major role in foraging activity. In the
classical paradigm, animals are presented with two amounts of food differing by the number
or size of elements. Despite few cases (e.g., Pantaleeva et al., 2013), in general, animals
maximize the quantity of food and the cost of searching by choosing the larger amount.
Evidence from primates and other mammals, birds, reptiles, amphibians, fish, and insects has
shown that the spontaneous ability to discriminate guantities is widespread among distant
species (e.g., Baker et al., 2012; Call 2000; Garland et al., 2012; Lucon-Xiccato et al., 2015;

Miletto Petrazzini & Wynne, 2016; Nelson & Jackson 2012; Uller et al., 2003).

A second common scenario exploits the social behaviour of many species, in

particular fish. Social fish show a natural tendency to form larger groups under risk of
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predation and other stressful situations. The apparatus typically consists of an unfamiliar
environment with no shelter in which fish try to join one of two available conspecific groups
differed by the numbers of fish (review in Agrillo & Bisazza 2014). Indeed, in large groups,
the individual risk of being caught is drastically diluted (Krause & Ruxton, 2002). By
adopting this procedure, mosquitofish (Gambusia affinis), angelfish (Pterophyllum scalare),
and the guppy (Poecilia reticulata) can discriminate between shoals up to 3 vs. 4 fish (Agrillo

et al., 2008b, 2012; Gémez-Laplaza & Gerlai 2011).

1.2.2 Discrimination Learning Procedures

Discrimination learning procedures are based on the concept of operant conditioning
already studied by Thorndike at the beginning of the twentieth century. During this
procedure, subjects make a voluntary choice between discriminative stimuli to obtain a

reward (reviewed in Hall, 2002).

To study numerical competence, animals are commonly faced with a dichotomous
choice between two different quantities of items in which only one is reinforced. Subjects
must associate the reinforced quantity with the reward. In this training phase, neutral or non-
biologically relevant stimuli are commonly used, such as three-dimensional objects or two-
dimensional figures displayed on a monitor. Subjects have to achieve a predeterminate
criterion to pass at the test phase, generally 70% of correct choices in two consecutive trials
or sessions (e.g., Bisazza et al., 2014b; Emmerton & Renner, 2009; Howard et al., 2018;
Jordan et al., 2008; Vonk & Beran, 2012). In the test phase, subjects are faced with novel
numerical discrimination. The experimenter evaluates the learning ability of animals by

recording their behaviours in a pre-determined number of trials (Fig. 2).
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Fig. 2. A chimpanzee (Pan troglodytes)
solves a numerical ordering task. Photo
is provided by Prof Matsuzawa.

One of the main advantages of discrimination learning procedures is the
administration of elevated number of trials for subjects. Studies on mammals and birds
include thousands of reinforced trials with remarkable performance. Macaques exhibit an
accuracy of 90% when discriminating quantities differing by a 0.90 numerical ratio (Beran,
2008); chimpanzees show 80% accuracy in performing quantity discrimination differed by a
numerical ratio of 0.80 (Tomonaga, 2008); and birds’ accuracy is 75% when the numerical
ratio is 0.75 (Emmerton & Delius, 1993). The elevated number of trials and the standardized
conditions permit comparing these performances to those exhibited by humans tested in

comparable conditions (Cantlon & Brannon, 2006, 2007).

A second advantage of this procedure is the manipulation and control of presented
stimuli. In fact, subjects may use non-numerical information or a pattern recognition
mechanism to discriminate between quantities. Non-numerical information, such as convex
hull, cumulative surface area, or amount of movement, is a perceptual aspect of objects that
positively covaries with numerical information (Brannon et al., 2006). For example, a group
of 10 apples has more elements and encompasses more cumulative area than a group of 3

same-size apples. Similarly, a larger group of flies produces more movement than a smaller
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group. Regardless of the exact perceptual cue involved, there are interspecific differences
between which cues are spontaneously preferred in quantity discrimination. In tamarins, for
example, the tendency to rely on non-numerical information prevails over numerical
information when it is needed for mathematical calculation in the presences of food sources
(Stevens et al., 2007), while mosquitofish primarily rely on numerical information rather than
total area when discriminating between social groups by presenting one-by-one companions
(Dadda et al., 2009). Hence, the use of artificial stimuli permits to manipulate their physical
attributes (e.g., density, convex hull) in order to reduce the confound of non-numerical
information. If animals solved quantitative discrimination tasks when stimuli were controlled
for non-numerical information, one would be confident on the fact that subjects were make a

choice relying on numerical information.

1.2.3 Pros and cons of the procedures adopted on studying numerical cognition in
animals

Despite the benefits of both procedures described above, there are differences between
the two regarding methodological aspects and ecological values of the cognitive function
assessment (reviewed in Agrillo & Bisazza, 2014). The discrimination learning procedure
affords testing subjects with thousands of trials and with a wide array of stimulus controls,
while the spontaneous forced-choice test uses biologically relevant stimuli to investigate the
natural tendency of individuals. First, there is a clear trade-off between stringent experimental
control and ecological validity of numerical competence assessments. In spontaneous forced-
choice tests, it is generally accepted that animals exhibit their natural decisioning behaviour
when faced with biologically relevant stimuli. Results obtained with spontaneous forced-
choice tests led us to understand in which contexts animals might have an advantage by
possessing numerical abilities. On the other hand, discrimination learning procedures involve
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extensive training to provide direct evidence of numerical cognition under standardized
conditions, which can be hardly compared to those in natural contexts. For example, numerical
and non-numerical information are both presented in nature, and animals may use both to

make quantity discrimination decisions.

Two important factors to consider are the motivations and individual preferences of
subjects. Individual variability in numerical competence is marked in adult humans (reviewed
in Piazza & lzard, 2009) but marginally considered in other species concerning numerical
competence (e.g., Bisazza et al., 2014b; Jones et al., 2014). In discrimination learning
procedures, animals are kept motivated by administering small quantities of food rewards
when they choose the correct stimuli. The amount of food in each trial is not enough to fully
satisfy subjects thus keeping animals motivated to work to obtain more rewards. Indeed,
motivation is more difficult to control in spontaneous forced-choice test. For example,
animals are highly motivated to choose the larger food quantity when the relative difference
between numerosity is high (e.g., 2 vs. 10 items). On the contrary, when the relative
numerical difference between sets (e.g., 2 vs. 3, or 8 vs. 9 items), animals may exhibit
individual preferences or less motivation to select the larger quantity because two available
options are equally favourable. The lack of discrimination exhibited by animals during
training procedures is likely to reflect a true limit of their ability to process numerical
information, whereas we cannot exclude the effects of internal factors (e.g., motivation,
salience of stimuli, individual differences) when individuals spontaneously discriminate

between quantities.

In discrimination learning procedures, few individuals may be enough to make proper
conclusions about numerical competence of that species through the assumption that
individuals of that species are equipped with the same neurocognitive systems able to
potentially process quantitative information (Pepperberg & Brezinski, 1991). In spontaneous
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forced-choice tests, it is necessary to test a large number of subjects to study the broader
effects across the population. It is commonly considered the first choice as an individual
spontaneous preference for the stimulus. If the effect (e.g., preference for the larger stimulus)
is large in the population, we will find a significant difference even with a reduced sample
size. When the effect is very small, we will hardly find a significant preference by using a
smaller sample size. As a first point, animals need time to look and choose between two
objects (Chittka et al., 2009). The first choice could be random because individuals need time
to explore each stimulus before making a decision. Second, subjects may have a motor
asymmetry bias that conflicts with spontaneous preference for a stimulus. Cerebral and
resulting motor lateralization has been well described in all species (reviewed in Andrew &
Rogers, 2002). These factors may strongly influence the assessments of individual numerical
competence when adopting a spontaneous forced-choice test; whereas extensive training may
reduce the influence of individual and methodological bias. However, less studied is the
possible effect of training on spontaneous preference. It is possible that individual
performances observed during these kinds of procedures are an artefact of inherent abilities
of species (Shettleworth, 2010). As Gallistel suggested (1990), none of the numerical
cognition studies that adapted discrimination learning procedures describes the spontaneous

behaviour of numerical ability because they all involved extensive training.

1.3 Two open issues in numerical cognition studies of non-human animals

Despite the general system for processing quantitative information appears similar
among species, different results emerge when we compare performance on numerical tasks
even within the same species. To explain the potential inconsistency in the literature, some

researchers have recently suggested that the influence of procedure on the assessment of
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animal numerical competence is one of the main problems (reviewed in Agrillo & Bisazza,
2014). For example, some studies on human infants considered the time spent by subjects
looking at matched trials (Izard et al., 2009; Jordan & Brannon, 2006; Starkey et al., 1990),
but in other studies the time spent on looking at mismatched trials (Feigenson, 2011; Féron et
al., 2006; Kobayashi et al., 2004; 2005). Intra- and inter-species differences emerges when
comparing numerical accuracy among non-human animals. For example, the African grey
parrot (Psittacus erithacus) spontaneously selects the larger amount of food up to 2 vs. 3
items (Al Ain et al., 2009), but the same species shows higher numerical competence up to 5
vs. 6 items after extensive training (Pepperberg, 2006). Similar differences are reported in

primates and other mammals, birds, and fish (reviewed in Agrillo & Bisazza 2014).

Differences in cognitive abilities are usually ascribed to ecological differences among
species (Deaner et al., 2007; Lefebvre et al., 2004; Sherry, 2006). However, this variation
could also be attributable to the procedure when it exploits the natural predisposition of a
species to solve an ecological problem. Ecological pressure may favour species-specific
predisposition to solve ecological problems. Therefore, adaptive specialization may involve
morphological, physiological, behavioural, and cognitive traits that have evolved for
ecological specialization (Shettleworth, 1972). It is well known that food-storing birds, such
as parids and corvids, have a high capacity to memorize the location of thousands of hidden
food sources, but, in other contexts, their mnemonic performance is similar to that of other
birds (Shettleworth & Hampton, 1998). Food-storing birds possess a relatively larger
hippocampus than other birds. This region is important for spatial memory in birds, as the
homologous in mammals (Shettleworth & Hampton, 1998). Considering land and water
species, individuals may evolve inherent predispositions for solving specific situations that
rarely occur in other environments. Salwiczkek and colleagues (2012) reported that a cleaner

fish (Labroides dimidiatus) outperformed primates in an experimental setting adopted to the
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fish’s ecology but not the primates’. In a recent study that exploited its natural tendency of
guppy on pecking and moving small objects on the bottom (Bisazza et al., 2014b; Fig. 3), the
guppy achieved all discriminations up to 4 vs. 5 sets of items (e.g., yellow discs that mimic
flowers or dead leaves), a much higher performance than previously reported in fish and
higher than that other shown by some mammals and birds (reviewed in Agrillo & Bisazza,

2018).

Fig. 3. A female Poecilia reticulata
attempts to solve a numerical task (e.g.,
3 vs. 4 items). Under the yellow disc, a
food reward is hidden. Photo is provided
by Bisazza and colleagues, 2014.

On the contrary, the relaxation of ecological pressures may lead species to decrease
the investment of some unnecessary cognitive functions. For example, Bisazza and
colleagues (2014c) investigated numerical cognition in blind fish Phreatichthys andruzzii.
This is a cave-dwelling species that separated from others teleost fish in the phreatic layer of
the Somalia desert, a homogeneous environment with an absence of natural predators and a
scarcity of food resources, approximately 2 million years ago. Bisazza and colleagues have
trained fish to discriminate between two groups of three-dimensional sticks with different
number of items to receive food rewards. P. andruzzii learned to discriminate between groups
of objects up to 2 vs. 4, showing a numerical acuity lower than that reported in other teleost

fish tested with visual stimuli.
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A second important issue, already mentioned above (Chapter 1.1), is the complete
lack of knowledge on numerical cognition in some taxa. Most numerical cognition studies
have focused only on mammals, birds, and recently fish, and in only one or a few contexts for
each species. Among vertebrates, few data are available for reptiles and amphibians. Indeed,
there are fewer studies on numerical cognition in invertebrates despite that, for some taxa,
such as arthropod and mollusc, the existence of sophisticated cognitive functions resembling
those of vertebrates have been reported. Numerical cognition has been traditionally
considered as a high cognitive function, limited to species that possess a relatively larger
brain. Contrary to this view, studies on artificial neural networks have indicated that
numerical competence does not require a dedicated cortical region or specialized neuron type
for processing quantitative information (Dehaene & Changeux, 1993; Stoianov & Zorzi,
2012), rather this process requires a neural circuit activated by threshold-sensory mechanisms
and the maintenance of object representation in the working memory (Feigenson et al., 2004).
The preference for investigating numerical cognition in non-human primates and birds seems
mainly related to the impossibility of finding a current procedure to study this capacity in
other species. Since the beginning of this century, few studies have focused on numerical
cognition on fish. After a decade, the number of published studied on this topic has
dramatically increased (e.g., Agrillo & Bisazza, 2018), showing that a species (e.g., fish) that
has historically been considered a lower-functioning vertebrate can solve complex tasks as
well as other vertebrate species (Brown et al., 2008: Bshary et al., 2002; Bshary & Brown,
2014) More attention to experimental procedures and a better understanding of animal

behaviour can help us clarify conflicting results (Thornton et al., 2012).
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1.4 Aim of thesis

In the last section, | discussed two issues that afflict the comparative study of
numerical cognition, and that have been recently highlighted by several authors in this

discipline (Agrillo & Bisazza, 2018; Skorupski et al., 2018).

The first issue is that, in many cases, there is evidence, especially in the human
literature, that the methods used for studying numerical abilities may influence the results.
Moreover, the effect of the procedures may have a significant impact when comparing
numerical abilities among species. Since different methods must often be used to study
different species, especially if they are phylogenetically distant, when cognitive differences
are found, it becomes difficult to understand whether these are due to real differences

between species in cognitive abilities or to the fact that different methods have been applied.

In the first part of this thesis, I investigated how methodological changes influence the
assessments of cognitive functions within the same species, using a teleost fish, the guppy

(Poecilia reticulata), as a model.

In the first study, | used an operant conditioning chamber and computer-generated
stimuli to train fish to a series of numerical discriminations. This is a replication of a recent
study (Bisazza et al., 2014b) in which, training subjects in a naturalistic setting, guppies were
able to discriminate 4 vs. 5 items. Since in my experiment, P. reticulata showed a much
lower performance compared to previous study, | performed four additional experiments in
which | considered different factors that might be responsible of the low performance shown
with my setting. In particular, I manipulated the duration of the decision time, the type of
stimuli (bi- vs. three-dimensional), the length of training, and the training schedule

(introduction of a correction procedure).
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In the second study, | set up and tested a modified version of a common paradigm
used to study spontaneous quantity discrimination in fish, the shoal choice test. This
paradigm exploits the spontaneous tendency of social fish to join the larger social group in a
potentially dangerous context. In P. reticulata, numerical acuity is higher when assessed with
an operant conditioning procedure than with spontaneous forced-choice tests, such as the
shoal choice test (reviewed in Agrillo & Bisazza, 2018). It is not clear if this occurs because
numerical acuity varies across contexts (e.g. foraging vs social behaviour) or if simply
because spontaneous forced-choice tests are a less accurate method to study numerical
cognition (Agrillo & Bisazza, 2014). | introduced three modifications of the apparatus and
the procedure of the shoal choice test in the attempt to overcome some limitations that may

determine significant imprecision in the measurement.

The second issue concerns the fact that our knowledge on numerical cognition is
limited to a few taxa, namely mammals (chiefly primates) birds, and fish. Very few studies
have investigated for example quantity discrimination in reptiles and amphibians although
these taxa occupied a relevant position on the phylogenetical tree and such knowledge would
be crucial for understanding the evolution of numerical cognition in vertebrates. We also
have limited information about the presence of numerical abilities among invertebrates. To
date this issue has been investigated only in a handful of species and there is evidence of a
true numerical system only for one species, the honeybee. Studying numerical ability in
arthropods and molluscan is particular interesting as numerical abilities very likely evolved

independently in vertebrates and in these vertebrate taxa (Agrillo & Bisazza, 2018).

In the second part of this thesis, | investigated quantity discrimination in two less
studied taxa, amphibians and an arthropod. In both studies, | investigated an ecological

function, shelter choice, that had never been studied.
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In the first study, | investigated whether the treefrog Hyla intermedia discriminate
between two quantities when searching for potential refuges. In nature, this species showed
an arboreal habit in order to escape from terrestrial predators. | replicated this situation in the
laboratory by presenting a dichotomous choice between two sets comprising different
numbers of vertical green bars (simulating grass clumps). In the second study, | exploited the
scototactic reaction in the cricket Acheta domesticus to investigate the quantity discrimination
ability of this species. The crickets were presented with a dichotomous choice between two
sets of dark figures that simulated potential shelters. My hypothesis was that both species
would prefer the larger quantity of stimuli, as they have a larger probability of finding

suitable shelter.
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The Species

Poecilia reticulata

Kingdom Animalia

Phylum  Chordata

Class Actinopterygii

Order Cyprinodontiformes

Family  Poecillidae

Genus Poecilia

Fig. 4. A male and female of an

Species P. reticulata ornamental strain of Poecilia reticulata

Poecilia reticulata (Peters, 1859), also called the guppy from its discoverer (Robert J.
Lechmere Guppy, 1836-1916), is a small, live-bearing fish native to Trinidad and Tobago
and Venezuela. Currently, this species is widespread all over the world thanks to its high

adaptability to many ecological conditions.

The guppy has small size, stretched shape, and elevated sexual dimorphism (Fig., 4).
Males show a complex colour pattern polymorphism. The intensity of colour is related to
environmental conditions (Houde, 1997), but the pattern is inherited from the father
(Magurran, 2005). Females are larger than males but have a typical camouflage pattern to

confound with the environment.
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The popularity of this species is increasing as a new important animal model for
studying sexual selection (Magurran, 2005), sociality (Brown & Laland, 2003), and, more

recently, numerical cognition (Agrillo & Bisazza, 2018).
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Hyla intermedia

Kingdom Animalia
Phylum Chordata
Class Amphibia
Order Anura
Famiglia Hylidae
Genere Hyla
Fig. 5. An exemplar of Hyla intermedia
Species H. imtermedia

The Italian treefrog (Hyla intermedia; Boulenger, 1882) is species endemic to Italy. It
is a colourful, small frog similar to the European treefrog (Hyla arborea). Its natural habitats
are wetlands with easy access to water sources. During the breeding season, males gather
near a pond and emit calls to attract female. Females release eggs on the vegetation near the
pond and males externally fertilize them. A distinctive trait of this species is the adaptation
for arboreal living. New metamorphosed juveniles leave the pond for vegetation (e.g., tree,

brush) where they camouflage with their environment (Fig. 5).
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Acheta domesticus

Kingdom Animalia
Phylum Arthropoda
Class Insecta
Famiglia Gryllidae
Genere Acheta
Species A. domesticus

Fig. 6. A male exemplar of Acheta
domesticus

The house cricket (Acheta domesticus; Linnaeus, 1758) is native to Southwestern Asia
although currently widespread all over the world. The natural habitat of this species is wet
area, such as caves, burrows, and forests. Because of its attraction to heat, it is commonly
found in urban areas. Females differ by presenting an ovipositor emerging from the rear.

Dominant males establish territories near holes and attract female by producing a typical call

(Fig. 6).
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1.5 Ethical note

| adhered to the ASAB/ABS Guidelines for the Use of Animals in Research (see
Buchanam et al., 2012). My experiments consisted of observations of animals’ behaviour
without manipulation. Subjects spontaneously participated in the experiments, otherwise they
were substituted with new ones. The numbers of subjects participating in the experiments and
the number of subjects that were substituted were reported for each experiment (see details
below). At the end of the experiment, all subjects were released in tanks and terraria identical
to the ones previously used for their maintenance. In discrimination learning procedures
experiments (Chapter 3.1), fish were housed in a tank equipped with natural plants, bottom

gravel, and social companions to minimize differences between maintenance tanks.

The experiments with vertebrate species (e.g., fish and treefrogs) complied with the
laws of the country (Italy) in which they were performed (Decreto legislativo 4 marzo 2014,
n. 26). The Ethical Committee of Universita di Padova has approved the experimental
procedures adopted for fish experiments (protocol n. 32/2015; Chapters 3 and 4) and for the
treefrog experiments (protocol n. 388523; Chapter 5). For the invertebrate experiments
(Chapters 6), the laws of my country (Italy) permit behavioural experiments on invertebrates
without any approval by an ethical committee. However, all invertebrates were maintained

and tested following the ASAB/ABS Guidelines for the Use of Animals in Research
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2.5tudy 1. experimental setting affects the
performance of guppies In a numerical
discrimination task *

* The contents from this chapter have been published as Gatto, E., Lucon-Xiccato, T., Savas¢i, B. B., Dadda, M., Bisazza, A. (2017).
Animal Cognition, 20: 187-198.

2.1 Abstract

A recent study found that guppies (Poecilia reticulata) can be trained to
discriminate 4 vs. 5 objects, a numerical discrimination typically achieved only by some
mammals and birds. In that study, guppies were required to discriminate between two
patches of small objects on the bottom of the tank that they could remove to find a food
reward. It is not clear whether this species possesses exceptional numerical accuracy
compared with the other ectothermic vertebrates or whether its remarkable performance
was due to a specific predisposition to discriminate between differences in the quality of
patches while foraging. To disentangle these possibilities, we trained guppies to the same
numerical discriminations with a more conventional two-choice discrimination task.
Stimuli were sets of dots presented on a computer screen, and the subjects received a food
reward upon approaching the set with the larger numerosity. Though the cognitive
problem was identical in the two experiments, the change in the experimental setting led
to a much poorer performance as most fish failed even the 2 vs. 3 discrimination. In four
additional experiments, we varied the duration of the decision time, the type of stimuli,

the length of training, and whether correction was allowed in order to identify the factors
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responsible for the difference. None of these parameters succeeded in increasing the
performance to the level of the previous study, although the group trained with three-
dimensional stimuli learned the easiest numerical task. We suggest that the different
results with the two experimental settings might be due to constraints on learning and that
guppies might be prepared to accurately estimate patch quality during foraging but not to

learn an abstract stimulus—reward association.

2.2 Introduction

Many vertebrates possess the ability to discriminate between sets of objects that differ
in numerosity (reviewed in Agrillo & Bisazza, 2014). This ability may benefit several fitness-
related activities, such as detecting the largest available food source (Normand et al., 2009),
assessing the number of potential opponents in a contest (Benson-Amram et al., 2011), or
choosing the largest social group to increase protection from predators (Hager & Helfman,
1991). Although the general mechanisms for numerical processing appear similar among
vertebrates (reviewed in Feigenson et al.,, 2004), different species show different
discrimination performance even within the same class. For example, apes can discriminate
up to 9 vs. 10 items while dogs (Canis lupus familiaris) generally discriminate up to 2 vs. 3
items and domestic cats (Felis silvestris catus) can only discriminate up to 2 vs. 5 items

(Hanus & Call, 2007; Banszegi et al., 2016; Miletto Petrazzini & Wynne, 2016).

Inter-species differences in cognitive abilities are usually ascribed to differences in
ecology or to the complexity of neural systems (Deaner et al., 2007; Lefebvre et al., 2004;
Sherry, 2006). However, in many cases this variation could also be attributable to the

different procedures that have been used in the different studies (Agrillo & Bisazza, 2014).
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The effect of the procedure is also revealed by the fact that large between-studies differences
in cognitive performance are sometimes observed even within the same species. For example,
when presented with two sets of food items, the African grey parrot (Psittacus erithacus)
selects the larger set in up to 2 vs. 3 items (Al Ain et al., 2009), but with training this species

is able to discriminate up to 5 vs. 6 items (Pepperberg, 2006).

A recent study on guppies (Poecilia reticulata) found that, when the length of the
training is similar to that typically used in mammals and birds, this fish can discriminate up to
4 vs. 5 items (Bisazza et al., 2014b). Such numerical accuracy is higher than the maximum
accuracy reported for many mammals and birds (reviewed in Agrillo & Bisazza, 2014).
However, Bisazza and colleagues (2014b) used an experimental setting that deviated
considerably from the setting of the classic two-choice discrimination task used with other
species. The classic task generally consists in presenting two two-dimensional (2D) stimuli
(e.g., sets of dots on a computer monitor) in front of the subject and releasing a food reward
when it chooses the correct stimulus (Beran, 2008; Emmerton & Renner, 2006). Conversely,
guppies were presented with two patches of yellow discs lying on the bottom of the test
arena, each of which covered a small hole. The holes beneath the discs of the larger patch hid
a food reward that the guppies could reach by pecking and dislodging the discs. This
procedure was chosen because, in both the laboratory and the field, guppies spend much time
pecking and moving small objects on the bottom (e.g., dead leaves and small stones) looking

for hidden food (Dussault & Kramer, 1981; Rodd et al., 2002).

Exceptional cognitive abilities are usually associated with specific ecological
adaptations such as homing in pigeons, food storing in parids and corvids, and vocal learning
in parrots. For example, food-storing birds can memorize the location of thousands of food
items, but in other contexts their memory performance is similar to that of other birds

(Shettleworth & Hampton, 1998); among food-storing birds, performance in spatial tasks
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tends to positively correlate with dependence on cached food (Olson et al., 1995). Apart from
these striking examples, biological predispositions to learn or to solve specific problems are
extremely diffuse and can affect the comparison of cognitive abilities of the different species
with laboratory tasks (Shettleworth, 1972; Hinde, 1973). For example, adopting a more
ecologically relevant procedure dramatically affected the performance of two primate species
in a complex learning task (Prétot et al., 2016). Similarly, pigeons acquired matching- and
oddity-to-sample tasks in less than 30 trials when the procedure exploited their natural
foraging habit, but they required many more trials (from 1000 to 2500) to acquire the same
task in a Skinner box (Wright & Delius, 1994). Inangas (Galaxias maculatus) were unable to
associate predation risk with a specific place at a specific time of the day; however, they
could promptly solve a similar time-place learning task to obtain a food reward (Reebs,
1999).

Because the study by Bisazza and colleagues (2014b) used a training method attuned
to guppies’ foraging behaviour, it is not clear whether guppies possess exceptional numerical
abilities or if their remarkable performance was due to a specific predisposition to
discriminate between differences in the quality of patches while foraging. In this study, we
tried to disentangle these possibilities. In the first experiment, we trained guppies to select the
larger quantity in the same numerical discriminations administered by Bisazza and colleagues
(2014b), but we used a training setting more similar to that used in experiments with other
vertebrates and which was previously used to study discrimination learning in zebrafish
(Parker et al. 2012a, b; Proulx et al. 2014; Wang et al. 2015). The stimuli were sets of dots
presented on a computer screen in two different chambers. We rewarded the guppies with
food when they entered the correct chamber.

If guppies do possess numerical abilities equal or superior to many warm-blooded

vertebrates, we expected the same numerical accuracy as Bisazza and colleagues (2014b),
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even with our training setting, similar to that used in experiments with other vertebrates. As
we found a considerable difference between the performances in the two settings, we pursued
four further experiments, varying the task parameters to identify the possible factors

responsible for the difference.

2.3 Experiment 1

In experiment 1, we tested guppies on numerical discriminations of increasing
difficulty starting from 2 vs. 3, as in the experiment of Bisazza and collaborators (2014b), but
with a different training setting, a two-choice discrimination task devised for zebrafish
(Parker et al., 20123, b; Proulx et al., 2014; Wang et al., 2015). To keep the two experiments
as similar as possible, we used subjects of same strain, sex and age, which were maintained

under the same conditions until the experiment started.

2.3.1 Materials and methods

Subjects

The subjects were eight adult guppies of an ornamental strain (“snakeskin cobra
green”) bred in our laboratory in the Department of General Psychology (University of
Padova, Italy). Bisazza and colleagues (2014b) used only females in their experiment. In
some contexts, guppies show sex differences in numerical discrimination abilities (Lucon-
Xiccato et al. 2016); to avoid that these sex differences affected the comparison between our
experiments and the previous study, here we used only females. The maintenance aquaria
(150 L) had a gravel bottom, abundant natural and artificial plants, water filters, and 15-W

fluorescent lamps (12h:12h light/dark photoperiod). We kept water temperature at 26 + 1 °C
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and fed the fish with commercial food flakes (Fioccomix, Super Hi Group, Ovada, Italy) and

Artemia salina nauplii three times per day.

Apparatus

The apparatus resembled the one used in previous work on fish (Parker et al., 2012a,
b; Proulx et al., 2014; Wang et al., 2015; Fig. 7). In a 60 x 40 x 38 cm glass tank with gravel
bottom and filled with 30 cm of water, we built a central compartment (60 x 16 cm) using
green plastic. The two lateral compartments housed abundant natural vegetation and water
filters to ensure that the water characteristics and odour were similar to the maintenance
tanks. The central compartment also had two trapezoidal sectors made of transparent plastic,
containing one immature guppy each as a social companion. We presented the stimuli at one
end of the central compartment with an LCD monitor connected to a laptop. Here, we built
two ‘choice chambers’ (8 x 9 cm) separated from the central compartment by means of a
transparent guillotine door. Two pumps connected to the filters constantly drained water (4
litres/minute) from the choice chambers to the lateral compartments to remove the olfactory
cues of the food reward. Two 15-W fluorescent lamps placed above the tank on the opposite
side of the monitor illuminated the apparatus. Outside of the training sessions, we maintained
the subjects in a 50 x 20 x 38 cm ‘home tank’ with immature guppies as social companions,

vegetation, and water filters.
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experiment 4 Guilottine door
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chamber guilottine door
for experiment 2
Lateral Trapezoidal
compartment Sector
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Central
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Fig. 7. Aerial view of the experimental apparatus. In experiment 2, an additional guillotine door (not drawn) was used to increase decision
time; in experiment 4, an additional fluorescent lamp (not drawn) was placed above the choice chambers to light the 3D stimuli.

The stimuli were two sets of black dots on a white background made with Microsoft
PowerPoint (Fig. 8a). During trials, we presented each set of dots in correspondence of one
choice chamber. Two sets with a different number of objects may also differ by non-
numerical attributes that covary with numerosity and fish might solve the discrimination
exploiting these attributes. To prevent this confound, Bisazza and colleagues (2014b)
controlled the stimuli for the three most important non-numerical attributes that covary with
numerosity (cumulative surface area of the objects, overall space encompassed by the object
arrays, and density of the objects) by using discs of different diameter and by displacing the
discs on different arrays. We controlled our stimuli following the same scheme. We used dots
with different diameter (range 0.3-0.5 cm) to control for the cumulative surface area: in one-
third of trials, the ratio between the cumulative surface area of the smaller over the larger set

was between 76 and 85%: in one-third, between 86 and 95%; and in one-third between 96
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and 105%. Further, we varied the position of the dots in order to equate the overall space

encompassed by the two arrays in half of the trials, and to equate the density of the dots in the

other half of the trials.
a b
[ X ) oo
?
AR
—— — Fig. 8. Frontal view of the stimuli
(above) and aerial view of their
position during the trials (below). a
In experiments 1, 2, 3, and 5, the
stimuli were black dots on a white
background projected on a LCD
monitor; b in experiment 4, the
stimuli were yellow discs fixed on
green plastic panels

Familiarization with the apparatus and the procedure

The day before the experiment started, we randomly selected two female guppies
from the maintenance tanks and moved them to the apparatus for habituation. In the strain of
guppies that we tested, individual females show different fin coloration; we used this
characteristic to recognize each individual subject. Only in this phase we provided three
immature guppies in the central compartment to facilitate familiarization with the new
environment (Lucon-Xiccato et al., 2015; Miletto Petrazzini et al., 2015). The computer
monitor presented a white slide. When one subject swam inside a choice chamber, we
supplied crumbled food flakes suspended in water with a Pasteur pipette. Usually, the

remaining subject and the social companions rapidly joined to feed on the flakes. After both
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subjects finished the food and left the choice chamber, we closed the guillotine door and
presented a black slide for 20 min. Then, the monitor presented again a white slide to attract
the attention of the fish, and we repeated the procedure of above three times. As a
consequence of this procedure, the subjects learned to seek food in the choice chambers when
the white slide appeared. This resembled the situation of the training trials (see below) in
which food could be obtained when the monitor presented the white slides with the stimuli.
The subjects stayed all night in the apparatus, and the following morning we moved them to
the home tank. The following two days, we moved one of the subjects to the apparatus and
we administered 20 trials similar to those during the training phase. we then repeated the
procedure for the second subject. In these trials, we presented 1 vs. 2 dots as stimuli on the
monitor. If the subject entered the chamber corresponding to the set with the larger number of
dots, we immediately rewarded it with food. In the initial 16 trials, if the subject chose the set
with the smaller numerosity, we rewarded it when it switched to the other chamber. In the last
four trials of this series, if the subject entered the chamber corresponding with the smaller set,
we closed the guillotine door immediately after the fish exited from the first chosen chamber.
Thus, the subject could not correct initial wrong choices, a situation similar to the one of the

training phase. The following day, the training began.

Training

During the training period, we performed 12 daily trials, which were subdivided into
two sessions of six trials each. The break between the two session was at least 2 h. In each
session, we moved one subject from the home tank to the apparatus. The guillotine door was
closed, and the monitor showed a black slide. Then, we presented the slide with the two sets

of stimuli to be discriminated in the trial and raised the guillotine door to allow the subject to
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enter one of the choice chambers. If the subject chose the chamber associated with the larger
numerosity, we administered a small quantity of food flakes as reward; if the subject chose
the chamber with the smaller numerosity, we removed the stimuli and presented a black slide
on the monitor. After the subject exited the choice chamber, we closed the guillotine door and
started the following trial after 5 min. we varied the position (left or right) of the larger set of
stimuli in each trial according to the pseudo-random scheme used by Bisazza and colleagues

(2014b).

We initially presented the subjects with up to 120 trials (for a total of 10 days of
training) with a 2 vs. 3 discrimination. Each day, we computed the number of correct choices
in which the subject initially entered the chamber with the larger numerosity. Similarly to the
previous study, we considered the subjects to achieve the discrimination if they reached the
criterion of 75% correct responses in two consecutive days. We presented successful subjects
with a more difficult discrimination (3 vs. 4). We also introduced a secondary, less stringent
criterion: subjects that did not reach the primary learning criterion but reached a significant
performance in the overall 10 days of training (chi-square test) were admitted to the more
difficult discrimination task as well. we used the proportion of correct responses in the
analysis (arcsine square root transformed to meet parametric assumptions; Sokal & Rohlf
1995). Statistical tests were two tailed; significance threshold was a = 0.05, unless stated

otherwise. In the text, the M + SD percentage of correct choices are given.

2.3.2 Results

Only one out of eight subjects achieved the primary criterion in the 2 vs. 3
discrimination. This proportion of successful guppies was significantly smaller than the one

observed in Bisazza and colleagues’ (2014b) work, where seven out of eight subjects

50



achieved the learning criterion in the 2 vs. 3 discrimination (Fisher’s exact test: P = 0.010).
Considering the secondary criterion, two additional subjects achieved the 2 vs. 3
discrimination (Tab. 2, column 1). In the 3 vs. 4 discrimination, none of these three subjects
achieved the task through either the primary or the secondary criterion (62/120, 70/120, and
65/120 correct responses; all P > 0.06). An analysis with a chi-square test revealed that one

subject expressed a significant preference bias for the left choice chamber.

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

(n=8) (n=6) (n=6) (n=6) (n=6)
72/120, 64/120, 54/120, 64/120, 191/360,
P =0.029 P =0.465 P=0.273 P =0.465 P =0.246
65/120, 66/120, 53/120, 66/120, 190/360,
P=0.361 P=0.273 P=0.201 P=0.273 P =0.292
71/120, 67/120, 55/120, 75/120, 164/360,
P =0.045 P=0.201 P =0.361 P =0.006 P=0.091
60/120, 57/120, 69/120, 63/96, 181/360,
P =1.000 P =0.584 P =0.100 P =0.022 * P =0.916
57/120, 52/120, 49/120, 68/120, 199/360,
P =0.584 P=0.144 P =0.045 P=0.144 P =0.045
29/48 54/120, 61/120, 66/120, 175/360,
P=0.149* P=0.273 P =0.855 P=0.273 P =0.599
62/120

P=0.715

52/120

P=0.144

Tab. 2. Performance of individual guppies in the 2 vs. 3 discrimination. Number of correct choices and P-value calculated with chi-square
tests (one degree of freedom). Each cell represents a different subject. Asterisks indicated subjects that achieved the primary criterion (75%
correct responses in two consecutive days).

An overall analysis of the performance of the eight subjects failed to reveal a
significant acquisition of the 2 vs. 3 discrimination (53.29 + 6.30% correct responses; one-

sample t test: t7 = 1.478, P = 0.183). A linear mixed model (LMM) on the proportion of
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correct responses of each day of training (using the day as the fixed effect and the subject 1D
as a random factor) showed no significant improvement in the performance across the 10

days of the 2 vs. 3 discrimination (Fgs7 = 1.295, P = 0.260).

2.3.3 Discussion

The guppies’ performances in the numerical discrimination task were strikingly lower
in our experiment compared to the ones observed in the previous study (Bisazza et al.,
2014b). In our experiment, only one out of eight fish learned to discriminate up to 2 vs. 3
objects; in the previous study, seven out of eight fish did so. None of the subjects in our
experiment achieved the 3 vs. 4 discrimination, while in the previous study, six out of eight
fish were able to discriminate up to 3 vs. 4 objects and five out of eight fish were even able to

discriminate up to 4 vs. 5 objects.

As in the two experiments we used subjects of the same sex, age and strain, we
maintained them in identical conditions before the test, we followed the same training
schedule and the cognitive problem was identical, the different outcome is most likely due to
the differences in the experimental setting. In the previous study, the setting reproduced an
ecologically relevant context in which guppies had to remove small objects on the bottom of
a tank to find food concealed below (Rodd et al., 2002), while we used a training setting more
similar to that used in experiments with other vertebrates. It is therefore possible that the
improved performance of guppies in the former study was due to a predisposition to learn
within the specific setting. Before considering this hypothesis, we need to evaluate whether
other differences in task parameters might account for the different outcome of the two

studies. We attempted to keep the conditions (characteristics of the subjects, numerical
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contrasts, control of non-numerical variables, number of trials) as similar as possible in the

two studies, but there are at least three important differences.

The first difference is the decision time allowed to the subject. In the previous
work, subjects were kept behind a transparent guillotine door to allow them to look at both
stimuli for 10 s before making their choice. With our procedure, as soon as the stimuli
appeared on the monitor, the subject swam to one of the two chambers and could no longer
see the alternative stimulus. Consequently, the decision time was normally very short, around
1-2 s. In many animals, there is a trade-off between decision time and accuracy (Chittka et
al., 2009), and it has been shown that a shorter decision time reduces the performance in
quantity discrimination in fish (Krause et al., 1998). Thus, the reduced decision time for the
guppies in experiment 1 might be insufficient for comparing the stimuli and making an
appropriate choice. Moreover, fish often show high impulsivity (Danisman et al., 2010;
Lucon-Xiccato & Bisazza, 2014; Miletto Petrazzini et al., 2015), which might cause guppies

to choose the first stimulus they notice without comparing the two options.

The second important difference is the opportunity for fish to correct their first choice
whenever it was wrong. Following the original procedure used with zebrafish (Parker et al.
2012a, b; Proulx et al., 2014; Wang et al., 2015), we did not allow correction, while Bisazza
and colleagues (2014b) used a correction procedure. A non-correction procedure is believed
to lead to greater accuracy (Parducci & Polt, 1958), but several studies have found that a

correction method can facilitate learning, especially in the early phase (Hull & Spence, 1938).

Finally, the third major difference concerns the type of the stimuli used. In previous
work, the stimuli were three-dimensional (3D) coloured objects, while here we used 2D
images displayed on an LCD monitor. Virtual stimuli have often been used in fish research

(for reviews see Fleishman & Endler, 2000, and Rosenthal, 2000), and it has been shown that
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fish respond properly to both simple, static stimuli (Agrillo et al., 2014) and complex, moving
stimuli such as conspecifics (Nicoletto & Kodric-Brown, 1999). However, it is possible that
2D images are less salient than real objects leading guppies to experience difficulty with 2D
abstract stimuli and show a reduced discrimination performance (Friedman et al., 2005;

O’Hara et al., 2015; Truppa et al., 2015).

An additional potential problem is related to the number of training trials. Warm-
blooded vertebrates can perform many training trials per day, and discrimination learning
experiments with mammals and birds typically involve, overall, hundreds or even thousands
of trials (Roberts & Mitchell, 1994; Jaakkola et al., 2005; Cantlon & Brannon, 2007). By
contrast, many fish species, including guppies, can usually undergo a few reinforced trials per
day (Agrillo et al., 2012a), and they become easily stressed in prolonged trainings or show
reduced motivation to participate to the task (Sovrano et al., 2003; Lucon-Xiccato & Bisazza,
2016). For these reasons, discrimination learning experiments with fish normally have a pre-
set limit in the number of training trials, typically one hundred or fewer (Bisazza et al.,
2014b; Lucon-Xiccato & Bisazza, 2016). It is possible that with the setting used here,
guppies require a longer training period to achieve the discrimination task. If two training
settings lead to the same result but one requires a longer training, predetermining a small

number of training trials can exaggerate the difference between the two methods.

In the following four experiments, we tested separately the influence of these four

task parameters.
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2.4 Experiment 2: Extension of decision time

Experiment 2 was similar to experiment 1, except that the fish were kept behind a
transparent guillotine door and allowed to observe the stimuli for 20 s before they made their

choice.

2.4.1 Materials and methods

Six naive female guppies were used as subjects, which were different from the
individuals used before. The only difference from the apparatus of experiment 1 is the
presence of a second transparent guillotine door 25 cm away from the first door (Fig. 7). This
second guillotine door formed a start box in the corridor in front of the choice chambers. At
the beginning of each trial the experimenter waited until the subject spontaneously swam into
the start box, and then closed the guillotine door. After 2 min, the stimuli were presented on
the monitor. We released the fish from the start box after 20 s to allow it to observe the
stimuli. We chose a decision time longer than the one adopted by Bisazza and colleagues
(2014b) because the distance between the guillotine door and the stimuli was greater in our
apparatus (34 cm) compared to the previous one (15 cm). Other details of the procedure were

identical to experiment 1.

2.4.2 Results

None of the six subjects achieved the primary or the secondary criterion in the 2 vs. 3
discrimination (Tab. 1, column 2). This success rate was significantly lower than the one
observed in the Bisazza and colleagues’ (2014b) experiment (P = 0.005). One subject
expressed a significant bias for the left choice chamber, and three subjects expressed a
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significant bias for the right choice chamber. An overall analysis of the performance of the
six subjects failed to reveal a significant acquisition of the 2 vs. 3 discrimination (49.98 +
5.40%; ts = 0.008, P = 0.994). There was no significant improvement in the performance

across the 10 days of the 2 vs. 3 discrimination (Fe 45 = 0.759, P = 0.654).

2.4.3 Discussion

In this experiment, we tested the possibility that the poor accuracy of guppies in
experiment 1 was due to the reduced time allowed for observing the stimuli before making a
decision. Indeed, in experiment 1, the fish observed the two stimuli for a few seconds before
making the choice, and this may have contributed to the low performance observed (Chittka
et al., 2009; Krause et al., 1998). Our attempt to extend the time before the decision yielded
no evident improvement in learning compared to experiment 1. This result suggests that the
greater accuracy shown in the previous study was not due to having forced the subjects to

observe the task before the choice.

2.5 Experiment 3: correction procedure

This experiment was identical to experiment 1 except that we adopted a correction

procedure.

2.5.1 Materials and methods

We observed six different female guppies in this experiment. The apparatus and the

procedure were the same as in experiment 1. However, if the subject chose the wrong
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chamber, we allowed it to switch to the correct chamber to receive the food reward. As in

previous experiments, we use the first choice to measure the performance.

2.5.2 Results

None of the six subjects achieved the primary or secondary criterion in the 2 vs. 3
discrimination (Tab. 1, column 3). This proportion of successful guppies was significantly
lower (P = 0.005) than the one found by Bisazza and colleagues (2014b). One subject
expressed a significant bias for the left choice chamber. An overall analysis of the
performance of the six subjects failed to reveal a significant acquisition of the 2 vs. 3
discrimination ability (47.36 + 5.93%; ts = 1.091, P = 0.325). There was no overall
significant improvement in the performance across the 10 days of training (Foss = 1.299, P =

0.264).

2.5.3 Discussion

Both correction and non-correction procedures are currently employed in
discrimination learning experiments. Because the former procedure is expected to favour fast
learning (Hull & Spence, 1938), we tested whether guppies’ performance in a numerical
discrimination task could be improved by adopting a correction procedure. In experiment 3,
we found no evidence of this improved performance. The fish trained using the correction
procedure performed as poorly as the fish in experiment 1, which were trained without a
correction procedure. Even in this case, we found no evidence that discrimination
significantly improved over time, at least within the 120 trials administered. This experiment

suggests, therefore, that the correction procedure is not responsible for the differences
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between this study and the previous one in which the guppies performed better (Bisazza et

al., 2014b).

2.6 Experiment 4: 3D stimuli

In this experiment, we used two sets of 3D objects as stimuli.

2.6.1 Materials and methods

As in the previous experiments, we tested six new female guppies which were
experimentally naive. The stimuli were sets of yellow plastic discs, the same as in Bisazza
and colleagues’ (2014b) experiment. Using a needle, we fixed the discs to two green plastic
panels (Fig. 9b). During the trials, the experimenter inserted these panels in the two choice
chambers to present the stimuli. Using discs with five different diameters (15, 16, 17, 18, and
19 mm) and varying their position, we corrected the sets separately for cumulative surface
area, overall space encompassed, and density as described for experiment 1. we added an
additional fluorescent lamp above the choice chambers to light the stimuli (Fig. 8). The
guillotine door was covered with opaque plastic to prevent the fish from seeing the stimuli
before the experimenter completed the insertion. The monitor was not used in this

experiment. Other details of apparatus and procedures were identical to experiment 1.

2.6.2 Results

One out of six subjects achieved the criterion in the 2 vs. 3 discrimination. This

success rate is, again, significantly lower (P = 0.026) than the one observed by Bisazza and
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colleagues (2014b). Considering the secondary criterion, an additional subject achieved the 2
vs. 3 discrimination (Tab. 1, column 4). In the following 3 vs. 4 discrimination, these two
subjects did not reach the primary or the secondary learning criterion (58/120 and 60/120
correct responses; all P > 0.7). One subject expressed a significant bias for the left choice
chamber, and three subjects expressed a significant bias for the right choice chamber. An
overall analysis of the performance of the six subjects revealed a significant acquisition of the
2 vs. 3 discrimination (58.02 + 4.90%); ts = 3.964, P = 0.011). Even the subjects that did not
reach the individual criterion tend to perform above chance level. Indeed, the individual
accuracy of these four subjects ranged from 53.33 % to 56.67 %, with an average that was

significantly above chance (55.00 £ 1.36 %); t3 = 7.325, P = 0.005).

Because this is the only experiment in this study in which the subjects, overall,
significantly learned the task, we compared the performance of experiment 4 with the pooled
data of experiments 1, 2, and 3 in which the stimuli were presented on a monitor (Levene test
for homogeneity of variances between the two groups: Fi24 = 0.910, P = 0.350; Boneau,
1960; de Winter, 2013). We found that guppies performed significantly better in experiment
4 than in the other three experiments of this work (independent-samples t test: tos = 2.727, P

=0.012).

2.6.3 Discussion

In experiment 4, we used two sets of 3D objects as stimuli to test the possibility that
the reduced performance shown by guppies in experiment 1 was due to difficulty with the 2D
abstract stimuli, which in some cases may negatively affect discrimination performance
compared to the use of 3D stimuli (Friedman et al., 2005; O’Hara et al., 2015; Truppa et al.,

2015). As we expected, the use of real 3D objects improved the numerical discrimination
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performance of the guppies. Although this improvement was limited and only one subject
reached the primary learning criterion, it seems clear that the performance of most fish tend
to be above chance. Similar effects have been reported also in other species. For example,
Truppa and colleagues (2015) trained Capuchin monkeys (Sapajus spp.) to select either the
larger between two objects or the larger between two images presented with a computer
monitor, finding a better discrimination performance with the former stimuli. The format of
the stimuli (2D vs. 3D) appear to be an important source of variation for animal
discrimination performance. This could be explained by the fact that 3D stimuli resemble the
stimuli that animals normally experience and are therefore more salient (Mustafar et al.,
2015). The use of 2D images is often preferred in discrimination learning experiments
because it offers a better control of stimulus features. However, our results, together with
those of previous works, suggest that this choice might bear the cost of reduced

discrimination performance.

Despite the increased accuracy due to the 3D stimuli, the overall performance of our
guppies remained very low compared with previous study (Bisazza et al., 2014b). Only two
fish learned to discriminate between 2 vs. 3 objects, and none of these learned to discriminate
between 3 vs. 4 objects. Therefore, even if the format of the stimuli appears to be a parameter
that affects the outcome of the experiment, it can only partially explain the difference

between the performances observed in our experiment 1 and in the previous experiment.

2.7 Experiment 5: extended training

In this experiment, we tested whether guppies could learn the numerical

discrimination if we extended the training from 10 days to 30 (360 trials overall).
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2.7.1 Materials and methods

We used three subjects from experiment 2 and three subjects from experiment
3. None of these subjects reached the learning criterion within the predetermined 120 trials.
The prolonged training was performed using the modality and the apparatus described for

experiments 2 and 3, respectively.

2.7.2 Results

Only one of the six subjects (originally from experiment 3) reached the secondary
learning criterion after extending the training from 120 trials to 360. An overall analysis of
the performance of the six subjects did not reveal a significant acquisition of the 2 vs. 3
discrimination ability (50.83 £ 3.54%); ts = 0.577, P = 0.589; Tab. 1, column 5), nor was there

a significant improvement in the performance over time (LMM: F14=0.112, P = 0.754).

2.7.3 Discussion

Increasing the number of training trials from 120 to 360 did not substantially improve
the performance of the guppies. Only one fish succeeded in reaching the learning criterion
after extending the training to three times the original length. The overall performance of the
six fish remained non-significant. Therefore, the length of the training does not seem to be
the key parameter in explaining why guppies obtained a much better record in the numerical
task used in the previous study (Bisazza et al., 2014b) compared with the procedure used in

this study.
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2.8 General comparison between the experiments

We performed a tentative analysis to compare our experiments with the previous one
(Bisazza et al., 2014b). Overall, the performance of the 26 guppies of our experiments pooled
together was significantly worse than the one of the guppies in the previous work (2 vs. 3
discrimination; independent-samples t test: t3» = 16.316, P < 0.001). We also run a one-way
ANOVA on the pooled data of the proportion of correct responses in the 2 vs. 3
discrimination with experiment as a five-levels factor (previous experiment, our experiment
1, 2, 3 and 4). We found a significant effect of the factor experiment (Fs20 = 13.977, P <
0.001). A Tukey’s post hoc test revealed that the performance was significantly lower in our
four experiments compared to the previous experiment (experiment 1: P < 0.001; experiment
2: P < 0.001; experiment 3: P < 0.001; experiment 4: P = 0.018; Fig. 9). We performed a
further comparison using the pooled data of our experiments without the 10 subjects that
showed a preference bias for one of the two chambers and we found a similar result. The
performance in our experiments (52.00 + 6.51%) was significantly lower compared to that of

the previous experiment (t2 = 5.803, P < 0.001).
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Fig. 9. Comparison of the five
experiments of the present study
and the results of Bisazza et al.
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2.9 Conclusions

In this study, we provided evidence that the numerical acuity of guppies is
radically different according to the training setting adopted. With the setting of the previous
study by Bisazza and colleagues (2014b), five out of eight subjects achieved a 4 vs. 5
discrimination, while with the more conventional two-choice discrimination setting adopted
in the present work, most of the guppies failed even an ‘easy’ 2 vs. 3 discrimination. To
understand whether the task parameters could account for the difference, we varied the
extension of decision time, whether or not correction was allowed, and the length of the
training period. None of these variants enhanced guppies’ performance. By contrast, the use
of 3D stimuli slightly improved guppies’ accuracy in numerical discrimination, but this
improvement was still not enough to approximate the performance observed in the previous
study. A possible limitation of our study is that we used a small number of subjects in each
experiment (6 - 8 fish). Although our sample size was in line with the ones typically used in
discrimination learning experiments (Schluessel et al., 2014; Prét6t et al., 2016), it is possible
that this factor limited the likelihood to evidence subtle differences among the different
experiments of this study. It is however unlikely that the sample size affected the general
conclusion that the methods used in the two studies yield quite different results, as shown
also by the overall analyses in which we pooled all our subjects (N = 26) to increase

statistical power.

We detected another difference between the two studies. With the setting adopted in
this work, some guppies (10 out of 26) exhibited a side bias, with four choosing the left
chamber and six choosing the right chamber significantly more often. With the setting
previously used by Bisazza and colleagues (2014b), none of the subject showed side bias.
There are at least two possible explanations for the side bias observed in the present study.
The first explanation is that the choice between the right and the left chambers was affected
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by the presence of spontaneous side preferences due to cerebral lateralization. Cerebral
lateralization and the resulting motor and sensory asymmetries have been demonstrated in
virtually all vertebrates (reviewed in Rogers & Andrew, 2002), including guppies and many
other fish (reviewed in Bisazza & Brown, 2011). In most of the discrimination learning
studies on fish showing lateralization, motorial asymmetries have not been reported to
prevent learning (e.g., cichlids: Schluessel et al., 2014; guppies: Lucon-Xiccato & Bisazza,
2016; zebrafish: Colwill, 2005). However, in few cases, there is evidence that these motorial
asymmetries may hamper learning in discrimination tasks. For example, rats showing
spontaneous side bias in a T-maze showed poor learning, or even the absence of learning,
when trained to choose the contralateral arm of the maze (Andrade et al., 2001). Concerning
fish, Brown & Braithwaite (2005) found lower spatial learning performance in a lateralized
population of the poeciliid Brachyrhaphis episcopi and suggested that spontaneous turning
preferences interfered with the choice of the correct option. The second possible explanation
is that the side bias was acquired during the training. Animals often develop side biases in
discrimination tasks when the two stimuli are presented side-by-side in two fixed locations
(rodents: Prusky et al., 2000; primates: Genty et al., 2004; birds: Smith & Zentall, 2016). A
tendency to rely on the spatial position of the stimuli rather than on other cues may be present

in guppies, too (Miletto Petrazzini et al., 2015) and might have hampered learning.

The absence of side bias in the study of Bisazza and colleagues (2014b) might be due
to the fact that their setting minimized any precise left—right localization of the two stimuli by
presenting them on a large plate on the bottom of the tank and changing their position every
trial. Although side biases might be an important factor in our setting, it is unlikely that it
alone explains the difference between the two studies. Indeed, excluding the guppies with
side bias did not increase the level of the performance in the five experiments, which

remained, on average, at a correct choice rate of 52%. In addition, a previous study

64



employing a training procedure that prevented any left-right localization of the stimuli
(Agrillo et al., 2014) did not obtain a numerical performance comparable to that of Bisazza

and colleagues (2014b).

In sum, none of the five factors examined above appear to explain the huge difference
in the performance between our study and the previous one. Such difference is likely to arise
from Bisazza and colleagues’ use of a setting that mimics guppies’ natural foraging habitat.
An interesting parallelism with our results comes from works on pigeons, which often forage
by displacing leaves or gravel on the ground. Pigeons trained on concept learning using
gravel of different colours hiding food —a setting that resembles their natural foraging habit—
reached learning performances that were unattainable with conventional training in the
Skinner box (Wright & Delius, 1994). Remarkably, in pigeons, the position of the stimuli
(vertical vs. horizontal presentation) was not the key factor explaining the different
performance with the two methods (Wright et al., 1988) and it would be interesting to

investigate whether the same occurs in guppies.

A possible explanation of pigeons and guppy data calls into play innate
predispositions to learn. Natural selection can favour the evolution of learning predispositions
in one species to solve specific ecological problems (Shettleworth, 1972). As a consequence,
the species shows enhanced cognitive performances in that specific context compared to
other situations, and it may often outperform other species that lack the same ecological
specialization. For example, food-storing birds can memorize the location of thousands of
food items, but in other circumstances their mnemonic performance is similar to that other
birds (Shettleworth & Hampton, 1998). Pigeons recognize rotated objects better than humans
do, which might be due to the fact that objects’ orientations change continuously during flight
(Hollard & Delius, 1982). Based on observational studies (Dussault & Kramer, 1981; Rodd et

al., 2002), we suggest that guppies might be predisposed to choose patches with a large
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number of objects that could potentially hide food, since the likelihood of finding food is

increased in such patches.

A similar but distinct explanation for the difference between the two studies is that the
naturalistic setting used by Bisazza and colleagues (2014b) measured the real cognitive
repertoire of the species, while the artificial conditions of the present learning setting
prevented somehow guppies from fully displaying their cognitive abilities. The experimental
setting of this study resembled the classical setting of the Skinner box adopted in rodents,
primates and birds (Skinner, 1933; Douglas & Whitty, 1941; Wright et al., 1988) and that is
gaining popularity in fish (Gierszewski et al., 2013; Manabe et al., 2013; Proulx et al., 2014).
The fish is placed in a bare environment and artificial bi-dimensional stimuli are displayed on
a computer screen near the tank. To obtain the food reward, the fish is required to approach
the side of the tank where the correct stimulus is presented. Since the position of the correct
stimulus switch in the different trials, the fish is also required to inhibit the natural
predisposition to associate food to the place where it has been previously found. All these
features might favour comparison with works on other species, but might hamper learning.
Both in nature and in the semi-natural conditions of the maintenance aquaria, guppies have
hardly the opportunity to experience such conditions. Conversely, guppies spend considerable
time moving objects in bottom to search for hidden food, a situation similar to the setting that
favoured learning in guppies (Bisazza et al., 2014b). Both explanations -the naturalistic
setting favours learning or the artificial setting hampers learning- appear plausible and our
work cannot unfortunately provide direct support to either of them. Testing these ideas will

require careful experimental investigation both in the laboratory and in the field.

The main message of this work is that the choice of the training setting sometimes
affects the results of the experiment and, consequently, the estimation of the numerical
discrimination abilities of the species. Although it was already known that different tests may
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lead to different results, such as in the case of spontaneous choice vs. training tests (Agrillo &
Bisazza, 2014), our work is one of the very few studies showing that within the same type of
test (training), different settings may also lead to quite different results. For fish, a similar
conclusion has been recently drawn by a study of guppies’ spontaneous preference for larger
social groups (Chapter 4). In that study, guppies showed a higher accuracy in numerical
discrimination when the experimental setting and the procedure were modified to remedy
some flaws of the classical method, such as favouring the switching of the subject between
the two shoals to compare them, and using stimulus fish that were well acclimated to the

apparatus and thus behaved more naturally.

The problem of the experimental setting may be very relevant for studies that compare
the performance of different species in the same task in order to understand the evolution of
cognitive abilities. For example, one study found lower performance in numerical
discrimination in zebrafish compared to that of four other fish species; however, a control
experiment revealed that the zebrafish was simply less efficient in learning with the specific
setting adopted in that study (Agrillo et al., 2012a). In another study, primates were thought
to be unable to perform a task that cleaner fish (Labroides dimidiatus) perform quite well
(Salwiczek et al., 2012). The setting adopted in that study matched the fish’s ecology, but not
that of the primates. The adoption of an experimental setting more appropriate for primates
showed that they, too, were able to solve the task (Prét6t et al., 2016). To obtain an estimation
of cognitive abilities that can be used in comparative research, it is therefore paramount to
use a setting adequate to each species studied and, possibly, to perform multiple comparisons

for the same cognitive ability.
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3. Study 2: development and testing of a rapid method
for measuring shoal size discrimination*

* The contents from this chapter have been published as Lucon-Xiccato, T., Dadda, M., Gatto, E., & Bisazza, A. (2017). Animal
Cognition, 20:149-157.

3.1 Abstract

The shoal-choice test is a popular method to investigate quantity discrimination in
social fish based on their spontaneous preference for the larger of two shoals. The shoal-
choice test usually requires a long observation time (20-30 min), mainly because fish switch
between the two shoals with low frequency, thus reducing the possibilities of comparison.
This duration limits the use of the shoal-choice test for large-scale screenings. Here, we
developed a new version of the shoal-choice test in which the subject was confined in a large
transparent cylinder in the middle of the tank throughout the experiment to bound the
minimum distance from the stimulus shoals and favour switching. We tested the new method
by observing guppies (Poecilia reticulata) in a 4 vs. 6 fish discrimination (experiment 1). The
new method allowed for a faster assessment of the preference for the larger shoal (<5 min),
resulting in potential application for large population screenings. Guppies switched five times
more frequently between the two shoals and remained close to the first chosen shoal ten times
less compared to experiments with the old method. In experiment 2, we found that with the
new method guppies were able to discriminate up to 5 vs. 6 fish, a discrimination that was not

achieved with the classical method. This last result indicates that minor methodological
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modifications can lead to very different findings in the same species and suggests that caution

should be exercised when interpreting inter-specific differences in quantitative abilities.

3.2 Introduction

A diversity of fish species live most of their lives in groups. Several social groups
often coexist in the same area, and they may differ from each other in the size or phenotype
of the members (e.g., age, sex, colour, body size). Therefore, an individual fish has the option
of choosing which group to join, a decision that may have profound effects on fitness (e.g.,
Lindstrom & Ranta, 1993; Agrillo et al., 2008a; Rosenthal & Ryan, 2005). Shoal size is one
of the critical aspects that affect grouping decisions in fish, and it has been experimentally
investigated in a large number of species. Because both dilution of individual predation risk
and vigilance increase with increasing group size, larger groups are usually safer than smaller
groups (Krause & Ruxton, 2002). As a consequence, under perceived threat, prey fish often
show a preference for the largest available group (Magurran & Pitcher, 1987; Hager &

Helfman, 1991; Krause et al., 1998; Hoare et al., 2004).

Preference for the larger shoal has been recently used by cognitive ethologists as one
of the main tools to study numerical abilities in fish (e.g., Agrillo & Dadda, 2007; Gémez-
Laplaza & Gerlai, 2011; Gémez-Laplaza & Gerlai, 2012; Bisazza et al., 2014a). Due to the
practical difficulties of studying this behaviour in the wild, most experiments have measured
social preferences in the laboratory using the three-chamber binary-choice test. Two groups
of stimulus fish that differ in numerosity are placed in the two external chambers, and the
subject is placed in the central chamber, and is free to swim. Because the central chamber is
unfamiliar and potentially unsafe, the subject is expected to show antipredator behaviour and

to attempt to reach the larger shoal. Shoaling preference is assessed by measuring the relative
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time spent by the subject in close proximity to each shoal, usually by analysing the video

recording of the experiment.

With this procedure, it has been found that Girardinus falcatus, Pimephales promelas
and Pterophyllum scalare can discriminate between shoals formed by 1 vs. 2 and 2 vs. 3 fish
(Hager & Helfman, 1991; Agrillo & Dadda, 2007; Gémez-Laplaza & Gerlai, 2011). Guppies,
Poecilia reticulata, and mosquitofish, Gambusia holbrooki, can distinguish subtler shoal-size
differences, up to 3 vs. 4 (Agrillo et al., 2008b; Agrillo et al., 2012b). Discrimination of shoal
size occurs even when the access to non-numerical cues (such as density, cumulative surface,
and amount of movement) is experimentally prevented (Dadda et al., 2009), although the
presence of these cues has been proven to affect discrimination performance in diverse

species (e.g., Gomez-Laplaza & Gerlai, 2012).

Compared with the other tests commonly used to study numerical abilities in fish, the
shoal-choice test is relatively rapid to execute (Agrillo & Bisazza, 2014). However, the time
necessary to test one subject (usually 20 to 30 min; Gémez-Laplaza, 2006; Agrillo et al.,
2007) and to score its performance from the recordings, makes it difficult to use the shoal-
choice test for large-scale screenings (Patton & Zon, 2001) such as those required to study the
genetic bases of quantification mechanisms or population differences. The length of the test
might be problematic for two further reasons. The prolonged exposure to a situation
perceived as dangerous is likely to cause considerable stress to the fish (Chandroo et al.,
2004). Then, in natural situations, discrimination of the larger shoal usually occurs very
rapidly (Krause et al., 1998), and it is possible that, with long tests, other factors affect the

choice of the subject.

One of the reasons for extending observation in laboratory experiments is that the

shoal-choice setting only approximately reproduces the natural situation. This may cause a
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large imprecision in the measure, especially at the beginning of the test, that the
experimenters try to circumvent by extending the length of the observation. One of the main
issues observed at the beginning of the test is the low frequency of switching between the two
shoals, which arguably reduces the possibility to compare the two options and assigns a large
weight to the first choice made by the subject. For example, two recent shoal-choice
experiments found an average of 5.94 switches between the two shoals in 15 min and 4.23
switches in 8 min, respectively (Agrillo et al., 2012b; Lucon-Xiccato et al., 2016). Another
study found an average of 5.29 min spent near the first shoal chosen before the first switch
(Lucon-Xiccato & Dadda, 2017). One of the causes for the reduced switching frequency at
the beginning of the test appears to be that, after it is released in the middle of the tank and
took the first shoaling decision, the subject is very close to one of the two shoals and is in a
relatively safe location. Even if the subject now perceives that the farther shoal is larger, it
needs to cross a long distance alone to reach the better shoal. Both guppies and three-spined
sticklebacks, Gasterosteus aculeatus, have been experimentally shown to prefer the near

shoal, even if the far shoal is larger (Tegeder & Krause, 1995; Mihlhoff et al., 2011).

Here, we aimed to develop a new version of the shoal-choice test, which allows a
rapid assessment of shoal size discrimination ability. In particular, we hypothesised that time
of permanence near one school decreases and selectivity increases by preventing the subject
from approaching the stimulus shoal too closely, and we tested if, using this expedient, the
time required to assess the performance would be reduced. To bound the minimum distance
from stimulus shoals, we confined the subject in a large transparent cylinder in the middle of
the tank, and we took the time spent attempting to join each shoal as a measure of preference.
This solution has already been used in mate choice studies to prevent the subject from
approaching the stimulus fish too closely (Plath et al., 2008). we also used two novel features

adopted in two recent shoal-choice experiments (Dadda et al., 2015; Lucon-Xiccato et al.,
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2016). To deal with the problem of pheromone released by previously tested individuals, the
subject compartment received a continuous water supply from a large undisturbed population
of guppies kept in seminatural conditions. To obtain well acclimated stimulus fish we

permanently housed the stimulus shoals in their compartments.

In the first experiment, we measured the ability of guppies to discriminate 4 vs. 6 fish
with our new method, focussing especially on the initial phase of the test. We chose the 4 vs.
6 contrast because it is challenging for guppies. Two studies found guppies were able to
discriminate 4 vs. 6 fish (Dadda et al., 2015; Lucon-Xiccato et al., 2016), but two other
studies reported that guppies failed to discriminate this contrast (Agrillo et al., 2012b;

Bisazza et al., 2014a).

We also compared the results of experiment 1 with those obtained from three previous
studies on the same guppy population that adopted two different shoal-choice methods
(Agrillo et al., 2012b; Bisazza et al., 2014a; Lucon-Xiccato et al., 2016). Two early studies
(Agrillo et al., 2012b; Bisazza et al., 2014a) adopted a classical shoal-choice procedure. The
focal fish was released in the middle of the tank and two shoals were confined in the two
lateral sectors. The third work (Lucon-Xiccato et al., 2016) was aimed at studying sex
differences in shoal size discrimination, and used two of the innovations described in the
present work: the water flow from a tank with a large guppy population and the stimuli
permanently housed in the stimulus tank. However, in the work by Lucon-Xiccato and
colleagues the subject was not confined in a large cylinder throughout all the test; the subject
was kept for 2 min in a small cylinder in the middle of the tank to observe the two shoals and

then released in the tank to choose the preferred option.
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In a second experiment, we looked for the upper limit of shoal-size discrimination
with the new method by observing guppies in more subtle discriminations (4 vs. 5 and 5 vs. 6

fish).

3.3 Materials and methods

3.3.1 Experiment 1

Subjects

The subjects were 32 adult females bred in 400-L holding tanks made of grey plastic
in our laboratory at Dipartimento di Psicologia Generale (Universita di Padova, Italy). v used
20 additional females of the same population as stimulus. The guppies were descendants of
wild guppies caught in a high predation-risk environment in the lower Tacarigua River in
Trinidad. At the time of the experiment, the subjects were 4 to 6 months old (standard length:
approximately 22 mm). In the holding tanks, fish were kept in large mixed-sex groups
(approximately 50 individuals per tank). We provided a gravel bottom and abundant natural
plants to resemble natural conditions. We also provided water filters and 36-W fluorescent
lamps (12h:12h light/dark photoperiod). Water temperature was kept constant at 26 + 1 °C.
Three times per day the guppies were fed commercial food flakes (Fioccomix, Super Hi
Group, Ovada, Italy) and Artemia salina nauplii, which was the only interaction these guppies
had with humans before the experiments. Each subject was used only once and, after the test,

it was released in a tank and kept for breeding purposes.
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Apparatus

The experimental apparatus was similar to the one adopted in previous shoal-choice
experiments with guppies (Agrillo et al., 2012b; Bisazza et al., 2014a) and other species
(Agrillo & Dadda, 2007; Gémez-Laplaza & Gerlai, 2011). It consisted of three adjacent glass
tanks (60 x 40 x 35 cm) filled with 25 cm of water (Fig. 10). The central tank (‘subject tank’)
housed the subject during the experiment, while the other two tanks (‘stimulus tanks”) housed
the two stimulus shoals. The long walls and the bottom of the subject tank were covered with
green plastic panels. The apparatus was placed in a completely dark room and the subject
tank received light indirectly from the two stimulus compartments. Luminance measured with
Gossen Mavo Monitor USB photometer was 0.85 cd/m2 in the cylinder and 105 cd/m2 in the

front compartments of the stimulus tanks.

40 cm

Fig. 10. Apparatus adopted in our study. The two lateral tanks housed the stimulus shoals. a Fluorescent lamp; b transparent cylinder that
housed the subject; ¢ front compartment to present the stimulus shoals to the subjects; d fissures to allow water flow into the cylinder; e
aerial view of the cylinder with the three sectors used to measure the preference of the subject in the main analysis; f aerial view of the
cylinder with the four sectors used to measure the preference of the subject based on its orientation.
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Unlike previous studies, a transparent cylinder (height: 30 c¢cm; diameter: 15 cm)
limited the movements of the subject to the central part of the subject tank for the whole
experiment and allowed the subject to reach a minimum distance of 22.5 cm from the
stimulus tanks. The cylinder was made with two acetate sheets connected with paper clips.
The connections were always kept on the lateral side so that they did not hamper the sight of
the stimulus shoals. Under the cylinder, the bottom of the tank was made of white plastic to
facilitate the tracking of the subject. To allow water flow into the cylinder, we left a 1-mm
fissure in correspondence of the connections of the two acetate sheets by preventing the
sheets to completely overlap (Fig. 10), and we also left a similar fissure between the cylinder
and the bottom of the tank. Moreover, before each trial we lifted the cylinder to completely

change the internal water.

Two additional features of our apparatus were based on two studies on shoal choice
recently performed in our laboratory (Dadda et al., 2015; Lucon-Xiccato et al., 2016). The
first of these features regards the water used for the subject compartment, that was supplied
from a 400-L tank with the same characteristics as the holding tanks and with a large
population of guppies (approximately 50 individuals, both sexes, all ages). Two pumps in this
tank provided a constant 1.5-L/min flow of water to the subject tank and water in excess was
drained from a hole (diameter 2 cm) on the bottom of the subject tank and pumped back to

the population tank.

The second additional feature regarded stimulus tanks. We modified the stimulus
tanks dividing them into a front compartment (40 x 22 cm) and a back compartment (60 x 18
cm) by means of green plastic (Fig. 10). The back compartment was provided with gravel
bottom, abundant plants, water filter and heater. The front compartment was the only part of
the stimulus tank visible from the subject tank. Each front compartment was illuminated by a
15-W fluorescent lamp. An opaque lid covered each lamp on three sides to prevent it from
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lightning the room or the subject tank. Each stimulus tank housed permanently a group of 10
female guppies. These guppies were matched for body size with the subjects. Outside the
experiments, stimulus guppies could freely access both front and back compartments by two

guillotine doors.

Procedure

Thirty minutes before the experiment, the required number of stimulus guppies was
confined in the front compartment by closing the guillotine doors. The position of the larger
shoal was randomized between the two stimulus tanks across subjects to counterbalance
potential differences between the stimulus fish. The subject was netted from the holding tank,
transported in a plastic jar and gently inserted in the cylinder. We recorded the behaviour of
subjects for 15 min with a camera placed 70 cm above the experimental tank. The recording
started after the subject was inserted in the cylinder; this was necessary to avoid
familiarization with the subject tank and to study the antipredator response (i.e., preference
for the larger shoal) that guppies express in novel environments. Two subjects showed
freezing behaviour and did not move for the entire experiment. They were discarded and

substituted.

Analysis of the recordings

The choice of the subjects was analysed from the digital recordings played back on a
computer screen. In a pilot experiment with a cylinder of this size (approximately 6 guppy’s
body length), we observed that guppies spent more than 80 % of their time in the two zones
closest to the stimuli, swimming against the transparent cylinder in the attempt to reach one

of the two shoals. This behaviour did not include the up-down movements usually reported
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for escaping attempts and thrashing, but rather resembled the behaviour of guppies with the
old shoal-choice method when they swim against the transparent partition to reach the
stimuli. However, we cannot exclude that the swimming behaviour toward the stimuli was at
least partially due to the willingness to escape from the cylinder. Guppies crossed the central
sector of the cylinder only to reach the opposite side and swimming toward the opposite
shoal. Based on the pilot experiment, we virtually divided the section of the cylinder in three
zones with equal longitudinal extension (5 cm, corresponding to more than 2 guppy’s body
lengths), two choice sectors facing the stimulus shoals and one central, neutral sector (Fig.
10). We obtained this division by superimposing three lines on the computer screen by means
of a computer software originally developed in our laboratory (‘Overlap’, written in Delphi5
Borland). The fish was considered to stay in one sector when the snout was within that area,
but usually the subject was completely within the choice area when trying to reach one of the
two shoals. As in previous studies, video recordings were analysed using a computer program
originally developed in our lab (‘Ciclic Timer’, written in Delphi5 Borland) by an
experimenter that operated on the computer keyboard. The experimenter was blind with
respect to the position of the larger shoal. The software calculated the time spent in each
sector of the cylinder. As a measure of preference for the larger shoal, we computed the
proportion of time spent in the sector near the larger shoal over the total time spent in the two
sectors near the two shoals. We also analysed the proportion of time spent in the central
sector because this measure is used as a proxy of motivation to shoal: when highly motivated
to shoal, fish are expected to spend little time in the central sector (Miletto Petrazzini &
Agrillo, 2016). To investigate the temporal trend of preference, data were collected for each
minute of test and analysed in blocks of 5 min each. Subsequently, we repeated the analysis

focussing on the first minute and the initial 3 min of test.
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To validate our approach, we conducted three further analyses on a subsample of 16
randomly chosen recordings. For the first analysis, a new blind experimenter scored the
recordings in order to calculate the inter-rater reliability of our measure of preference. The
second analysis consisted of a more detailed behavioural examination on the initial 5 min. In
this latter analysis, we measured the time spent by the subject swimming against the
transparency in direction of one of the two stimulus compartment, i.e. in the area subtended
by a central angle of 60° (Fig. 10). The preference index was calculated as before. Finally, we
examined the number of switches between the two choice areas and the permanence of the

subjects in the choice area chosen at first.

Comparison with previous methods

The three previous studies used for the comparison tested guppies from the same
population tested in the present work. The recent study by Lucon-Xiccato and colleagues
(2016) was performed in the same apparatus used for the present work, but without the
cylinder during the test; the two early studies used an apparatus with a 60 x 36 x 35 cm
subject tank (Agrillo et al. 2012b; Bisazza et al. 2014a). For the two early studies, we re-
analysed the pooled data (N = 110) after checking the absence of a significant difference (t1o0s
= 0.943, P = 0.348). For what regards the recent study by Lucon-Xiccato and colleagues
(2016), data were originally scored grouped in blocks of 4 min each; we therefore re-analysed
the video recordings of female guppies tested with female shoals (N = 24) using the
procedure described for experiment 1 (main analysis in 3 blocks of 5 min each; subsequent
detailed analysis of the first minute and the initial 3 min). As for the present study, analysis
was performed on the initial 15 min of the trial. Preference for the larger shoal was always

arcsine-square root transformed before the analysis (Sokal & Rohlf, 1995). We could not
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analyse the frequency of switching of the experiment by Bisazza and colleagues (2014a),
because this data was not reported in the original study and we do not possess the video

recordings.

3.3.2 Experiment 2
In experiment 2, we observed 24 female guppies in the discrimination of 4 vs. 5 fish
and 24 female guppies in the discrimination of 5 vs. 6 fish. Apparatus and procedure were the
same as experiment 1. Based on the results of experiment 1, in experiment 2 we recorded the
subjects for 5 min. We also measured the number of switches between the two choice areas in
a random subsample of 12 subjects for each discrimination. Two subjects were discarded and

substituted because they showed freezing behaviour.

3.4 Results

3.4.1 Experiment1

Guppies spent 83.50 + 5.88 % (M = SD percentage) of time in the two choice sectors
facing the stimulus shoals. We compared preference for the larger shoal with chance level (50
%) with one-sample t tests. When considering the entire observation period (15 min), subjects
showed a significant preference for the larger shoal (58.43 + 18.65 %, one-sample t test: t31 =
2.549, P = 0.016; Fig. 11). During the first block of time (min 1-5) subjects spent
significantly more time near the larger shoal (61.05 + 23.87 %, t31 = 2.621, P = 0.013; Fig.
11). Conversely, the preference for the larger shoal did not significantly differ from 50 %
during the remaining blocks of minutes (block 2, min 6-10: 56.74 + 22.35 %, t31 = 1.671, P =

0.105; block 3, min 11-15: 57.51 £+ 27.81%, t3; = 1.583, P = 0.124; Fig. 11). The absence of a
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significant preference for the larger shoal in blocks 2 and 3 could be due to the fact that
guppies tended to increase the time spent in the central sector as time passed (block 1: 12.63
+ 7.50 %, block 2: 18.8 + 7.84 %, block 3: 18.1 + 8.05 %; repeated measures ANOVA: F262

=9.584, P < 0.001), suggesting a decrease in motivation to shoal.

To test whether with our new method shoal size preference can be assessed also with
shorter time intervals, we performed further analysis on the initials 3 min and the first minute
of the test. Preference for the larger shoal was significant in the initial 3 min (61.27 + 24.89
%; t31 = 2.601, P = 0.014), and even considering only the first minute (62.77 = 30.95 %); t3; =

2.410, P = 0.022; Fig. 11).

80% - *

70% - * *

80% =

50% —

40% -
Fig. 11. Comparison of the performance
(M + SEM preference for the larger shoal
in the 4 vs. 6 fish discrimination) with
three different methods. Dark bars new
method, experiment 1 of the present
study. Grey bars method used by Lucon-
Xiccato et al. (2016) that shared two
features with the present work but not the
use of the large cylinder. White bars
classical method, pooled data from
Agrillo et al. (2012b) and Bisazza et al.
mlln 1 min 1-3 min 1-5 min I1_15 (20143) Asterisks indicate that the
time preference is significantly above chance
(50%, dashed line)
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The reliability test showed that the primary measure of preference based on the
position of the fish in the cylinder was robust and repeatable. The scores of the preference for
the larger shoal assessed across the 15 min of test by the two experimenters were almost
identical (2.63 + 2.85 % difference between the two scores, calculated as | [score of

experimenter A — score of experimenter B] | / [mean between experimenter A and
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experimenter B] x 100). Furthermore, there was a strong correlation between the two scorers
(Pearson’s r = 0.991, P < 0.001). The secondary, more refined, measure of preference based
on the orientation of the subject was highly correlated with the primary measure of preference
based on the position of the fish in the cylinder (Pearson’s r = 0.965, P < 0.001). The number
of switches between the two shoals was 38.25 + 12.17 across the 15 min of test. Several
switches occurred also in the initial 5-min block (14.13 £ 7.04). The duration of guppies’

permanence in the choice area of the first chosen shoal was 31.56 + 41.92 s.

Comparison with previous methods

With the classical method (Agrillo et al., 2012b; Bisazza et al., 2014a), guppies did
not discriminate between shoals made of 4 vs. 6 fish considering the overall 15 min (tio9 =
1.227, P = 0.223), the initial 5 min (tio = 0.614, P = 0.541), the initial 3 min (tio = 0.461, P
= 0.646), or the first minute of test (two = 0.362, P = 0.718; Fig. 11). With the method
adopted by Lucon-Xiccato and colleagues (2016) which shares two features with our new
method, guppies showed a significant preference for the larger shoal in the overall 15 min
and the initial 5 min of the test (ts = 4.409, P < 0.001 and txs = 2.758, P = 0.012,
respectively), but not in the initial 3 min or in the first minute of test (t2z = 1.597, P = 0.124
and tos = 0.547, P = 0.589, respectively; Fig. 11). When we compared the preference for the
larger shoal across the three experiments, we found a significant difference in the overall 15
min (one-way ANOVA: F2163 = 8.786, P < 0.001) and in the initial 5 min (F2163 = 3.705, P =
0.027), but not in the 3-min and 1-min intervals (F2163 = 1.840, P = 0.162; F2163 = 1.167, P =
0.314, respectively). The lack of statistical difference across the three methods in the first
minute and the initial 3 min of test may be partly related to the fact that the variance in the

preference for the larger shoal appeared to increase as the time interval considered for the
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analysis decreased (Bartlett test: Lucon-Xiccato and colleagues: P = 0.030; classical method:

P < 0.001; present work: P = 0.052; Fig. 11).

The comparison with the previous studies revealed also indirect evidence of increased
switching. The frequency distribution plot of the preference for the larger shoal in the initial 5
min of the test resemble a normal distribution in our study (Fig. 12a), conversely, it is
skewed in the study by Lucon-Xiccato and colleagues (2016; Fig. 12b), and it is clearly
bimodal in experiments with the classical method suggesting that here fish tend to remain

close to the first chosen shoal (Agrillo et al., 2012b; Bisazza et al., 2014a; Fig. 12c).
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Fig. 12. Frequency distribution plot of the preference for the larger shoal (4 vs. 6 fish) in the initial 5 min assessed with a the new
method (experiment 1), b the method used by Lucon-Xiccato et al. (2016) and c the classical method used by Agrillo et al. (2012b) and
Bisazza et al. (2014a)

To confirm this increased switching, we calculated the frequency of switching per
minute in our work and we compared it with that observed in previous works (Agrillo et al.
2012b; Lucon-Xiccato et al. 2016) using a one-way ANOVA. We found a significant
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difference between the frequency of switching across the three studies (F253 = 96.59; P <
0.001). A Tukey post-hoc test revealed that the frequency of switching observed with our
method (2.55 + 0.81 switches per minute), was significantly greater than the one observed
with previous methods (Agrillo and colleagues: 0.40 £ 0.20 switches per minute, P < 0.001;
Lucon-Xiccato and colleagues: 0.36 + 0.44 switches per minute, P < 0.001), but there was not

difference between the two previous methods (P = 0.975).

3.4.2 Experiment 2

In the 4 vs. 5 discrimination, guppies significantly preferred the larger shoal (62.82 +
26.23 %); t23 = 2.120, P = 0.045; Fig. 13). Subjects appeared to choose the larger shoal also in
the 5 vs. 6 discrimination (54.88 + 19.01 %; Fig. 13), but here the preference was not
significantly greater than chance (t23s = 1.306, P = 0.204). We compared the preference for the
larger shoal in the initial 5 min of the experiment 1 (4 vs. 6) and the two discriminations of
the experiment 2 with a one-way ANOVA. This analysis found no significant difference
between the three discriminations (F277 = 0.679, P = 0.510; Fig. 13), suggesting that,
although not significantly achieved, the 5 vs. 6 discrimination might represent the threshold

of guppies’ shoal size acuity.

Finally, we run a generalized linear model (with Poisson error distribution) to
compare the number of switches during the initial 5 min of test of the three numerical
discriminations tested in this work. we found that numerical discrimination significantly
affected the number of switches (x% = 20.319, P < 0.001). A Tukey post-hoc test revealed
that guppies switched between the two shoals with similar frequency in the 4 vs. 6 and the 4

vs. 5 discrimination (4 vs. 6: 14.13 + 7.04 switches; 4 vs. 5: 11.92 + 6.36 switches; P =
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0.249); however, guppies switched more often in the 5 vs. 6 discrimination (18.92 + 10.61

switches) than in the two easier discriminations (4 vs. 6: P = 0.005; 4 vs. 5: P < 0.001).
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3.5 Discussion

In the classical shoal-choice test, shoaling preference is assessed with extended
periods of time (e.g., up to 30 min; Agrillo et al., 2007), mainly to counter the measurement
error due to the initial low mobility of the subjects. In this study, we developed and tested a
new version of the shoal-choice test, which was aimed at obtaining a rapid assessment of
shoal size discrimination ability. Our new method was expected to favour more frequent
switching between stimulus shoals and hence more selectivity since the beginning of the trial.

The results of experiment 1 showed that shoaling preference can be assessed very
quickly. Female guppies were able to discriminate between shoals of different size after only
5 min of testing. Indeed, our data indicated that even shorter intervals can be used to assess

quantity discrimination. The preference for the larger shoal was significant considering the
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initial 3 min of the test and even in the first minute, although variance appears to increase
with decreasing time interval. Guppies tested with the old method did not significantly select

the larger shoal in such reduced intervals.

Our analysis suggests that the greater efficiency of our method at the beginning of the
test is related to the fact that guppies switched often between the two shoals, approximately
five times more frequently than with the previous method (Agrillo et al., 2012b; Lucon-
Xiccato et al., 2016). Further evidence of the same effect is that in our experiment the
average time spent by subjects close to the first chosen shoal was around half a minute, which
is ten times shorter than that observed in a previous experiment (Lucon-Xiccato & Dadda,
2017). The increased frequency of switching is likely to favour the comparison between the
two shoals and is therefore a more accurate assessment. The same increased switching rate
could in theory be obtained by greatly reducing the length of the subject tank. However, as a
side effect, this would considerably reduce the distance between the two stimulus shoals with
the consequence that subjects might perceive themselves as part of a single large shoal and
thus reduce their selectivity. Interestingly, in experiment 2, we also found that frequency of
switching increased as the ratio between the two shoals increased. It has often been assumed
that animals should increase sampling to obtain high-quality information (Chittka et al., 2009;
Stephens, 2008). Accordingly, guppies might need to switch more between two shoals with
very similar size (5 vs. 6 fish) in order to compare the two options and eventually identify the

larger shoal.

A rapid assessment of shoal-size discrimination ability can have multiple advantages.
For instance, it is possible to use the new method in studies that involve a large number of

subjects, such as those aimed at disclosing subtle individual differences (Cote et al., 2012) or
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screening a large population for genetic studies (Patton & Zon, 2001). Equally important, in
nature, shoaling decisions are likely to occur very rapidly (Krause et al., 1998). A fast shoal-
choice test is therefore expected to measure the cognitive processes normally activated to
solve shoal-size discrimination under natural conditions. Beyond the obvious time saving for
researchers, a fast test also minimises exposure of the subject to the unfamiliar environment,
reducing potential stress (Cachat et al., 2010). This is very important considering that, for the
subject, being enclosed in the cylinder might be per se more stressful than freely swimming

in the apparatus.

It should be said that, despite the initial advantage of our new method, when
considering intervals longer than 3 min, guppies were more accurate with the recent method
adopted by Lucon-Xiccato and colleagues (2016). In this version of shoal choice, fish were
free to swim in the subject tank after a 2-min acclimatisation period in a small cylinder;
however, similarly to our method, water was supplied from a tank with a large guppy
population, and stimuli lived in the stimulus tanks to favour habituation. These two latter
features thus appear to be enough to allow a greater accuracy of guppies but do not solve the
problem of initial low performance as the use of the cylinder does. Our method is perhaps
more suitable to fast assessment of discrimination abilities, but the method used by Lucon-
Xiccato and colleagues (2016) could be considered a valid alternative when time is not
constrained or a greater accuracy level is required. Further, the method by Lucon-Xiccato and
colleagues might be preferred in experiments studying ecological aspects of shoal choice or
the behavioural response of the subject fish (e.g., aggression) because fish are free to swim

and this might result in a more spontaneous behaviour.
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The new method that we developed not only allows a fast assessment of shoal size
discrimination abilities, but also appears to disclose significant discrimination for numerical
ratio that normally are not achieved by fish using classical shoal-choice methods (Agrillo &
Dadda, 2007; Agrillo et al., 2008a; Agrillo et al., 2012b; Gomez-Laplaza & Gerlai, 2011). In
experiment 2, guppies achieved a 4 vs. 5 fish discrimination, a numerical comparison that to
date guppies have been shown to solve only with extensive training procedures (Bisazza et
al., 2014b). This result does not necessary indicate that with our new method the numerical
accuracy of guppies is equivalent to what observed with training. Indeed, Bisazza and
colleagues (2014b) prevented guppies from learning the discrimination using the non-
numerical cues that covary with number (e.g., the area of the stimuli), but we did not. Our
guppies might have exploited both numbers and other cues to identify the larger shoal
(Gomez-Laplaza and Gerlai, 2012), and the use of multiple cues is known to affect numerical

discrimination performance (Agrillo et al., 2009).

The findings of experiment 2 on the maximum numerical acuity of guppies raise the
issues of the comparability of results obtained from studies that adopted different
methodologies. The importance of methodological differences is a well-known issue in
experiments that employ discrimination learning procedures. Frequently, the result varies
depending on the type of learning mechanism involved (e.g., classical vs. operant
conditioning: Brembs & Heisenberg, 2000), the type of stimuli used (e.g., real objects vs.
pictures: O’Hara et al. 2015) or other features such as length of training and type of
contingency (Wickens et al., 1970; Giurfa et al., 2003). Guppies have been recently found to
achieve enhanced discrimination-learning performances by adopting an ‘ecological’ training
method that resembles the natural foraging behaviour of this species (Bisazza et al., 2014b;

Chapter 3). Our present study suggests that cognitive tests which are not based on
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discrimination learning procedures and exploit spontaneous behaviours are not immune to the
issue of methodological differences. Indeed, in experiment 2 we showed that subtle
methodological differences can affect the measurement of discrimination accuracy in
guppies. Since many differences between different studies on the same species or between
different species may be due to this issue, greater attention to methodological details is

required in future research.
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4. Study 3: quantity discrimination by treefrogs*

* The contents from this chapter have been published as Lucon-Xiccato, T., Gatto, E., & Bisazza, A. (2018). Animal Behaviour, 139,
61-69.

4.1 Abstract

To make foraging, reproductive and antipredator decisions, animals often have to
discriminate discrete and continuous quantities (numbers and sizes of objects, respectively).
Few studies have investigated discrete quantity discrimination in amphibians, but this has
been done only in the context of prey selection. Using a species with arboreal habits, the
Italian treefrog, Hyla intermedia, we investigated whether amphibians discriminate both
discrete and continuous quantities when choosing between microhabitats. In field
experiments, we showed that newly metamorphosed treefrogs exhibit a preference for
microhabitats with abundant and tall grass. In the laboratory, treefrogs presented with the
dichotomous choice between two sets comprising different numbers of vertical green bars
(simulating grass clumps) showed a preference for the larger set and discriminated between 1
and 2 bars and between 2 and 4 bars, but not between 2 and 3 bars and between 3 and 4 bars.
When presented with two bars of different size (i.e. one bar was taller and wider), treefrogs
preferred the larger bar up to a 0.25 surface area ratio. Control experiments suggested that
treefrogs represent numbers rather than continuous variables to discriminate between sets of
bars and that they use the height but not the width of the bars to discriminate sizes. We also

found evidence of a possible trade-off between speed and accuracy: individuals that chose
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more quickly did not display a significant preference for the larger bar/set of bars. These
findings suggest that for amphibians, as for other vertebrates, a variety of decision-making

processes can rely on quantitative abilities

4.2 Introduction

Accumulating evidence suggests that animals discriminate quantities to make
decisions in several contexts, such as when foraging or choosing social groups or
reproductive partners (reviewed in Agrillo & Bisazza, 2014). The type of quantity to be
discriminated may vary according to the context and may be either discrete (i.e. the number
of objects in a group) or continuous (i.e. the size of an object). For example, mammals, birds,
fish and even invertebrates can discriminate the number of food items in a patch or the size of
the individual food items in order to choose the larger food quantity (Bogale et al., 2014;
Cross & Jackson, 2017; Lucon-Xiccato et al., 2015). Females of many species choose
between potential mates based on the area of body coloration or on the length of ornaments
(Basolo, 1990; Griggio et al., 2011). Social fish choose between available shoals based on the
number and the size of the individuals in each shoal (GOmez-Laplaza & Gerlai, 2011; Ranta

etal., 1992).

Research on vertebrates has revealed performance similarities across species and
across tasks; this has suggested the existence of a cross-modal core system for processing
quantity information inherited from a common ancestor (Beran, 2008; Feigenson et al.,
2004). However, most studies have focused only on mammals, birds and fish, and on only
one or just a few contexts in each species; thus, more comparative research is required to
evaluate the aforementioned hypothesis. Only three studies have directly investigated
quantitative abilities of amphibians, and the findings from these studies provide evidence of

amphibians discriminating discrete quantities in the context of choosing their prey.
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Salamanders of the genus Plethodon can choose the larger group of live prey (fruit flies and
crickets) well enough to discriminate 2 from 3 (Krusche et al., 2010; Uller et al., 2003).
Similarly, oriental fire-bellied toads, Bombina orientalis, recognize and feed on the larger of
two groups of 2 and 3 prey (Stancher et al., 2015). There is evidence that amphibians also use
quantitative information in contexts other than prey selection (e.g. female mate choice:
Arntzen, 1999; male calling: Gerhardt et al., 2000; Rose, 2018), but these studies usually do

not directly address the cognitive abilities involved in the discrimination.

The main goal of the present study was to investigate amphibians' quantity
discrimination ability in a context other than prey choice. For this, we focused on the
microhabitat choices made by an arboreal anuran species, the Italian treefrog, Hyla
intermedia. Arboreal anurans, especially the juveniles, climb vegetation upwards to evade
terrestrial predators and/or to improve foraging (Stewart, 1985). It appears likely that
microhabitats with more plants and larger plants will confer greater protection and contain
more resources; thus, if vegetation is distributed in clumps or varies in size, treefrogs will
display a preference for microhabitats with more plants or those with larger plants, as
observed in fish and lizards (Bartholomew, 2012; Cooper & Whiting, 2000). In agreement
with this prediction, treefrogs in nature are more common in habitats with abundant
vegetation (lldos & Ancona, 1994) and they actively prefer microhabitats with vegetation
(Michaels et al., 2014), which suggests that the observed distribution might, at least in part,

be due to the treefrogs’ behavioural preferences.

The treefrogs’ microhabitat preference might be useful to study quantity
discrimination, as commonly done with spontaneous preferences in other species (reviewed
in Agrillo & Bisazza, 2014). We addressed this possibility by performing four experiments in
the field (experiments 1, 2, 3 and 4). In experiment 1, we determined whether newly
metamorphosed Italian treefrogs living in grassland are attracted to microhabitats with
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abundant and tall grass, and whether they tend to climb such grass. In experiment 2, we tested
whether treefrogs prefer larger grass clumps (both in number and size of leaves) using a
dichotomous choice arena. These experiments showed that treefrogs exhibit a spontaneous
preference for the larger available grass clump. To study quantity discrimination using this
preference, it is important to control quantitative features of the stimuli, such as the area and
height, and other features, such as the colour. Since this is difficult using grass stimuli, we
evaluated the use of artificial stimuli: in experiments 3 and 4, we tested whether treefrogs are
attracted by green bars printed on paper and whether this attraction was similar to that for real

grass, respectively.

The following four experiments addressed our main objective of investigating
quantity discrimination during microhabitat choice. These experiments were performed in the
laboratory to ensure controlled conditions (e.g. temperature, stimuli illumination) and thus
reduce variability in subjects' behaviour. In experiment 5, we tested whether treefrogs could
discriminate between different numbers of same-sized printed green bars and we identified
the upper limit of their capacity for discrimination by presenting choices of 1 vs. 4 bars, 2 vs.
4 bars, 2 vs. 3 bars and 3 vs. 4 bars. In experiment 6, we tested whether treefrogs could

discriminate between two green bars of different sizes.

In experiments 7 and 8, we identified which object attributes are used by treefrogs to
discriminate quantities. The discrimination ability determined in experiment 5 might have
been brought about by the treefrogs representing the number of objects in a scene or,
alternatively, by the treefrogs representing a value of a continuous variable that covaries with
numerosity, such the overall surface area or the convex hull (Davis & Pérusse, 1988). For
example, as the bars of experiment 5 had the same size, the set with more bars also had larger
surface area (i.e. the larger stimulus is more green) and treefrogs might have based their
choices solely on this continuous variable. Some studies have supported the ‘last resort’

94



hypothesis: that animals most often use continuous variables to discriminate between discrete
quantities and that they use numerical information only when they cannot rely on the
continuous variables (e.g. Vos et al., 1988). However, other studies have suggested that
animals readily make spontaneous decisions based on numerosity instead of on the covarying
continuous variables (Ferrigno et al., 2017). To disentangle these possibilities, in experiment
7, we observed treefrogs choosing between 2 and 4 bars with the same overall surface area

(experiment 7a) or convex hull (experiment 7b).

We considered whether treefrogs could use two different attributes of the stimuli (i.e.
the height and the width of the bars) when discriminating the size of the bars. If one attribute
is more relevant for treefrogs' choice (e.g. taller plants might confer better protection from
terrestrial predators than wider plants), they might choose based on that attribute only. It is
also possible that height and width of plants covary in nature and that treefrogs have been
selected to rely on one of these attributes to minimize neuronal resources required for the
choice (Todd, 2001). In experiment 8, we investigated whether treefrogs were influenced

more by height (experiment 8a) or by width (experiment 8b) when choosing the larger bar.

The last goal of this study was to ascertain whether trade-offs between speed and
accuracy are important to treefrogs' quantity discriminations. For various cognitive tasks,
gathering accurate information and comparing the available options take a considerable
amount of sampling time (Chittka et al., 2009). Both long sampling times and wrong choices
may be costly and may reduce fitness. It has been proposed that animals deal with this
problem by trading off choice time and choice accuracy (Chittka et al., 2009). We
hypothesized that treefrogs would show a trade-off between speed and accuracy when
discriminating quantities, so in the laboratory experiments we measured treefrogs' choice

time to investigate this hypothesis.
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4.3 Methods

Subjects

We collected treefrogs 15 days after metamorphosis in northeast Italy, near to Padova
(45°32°30°°N, 11°53°40”E). The population used in the study reproduces in an artificial
pond. Each year, we observe a large number of egg masses (>30). Although the adults of this
species are known to inhabit trees and bushes, the subjects of this study were collected while
climbing grass close to the pond (Fig. 14a). We collected the frogs in the morning between
0600 and 0700 hours using a wet hand net, placing them in a plastic box with grass for
transfer. We tested groups of approximately 25 frogs each day, randomly assigning each
animal to the different experimental conditions. The frogs transferred to the laboratory were
kept at 26°C and provided with a dish of water and spray of nebulized water to keep part of
the grass moist. In the field experiments, we tested 44 frogs overall, divided in the different
experiments as follow: eight in experiment 1, 12 in experiment 2, eight in experiment 3 and
16 in experiment 4. In the laboratory experiments, we tested 328 frogs overall, 96 in
experiment 5, 48 in experiment 6, 48 in experiment 7 and 136 in experiment 8. Each frog was

tested only once.
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4.3.1 Apparatus and Procedures: Experiments in the Field
We performed experiment 1 in the same grassland where we collected the subjects to
test whether treefrogs are attracted by grass and tend to climb it. We released the subjects
individually into the middle of an area (diameter 100 cm) that lacked tall grass, but that was
surrounded on one side by grass 25 - 35 cm in height. We constructed this area by cutting and
removing the grass. We performed the experiment using four replicates of the setting. We
recorded the time that the subject took to reach the tall grass, whether the subject climbed the

grass, and the time to climb to a height of 15 cm.

We performed experiments 2, 3 and 4 in a building close to the field site so that fresh
grass could be used as a stimulus. We conducted these experiments in a white plastic circular

arena (diameter 80 cm, height 75 cm; Fig. 14a). An LED spot lamp (100W, 1000 Im, 100
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angle) placed 100 cm above the middle of the arena illuminated the apparatus; this lamp was
the only light source because we kept the arena in a dark room. This setting ensured absence
of shadows and homogeneous illumination of the stimuli. A PVC tube (8 cm long) was
connected to a hole (diameter 2.5 cm) in the middle of the floor of the arena and served as the
starting point for the subjects. This tube was inclined at a 45° angle to the floor of the arena.
Before each trial, the experimenter positioned the stimuli against the wall of the arena, facing
the exit from the PVC tube. The stimuli were either grass clumps or green bars printed on
white paper (see below). Then, the experimenter placed one, randomly selected frog in a
plastic jar and transferred it inside the PVC tube for a 30 s habituation. To start the trial, the
experimenter slowly injected water inside the PVC tube with a 60 cl syringe and a silicone
tube connected to the bottom of the PVC tube. This caused the frog to emerge into the arena,
in which it could move freely (see Supplementary video). The trial ended when the frog
reached the wall of the arena and touched it, jumped on it or stayed 10 s within one body
length from it. We allowed the frog 30 min to reach the wall of the arena. If the frog did not

move within 15 min, we stopped the trial.

Supplementary  video related to this article can be found at

https://doi.org/10.1016/j.anbehav.2018.03.005

In experiment 2, we compared the choice between one microhabitat with a large grass
clump and one microhabitat with a small grass clump. The stimuli were clumps of freshly
collected grass leaves (Fig. 14b), attached to sheets of A4 paper using transparent tape and
placed on the walls of the arena. The two clumps were 45 cm apart. We recorded whether
frogs chose the large or the small clump of grass. Our operational definition of choice for one
stimulus was that the frog touched the stimulus, or it stayed within one body length of the

part of the wall where the stimulus was. We performed four replicates with the stimuli.
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In experiment 3, we tested whether frogs are attracted by green printed bars
simulating vegetation. The stimuli were 12 green bars, each 2 cm wide and 28 c¢cm high,
printed on A3 paper separated by 2 cm of empty (i.e. white) space. Treefrogs are reported to
perceive colours (Gomez et al., 2010), but their exact sensitivity is unknown; thus, we tried to
match as closely as possible the colour of grass in the field site. We used white paper as
background to improve visibility of the bars. This stimulus consisted of alternating green and
white bars, with the two colours having the same area overall. We measured whether each
subject touched a green bar or a white bar first. We then recorded the time spent on the green
bars and the time spent on the white bars while the subjects were climbing for 2 min or until
they reached the tip of the bars. Because green and white bars occupied the same surface
area, if the frogs moved randomly towards the stimuli, they would be expected to choose the
green and the white bars the same number of times, and to spend an equal amount of time

over the green and white bars while climbing.

In experiment 4, we compared frogs' preference for printed bars and real grass. The
stimuli were a single green bar, 1.5 cm wide and 25 cm high, printed on an A4 sheet, and one
grass leaf of the same size attached to an A4 sheet. We recorded whether frogs chose the bar

or the grass leaf.

4.3.2 Apparatus and Procedures: Laboratory Experiments
Experiments 5, 6, 7 and 8 aimed at assessing treefrogs' quantity discrimination
abilities; we performed them in the laboratory to ensure controlled conditions. The
experimental apparatus and the procedures were similar to those of experiments 2, 3 and 4.
The stimuli were green printed bars of different numbers and sizes according to the

experiment (see below). We recorded the frog's choice of the ‘larger’ or ‘smaller’ quantity
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and the time it had taken to reach the stimulus after emerging from the PVC tube. We
conducted the experiments between 14:00 and 20:00 hours because a preliminary study
showed that frogs are more attracted by the stimuli in the afternoon. Overall, 44 frogs did not
complete the trial within the predetermined time or did not touch the part of the wall where
the stimuli were and were replaced. Replacement was done because frogs that did not choose

between the stimuli do not provide information about discrimination ability.

In experiment 5, the stimuli were two sets with a different number of bars to study
discrete quantity discrimination. Each bar was 1 cm wide and 28 cm high. Numerosity ratios
and number of bars were as follow: numerosity ratio 0.25: 1 vs. 4 bars; numerosity ratio 0.5:
2 vs. 4 bars; numerosity ratio 0.67: 2 vs. 3 bars; numerosity ratio 0.75: 3 vs. 4 bars; Fig. 14c.
The bars within each set were separated by a gap of 3 cm. We tested 24 frogs for each

numerical ratio.

In experiment 6, we presented two bars of different size to study continuous quantity
discrimination. By proportionally altering both height and width, we obtained ratios between
the surface area of the two bars that corresponded to the numerical ratios significantly
discriminated by the frogs in experiment 5 (ratio 0.25: a 1 x 12 cm bar vs. a 2 x 24 c¢cm bar;
ratio 0.5: a 1.5 x 16 cm bar vs. a 2 x 24 cm bar; Fig. 14d). We used the same ratios of
experiment 5 to compare frogs' accuracy in discriminating discrete and continuous quantities
(Lucon-Xiccato & Dadda, 2017; Lucon-Xiccato et al., 2015). We tested 24 frogs for each size
ratio. From this experiment onwards, we first tested the two ratios significantly discriminated
in experiment 5 to minimize the number of wild animals needed to complete the experiment
(as required by law in our country). We thus only tested frogs with larger ratios if they

significantly discriminated the two ratios first administered.
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From the results of experiment 5 it is not possible to ascertain whether frogs
discriminate the two sets of bars based on bar number or on the continuous variables
covarying with bar number (Davis & Pérusse, 1988). To address this point, in experiment 7,
we sequentially controlled for the two most important attributes of the bars' sets that covary
with numerosity, the overall surface area (sum of the surface area of each individual bar) and
the convex hull (distance between the two most external bars of a set; Davis & Pérusse,
1988). In experiment 7a (control for overall surface area), the stimuli consisted of one set of 2
bars 2 x 28 cm in size and one set of 4 bars 1 x 28 cm in size; bars within the same set were
separated by a 3 cm gap (Fig. 14e). In experiment 7b (control for convex hull), the stimuli
included one set of 2 bars 1 x 28 cm in size separated by a gap of 11 cm, and one set of 4 bars
1 x 28 cm separated by a gap of 3 cm (Fig. 14e). If frogs fail the discrimination in one of
these two controls, we would conclude that they probably discriminate between the two sets
of bars based on the continuous variable corrected for. Conversely, if frogs choose the set
with more bars in both experiments 7a and 7b, this would indicate that they base their choice
on the number of bars. We tested 24 frogs in experiment 7a and another 24 frogs in

experiment 7b.

From the results of experiment 6 it is not possible to ascertain whether frogs based
their choice on the height or on the width of the bars, because the larger bar was both taller
and wider than the smaller bar. We addressed this point in experiment 8 following the
strategy of experiment 7 (i.e. sequential control of the attributes). In experiment 8a, we
initially presented two bars of different height, based on the quantity ratios discriminated by
the frogs in experiment 5 (ratio 0.25: a1 x 7 cm bar vs. a1 x 28 cm bar; ratio 0.5: a1 x 14
cm bar vs. a 1 x 28 cm bar; Fig. 14f). Since we found a significant discrimination for both
ratios, we then tested frogs with the two more challenging ratios used in experiment 5 (ratio

0.67:a1x 14 cmbarvs.alx21cmbar; ratio 0.75: a1 x 21 cm bar vs. a 1 x 28 cm bar; Fig.
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14f). In experiment 8b, we presented two bars of different width based on the quantity ratios
discriminated by the frogs in experiment 5 (ratio 0.25: a 1 x 28 cm bar vs. a 4 x 28 cm bar;
ratio 0.5: a 2 x 28 cm bar vs. a 4 x 28 cm bar; Fig. 14g). As an example, if frogs discriminate
between different sized bars in experiment 8a but not in experiment 8b, then we would
conclude that they base their choice on bar height rather than on bar width. We tested 24

frogs for each ratio in experiment 8a and 20 frogs for each ratio in experiment 8b.

Statistical Analysis

The statistical analysis was performed in R version 3.2.1 (The R Foundation for
Statistical Computing, Vienna, Austria, http://www. r-project.org). The statistical tests were
two-tailed and the significance threshold was P = 0.05 if not stated otherwise. To study the
preference of treefrogs for a certain stimulus, we compared the observed number of subjects
choosing this stimulus with the number expected by chance (50%) using chi-square tests. In
experiment 3, we additionally tested the preference for the green bars by comparing the
percentage of time spent over the green bars with chance (50%) using a one-sample t test. In
the laboratory experiments, the analysis was initially drawn separately for the different
quantity ratios (experiments 5 and 6) and control conditions (experiments 7 and 8). For the
experiments in which frogs were presented with different quantity ratios (experiments 5, 6
and 8), we then performed a cumulative analysis on all the ratios using generalized linear
models (GLMs) with binomial error distribution and logit link function. As a dependent
variable, we used the choice of each frog (larger or smaller). We initially fitted the model
with intercept only, to test whether frogs chose the larger stimulus overall, independently
from the ratio; then, we fitted ratio as a factor to test for differences between the ratios. In the

experiments in which frogs were observed in more than two ratios (experiment 5 and 8a), we
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performed a Tukey post hoc test if the factor ratio was significant; we also tested for a
significant linear trend. To study speed-accuracy trade-off, we analysed frogs' choices in all
the laboratory experiments using a GLM as described above. We fitted Log(choice time) as
the covariate and experiment as the fixed effect. The interaction was omitted in the final

model because it was not significant (Engqvist, 2005).

4.4 Results

4.4.1 Experiment 1: Attraction to Microhabitats with Grass in Nature
All eight frogs rapidly reached the tall grass (time to reach the grass: 130.38 £ 50.32 s,
mean + SD). After reaching the grass, all eight frogs rapidly climbed it up to a height of 15

cm (climbing time: 65.12 + 48.10 s).

4.4.2 Experiment 2: Preference for Larger Grass Clumps
Ten of 12 frogs chose a stimulus. The two remaining frogs did not select any
stimulus; one did not move for 15 min, at which point we stopped the trial, and the other
touched the white wall of the arena. Of the 10 frogs that made a choice, nine chose the larger
grass clump and one chose the smaller one. The number of frogs choosing the larger stimulus

(90%) was significantly greater than chance (chi-square test: y* = 6.400, P = 0.011).
q X

4.4.3 Experiment 3: Attraction to Green Printed Bars
All the frogs reached the stimulus paper. Seven of eight chose the green bars first
(Tab. 3), a preference that was significantly greater than chance (chi-square test: ¥? = 4.500, P

= 0.034). Overall, the frogs spent significantly more time climbing the green bars than the
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white bars (89.71 + 10.20% time spent over the green bars; one-sample t test against random
choice: t7 = 24.746, P < 0.0001; Tab. 3). The only frog that initially chose a white bar spent

87% of its climbing time on the green bars.

Subject First choice Time climbing (s)  Time on the green bars (s)
1 Green bars 120 120

2 Green bars 120 91

3 Green bars 120 96

4 Green bars 55 52

5 Green bars 120 120

6 White bars 71 62

7 Green bars 120 120

8 Green bars 65 52

Tab. 3. Results of experiment 3.

4.4.4 Experiment 4: Preference for Green Bars versus Grass
Two frogs did not move for 15 min and were removed from the sample; the remaining
14 reached one of the stimuli. Six frogs chose the printed bar and eight chose the grass leaf

chi-square test: = 0.286, P = 0. :
(chi 2=0.286, P = 0.593)

445 Experiment 5: Discrete Quantity Discrimination
For both the easy ratios, the number of frogs choosing the larger number of bars was
higher than expected by chance (1 vs. 4: 22/24; ¥*> =16.667, P < 0.0001; 2 vs. 4: 19/24; y* =

8.167,
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P = 0.004; Fig. 15a). In contrast, for the higher ratios, the number of frogs choosing
the larger number of bars did not differ significantly from chance (2 vs. 3: 14/24; y* = 0.667,

P =0.414; 3 vs. 4: 13/24; y> = 0.167, P = 0.683; Fig. 15a).

When considering all the numerical ratios, the GLM showed that the number of frogs
choosing the stimulus with the larger number of bars (68/96, 70.83%) was significantly
greater than chance (estimate = 0.887, SE = 0.225, z = 3.952, P < 0.0001). The linear trend
was significant (P = 0.003), indicating that the number of frogs choosing the larger number of
bars decreased with increasing ratio between numerosities. The GLM revealed a significant
difference between the ratios (x% = 11.861, P = 0.008). A post hoc test found that the
difference was significant between the 1 vs. 4 bars and the 3 vs. 4 bars discrimination (P =
0.040), close to the threshold for significance between the 1 vs. 4 bars and the 2 vs. 3 bars
discrimination (P = 0.069), and not significant between the other numerosity ratios (1 vs. 4
bars and 2 vs. 4 bars: P = 0.628; 2 vs. 4 bars and 2 vs. 3 bars: P = 0.411; 2 vs. 4 bars and 3 vs.

4 bars: P = 0.267; 2 vs. 3 bars and 3 vs. 4 bars: P = 0.991).

100- (@)} 100- (b)

Successful treefrogs (%)

1vs. 4 2vs. 4 2vs. 3 3vs. 4 0,25 ratio 0,5 ratio

Fig. 15. Percentage of treefrogs choosing (a) the set with the larger number of bars in experiment 5 and (b) the larger bar in experiment 6.
Dashed line indicates the chance level and asterisks indicate significant deviations from chance (P < 0.05).
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4.4.6 Experiment 6: Size Discrimination
The number of frogs that chose the larger bar was significantly above chance in the
0.25 ratio (18/24; ¥?1 = 6.000, P = 0.014; Fig. 15b) but not in the 0.5 ratio (13/24; x> = 0.167,

P = 0.683; Fig. 15h).

When considering both size ratios, the analysis with the GLM showed that the number
of frogs choosing the stimulus with the larger bar (31/48, 64.58%) was significantly greater
than chance (estimate = 0.601, SE = 0.302, z = 1.991, P = 0.047). The GLM did not find a

significant difference between the ratios (y%1 = 2.303, P = 0.129).

4.4.7 Experiment 7: Attributes Exploited in Discrete Quantity Discrimination
In experiment 7a (stimuli controlled for overall surface area), 17 of 24 frogs chose the
stimulus with the larger number of bars; in experiment 7b (stimuli controlled for the convex
hull of the bars), 20 of 24 frogs chose the stimulus with the larger number of bars. In both
tests, the number of frogs that chose the stimulus with the larger numerosity was significantly
greater than chance (overall surface area: le = 4,167, P =0.041; convex hull: le = 10.667, P
= 0.001; Fig. 16a), suggesting that frogs did not discriminate between the two sets of bars

based on overall surface area or convex hull.
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Fig. 16. Percentage of treefrogs choosing (a) the set with the larger number of bars in experiment 7, when the stimuli were corrected for
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4.4.8 Experiment 8: Attributes Exploited in Discriminating Size

When the two bars differed in height (experiment 8a), the number of frogs that chose
the larger bar was greater than chance for the 0.25 (18/24; y?1 = 6.000, P = 0.014) and 0.5
ratios (18/24; ¥*1 = 0.800, P = 0.014), but not for the 0.67 (15/24; ¥*1 = 1.500, P = 0.221) and
0.75 ratios (13/24; ¥*1 = 0.167, P = 0.683; Fig. 16b). Considering all height ratios, the
analysis with the GLM showed that the number of frogs choosing the taller bar (64/96,
66.67%) was significantly greater than chance (estimate = 0.693, SE = 0.217, z = 3.202, P =

0.001). The linear trend was close to the threshold for statistical significance (P = 0.076). The

GLM did not find a significant difference between the ratios (y% = 3.771, P = 0.287).

When the two bars differed in width (experiment 8b), the number of frogs choosing
the larger bar did not differ from chance (ratio 0.25: 13/20; ¥?1 = 1.800, P = 0.180; ratio 0.5:
12/20; y?1 = 0.800, P = 0.371; Fig. 16¢); this suggests that frogs do not base their choice
between different-sized bars on bar width. Similarly, the analysis on both width ratios with

the GLM showed that the number of frogs choosing the wider bar (25/40, 62.50%) was not
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significantly greater than chance (estimate = 0.511, SE = 0.327, z = 1.564, P = 0.118). The

GLM did not find a significant difference between the ratios (x? = 0.107, P = 0.744).

4.4.9 Speed-Accuracy Trade-off
In the GLM model to study speed and accuracy, we found a negative relationship
between the likelihood of choosing the larger stimulus and time taken to make the choice (y%
= 11.190, P < 0.001; Fig. 17), suggesting a speed-accuracy trade-off. There was no

significant effect of experiment (s = 6.318, P = 0.277).

1.00

0.75 1

0.50 +

Choice accuracy
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0 250 500 750 1000 1250
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Fig. 17. Accuracy in choosing the larger quantity as a function of time taken to make the choice. Points represent the choice made by the
subjects (larger or smaller quantity) versus time taken to make the choice in experiments 5, 6, 7 and 8; the line and the grey shaded area
represent the speed-accuracy relationship and the confidence interval predicted by a generalized linear model with binomial error
distribution and logit link function.

4.5 Discussion
Many animal species can discriminate discrete and continuous quantities in different

ecological contexts (e.g. foraging, mate choice, social interactions). We have limited

108



knowledge on how and in which contexts amphibians use quantitative information. Our
experiments revealed that treefrogs rely on quantitative abilities to choose microhabitats: they
showed a spontaneous preference for larger grass clumps and, by studying this behaviour in
the laboratory using a dichotomous choice test, we showed that they can discriminate

between numbers and heights of objects simulating vegetation.

In four experiments in the field, we investigated the possibility of studying quantity
discrimination during microhabitat choice by treefrogs. Experiment 1 indicates that treefrogs
are attracted to microhabitats with abundant and tall grass and that they tend to climb
vegetation, as previously reported for closely related species (lldos & Ancona, 1994;
Michaels et al., 2014; Stewart, 1985). When presented with a dichotomous choice between
different-sized grass clumps (experiment 2), treefrogs showed a preference for the larger one.
This choice behaviour is in line with that observed in reptile and fish species (Bartholomew,
2012; Cooper & Whiting, 2000) and might be used to study quantity discrimination, provided
that the stimuli can be finely controlled. In experiment 3, we found that treefrogs are also
attracted by green printed bars on a white background, and that they climb them as observed
for real plants. The subjects' attraction to the printed stimulus bars appears to be similar to
their response to real grass (experiment 4). The green bars might be perceived similar to the
grass or they might allow crypsis. More importantly for this study, the bars are stimuli that
can be easily controlled and used in a laboratory setting to study quantity discrimination. The
main advantage of this approach is that it is based on a spontaneous behaviour; thus, the
ability shown by subjects probably resembles that expressed by the species in nature (Agrillo

& Bisazza, 2014).

In the remaining experiments of this study, we focused on quantity discrimination
abilities and mechanisms. In experiment 5, treefrogs presented with two sets of same-sized

vertical green bars chose the set with a larger numerosity, discriminating significantly up to
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the 2 vs. 4 bars discrimination (0.5 numerical ratio). This discrete quantity discrimination
could be achieved by representing either the number of bars or the continuous variables that
covary with numerosity (Davis & Pérusse, 1988). In the two conditions of experiment 7, we
separately controlled the stimuli for the two more important continuous variables that covary
with numbers (overall surface area and convex hull). This did not prevent the treefrogs from
identifying the set containing more bars suggesting they use numerical information to
discriminate between the available options. There is an ongoing debate about the importance
of numerical information in discrete quantity discrimination: some studies suggest that
animals spontaneously tend to use continuous variables, and that they use numerical
information as a ‘last resort’, when prevented from using continuous variables (Vos et al.,
1988). Other studies align with the present study in suggesting, instead, that animals
spontaneously use numerical information (Ferrigno et al., 2017). Regarding amphibians,
salamanders' choice of the larger group of live prey seems to be driven by quantity of
movement (Krusche et al., 2010); toads seem to spontaneously use numbers to discriminate
prey groups, at least when the number of preys per group does not exceed four (Stancher et

al., 2015).

In experiment 5, we also found a clear ratio effect indicating that treefrogs were more
likely to choose the larger numerosity when the ratio between the number of bars was
smaller. This finding supports the existence of an approximate number system for
discrimination of small numerosities with an accuracy set by Weber's law (Cantlon &
Brannon, 2007). When each numerosity ratio was tested separately, the maximum accuracy
exhibited by the treefrogs in discrete quantity discrimination (2 vs. 4: 0.5 ratio) was lower
than previously reported in other anurans when choosing prey (e.g. 2 vs. 3: 0.67 ratio;
Stancher et al., 2015). There are at least four possible explanations for this result. First, there

might be intraspecific differences in cognitive abilities (Clayton & Krebs, 1994; Day et al.,
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1999) and different anuran species might have a different numerical ability. Second, anurans
might perform differently in different tasks (e.g. in choosing between microhabitats as
opposed to prey) because the different tasks are of different ecological relevance. For
example, a social fish species, the guppy, Poecilia reticulata, shows higher discrimination
abilities when choosing between shoals comprising different numbers of conspecifics (0.8
ratio) than when choosing between groups of food items (0.5 ratio; Lucon-Xiccato et al.,
2015; Lucon-Xiccato et al., 2016; Chapter 4); this might be because choosing the larger
social group is one of the main antipredator defences of social fish (Seghers, 1974). Third, it
is possible that anurans' numerical accuracy improves with age due to experience or
ontogenetic maturation of the nervous system (Bisazza et al., 2010). Accordingly, the reduced
performance of our treefrogs could be because they were very young individuals. One last
possibility is that anurans show different motivation in the different tasks. Treefrogs might
not exhibit a preference between microhabitats with small differences in number of plants
because the choice confers limited advantages. This does not exclude the possibility that
treefrogs perceive the difference between stimuli. The issue of motivation is typical of
procedures based on spontaneous choices; future studies should try to address it by using

discrimination learning procedures (Agrillo & Bisazza, 2014).

Experiment 6 investigated discrimination of continuous quantities (i.e. surface areas).
Treefrogs presented with two bars of different size (one taller and wider than the other)
showed a preference for the larger one if the size ratio was 0.25, but not if the ratio was
larger, suggesting that they discriminate sizes less well than numbers or that they are
differentially motivated in choosing between different numbers of grass leaves and different-
size leaves. In experiment 8, the heights and the widths of the bars were compared separately
to see if one attribute was more important than the other. The treefrogs were accurate in

discriminating height up to a ratio of 0.5 (coinciding with the most accurate discrimination in
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experiment 5), but they failed to discriminate bars of different width even with an easier 0.25
ratio. These results suggest that treefrogs are able to compare and discriminate continuous
quantities as well as discrete quantities. Further, the results suggest that when choosing the
larger of two objects, as in experiment 6, treefrogs choose the taller one but do not attend to
differences in width between them. Indirect evidence of continuous quantity discrimination in
amphibians has previously been provided by mate choice experiments: for example, male
Andrew's toads, Bufo andrewsi, show a mating preference for larger females (e.g. Arntzen,

1999; Liao & Lu, 2009).

Overall, our study shows that treefrogs prefer larger clumps of vegetation and taller
plants, a preference similar to that observed in other species (Bartholomew, 2012; Cooper &
Whiting, 2000; Mensforth & Bull, 2008; Takahashi & Nagayama, 2016). Our study aimed to
investigate the cognitive system underlying quantity discrimination and we did not address
the functional significance of the behaviour that we observed. One can speculate that it might
have evolved to avoid predators (Babbitt & Tanner, 1997). For a species such as the treefrog,
which relies on cryptic coloration to defend itself, being in a large clump of vegetation is
likely to offer greater protection. Likewise, treefrogs are arguably better protected against
terrestrial predators when they climb taller plants. On the other hand, the ability to choose the
larger clumps of vegetation and the taller plants might have evolved because it is
advantageous during ambush feeding (Walsh & Downie, 2005), and/or because it favours
homeostasis (Seebacher & Alford, 2002). In line with this idea, there is evidence that the
choice of microhabitats with rich vegetation increases growth in treefrogs (Michaels et al.,
2014). Testing these hypotheses will require field experiments to assess fitness advantages of

microhabitat selection.

The last goal of our study was to investigate the effects of decision speed on accuracy
in quantity discrimination. Decision speed is an important, but scarcely considered factor in
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cognitive performance (Chittka et al., 2009). Making accurate decisions often demands
lengthy sampling times, which can be associated with costs. In our experiments, we found
that long latencies were associated with a greater preference for the larger bar/set of bars.
Previous studies have often considered similar results as an evidence of a speed-accuracy
trade-off (e.g. Chang et al., 2016; Lucon-Xiccato & Bisazza, 2016). Although our study did
not provide direct evidence that choice time reflects time required for cognitive processing,
our finding might indeed be another example of this pervasive association. In the case of
treefrogs, the cost of lengthy sampling time might be that individuals spend more time
outside the cover of vegetation and consequently are exposed to potential predators for

longer.

Speed-accuracy trade-offs have been reported in various decision-making processes in
animals (e.g. Chittka et al., 2003; Latty & Beekman, 2011; Wang et al., 2015), but it is only
in humans that there is clear evidence of this phenomenon in quantitative tasks (Moyer &
Landauer, 1967). In a recent experiment on fish's shoal size discrimination abilities, we found
that guppies switched more frequently between two shoals of conspecifics with increasing
ratio between shoals' numerosity (Chapter 4). This finding can be interpreted as indirect
evidence of a longer sampling time being needed to perform challenging quantity
discriminations. Taken together, the experiment with guppies and the present study with
treefrogs suggest that speed-accuracy trade-offs probably affect quantity-based decision
making in nonhuman animals, too. Future research should directly study this trade-off and try
to understand its causes (Chang et al., 2016; Lucon-Xiccato & Bisazza, 2016) and its

ecological consequences (Chittka et al., 2003).
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5.Study 4: spontaneous quantity discrimination in
crickets

5.1 Abstract

Recent studies have reported that the ability to discriminate among quantities is not a
prerogative of vertebrates. Ants, bees, and spiders can solve tasks in which they are required
to discriminate between groups of objects. However, it is still not clear which mechanisms
are used by invertebrates to discriminate between quantities, because few studies have
controlled the stimuli for the continuous variables that covary with numbers. Here, |
investigated the spontaneous preferences of an arthropod species, Acheta domesticus, for both
discrete and continuous quantities when searching for a potential shelter. 1 exploited the
natural shelter-seeking behaviour of this species by presenting sets of geometric shapes (e.g.,
square and rectangles) that simulated potential shelter in a dangerous context. In a
dichotomous choice between sets of black shapes differing in number of items, crickets
showed a preference for the set containing the larger numerosity up to 2 vs. 3 items
(numerical ratio: 0.66). When stimuli were controlled for continuous variables (convex hull
and cumulative surface area), crickets no longer showed a preference for larger sets of 2 vs. 3
items. When subjects were presented with a dichotomous choice between two squares
differing in area, a significant number of crickets selected the larger stimuli when the size
ratio was 0.25. Control experiments indicated that the results in size discrimination were poor

because crickets attend to the width but not the height of a stimulus. These findings suggest
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that A. domesticus possess a system to discriminate between quantity by summing the total
area of presented items and that they rely more on some features (e.g., width) than others to

make adaptive decisions.

5.2 Introduction

Animals face many situations in which being able to discriminate between quantities could
have a remarkable adaptive value. Such abilities allow individuals to select the most
beneficial choice among different options to maximize their fitness in relation to the
ecological context (Shettleworth, 2010). For instance, animals maximize the quantity of food
in relation to the cost of finding a food source by selecting the larger amount of food (Hauser
et al., 2000; Lucon-Xiccato et al., 2015) or the option with minimal costs (Pantaleeva et al.,
2013). Social species such as chimps, hyenas, and dogs adopt different strategies in
competitive behaviour in relation to the number of potential competitors (McComb et al.,
1994; Bensom-Amram et al., 2011; Bonanni et al., 2010). In an unfamiliar and dangerous
environment, prey species join the larger group of conspecifics to minimize predatory risks

(Hager & Helfman, 1991; Gomez-Laplaza & Gerlai, 2011; Chapter 4).

Many studies have reported that humans and other vertebrate species share two distinct
non-symbolic systems to represent numerical quantity: the object-file system (OFS) and the
approximate number system (ANS). The OFS is involved in the mechanism of “subitizing”: it
is an object-based attentive mechanism that permits one to identify the element in a small
numerosity as a unique symbol stored in working memory (Trick & Pylyshyn, 1993). This
system is triggered when facing sets of small numerosity (3-4 elements). OFS accuracy is
independent of the numerical ratio but depends on intrinsic memory limits and/or attentional

constraints (Burr et al., 2010; Hyde, 2011). The ANS is involved in the estimation process of
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large numerosity (>4 items). In contrast to the OFS, the ANS does not present an absolute
upper limit of elements, but the accuracy of estimated numerosity is dependent on the
numerical ratio between the elements to be discriminated. The imprecision of ANS is due to
the distance effect (e.g., the discrimination of 5 vs. 10 items is easier than 5 vs. 6 items) and
the size effect (e.g., the discrimination of 5 vs. 6 is easier than 10 vs. 11 items; Gallistel &
Gelman, 1992). Studies on numerical cognition in human adults and, partially confirmed, in
infants support the idea that humans possess two distinct non-symbolic quantificational
systems for representing small and large number (reviewed in vanMarle, 2015), while
comparative psychologists debate on whether non-human animals possess a single or two

distinct non-verbal quantification systems (Chapter 1.1.1).

In recent years, research on numerical cognition in invertebrates has raised growing
interest among comparative psychologists. This interest is mainly due to the fact that
invertebrates show rudimental numerical abilities that partially resemble those of vertebrates
(reviewed in Pahl et al., 2013). Bees and ants use proto-counting abilities during navigation
(Chittka & Geiger, 1995a; Wittlinger et al., 2006). Ladybirds, ants, beetles, and spiders assess
the number of potential competitors when searching for food sources or selecting potential
mates to avoid conflicts (Nelson & Jackson 2012; Hemptinne et al. 1992; Tanner 2006;
Carazo et al. 2012). However, the mechanisms underlying quantity discrimination abilities in
invertebrates are still far from being understood. Unfortunately, our knowledge of quantity
ability mechanisms is restricted to some social insect species. Bees are able to discriminate
up to 3 vs. 4 items and understand the concept of zero under control conditions (Dacke &
Srinivasan, 2008; Gross et al., 2009; Howard et al., 2018) while ants were found to
discriminate among nest sites by relying on the summation of light levels within the nesting

entrances rather than counting the number of available cavity entrances (Franks et al., 2006).
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Further studies are necessary to understand the similarities and differences in numerical

cognition among invertebrate species.

In the present study, | investigated which mechanisms an invertebrate species, the
arthropod Acheta domesticus, uses to discriminate between quantities when searching for
shelter. | focused on the spontaneous preference for shelters by performing five laboratory
experiments in which A. domesticus were presented with a dichotomous choice between
geometric shapes. A. domesticus is a small nocturnal cricket that actively searches for
borrows as refuges to escape from predators (Kieruzel, 1976). Previous studies have reported
its spontaneous orientation toward dark stimuli under bright light conditions (Atkins et al.,
1987; Kieruzel 1976). However, no study has investigated the preference between groups of
geometric shapes with different numbers of items, even if there was evidence of spontaneous
ability to discriminate the duration of male’s chirps (e.g., females prefer male’s chirps with a
greater number of pulses per chirp; Gray, 1997). In our experiments, | positioned crickets in
the centre of a white arena with dark geometric shapes (e.g., squares and rectangle) attached
to the wall from which they could choose. | varied the number of shapes contained in each set

and the size of shapes to investigate spontaneous preference for quantities in crickets.

| conducted a preliminary experiment to verify the spontaneous reactions to our
experimental conditions and stimuli attraction. Crickets were presented with a first
discrimination between a black square and a completely white paper in order to study the
attraction for our stimuli. 1 prepared stimuli based on the information on visual acuity
reported by Atkins and colleagues in similar experimental conditions (1967). Secondly, |
presented a discrimination between one black square and three same-sized squares to verify

the preference towards the set of figures.

In experiment 2, | investigated quantity discrimination abilities in crickets by presenting a

choice between sets of same-sized squares differing in the number of items. I administered
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four discriminations: 1 vs. 4 (ratio 0.25); 2 vs. 4 (ratio 0.50); 2 vs. 3 (ratio 0.67); and 3 vs. 4
(ratio 0.75). | hypothesized that crickets would choose the larger stimulus because the
possibility of finding better shelter increases with the number of available refuges. In
experiment 3, | presented two discriminations of 2 vs. 3 items in which | controlled the
stimuli for two continuous variables that covaried with numerosity: the convex hull and the
cumulative surface area.

Results from experiments 2 and 3 suggested that crickets used the total area more than
numerical information to discriminate between quantities. | hypothesized that crickets
possess a system that permit them to estimate the total area of stimuli by summing the
amount of area for each figure. Thus, in our experiments, they might have oriented towards
stimuli that presented the larger total area of black. | expected that crickets would show
similar accuracy when discriminating between geometrical shapes differing by size; in the
last two experiments, | presented a dichotomous choice between geometrical shapes differing
by size. In experiment 4, crickets were presented with a discrimination between black squares
differing in size (size ratio: 0.25; 0.5; 0.67; and 0.75). Results showed that crickets were less
accurate in discriminating stimuli differing by the size than by number of items. It is possible
that one attribute is more relevant for crickets when discriminating the size of figures. Atkins
and colleagues (1987) reported that crickets showed less responsiveness towards black
figures when the height of figures was equal or larger than the width. Two species of wood
crickets (e.g., Oecanthus pellucens, and Nemobius sylvestris) showed different preferences
for visual cues according to their natural behaviour (e.g., high vegetation and dead life on the
ground, respectively; Campman et al., 1987). In experiment 5, | presented a choice between
rectangles with a size ratio of 0.67 by modifying only one dimension of the stimuli (e.g.,
height or width) while the other dimension was kept constant in order to investigate whether

A. domesticus was influenced more by height or width when discriminating between stimuli.
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5.3 Methods
Subjects

Adult individuals of the species A. domesticus (Linnaeus 1758) were purchased from a
local shop (Agri Pet Garden, Padua, Italy). Crickets were maintained in the Animal
Behaviour and Cognition Lab in the Department of General Psychology (University of
Padua, Italy) in terraria 19 x 50 x 32 cm (width x length x height). Each terrarium was
provided with wood shavings, egg boxes, a full water jar to maintain a high humidity level,
and a 50-W fluorescent infra-red lamp (12:12 light/dark cycle). The temperature was kept at
25 °C £ 3. The tank was covered by a transparent plexiglass sheet with holes for ventilation.
Crickets were fed with fresh salad, carrots, and commercial food pellets three times per week.

The tank was cleaned every two days to avoid the proliferation of diseases and parasites.

Apparatus

The apparatus (Fig. 18a) was similar to one used recently to investigate quantity
discrimination ability in treefrogs (Chapter 5). The apparatus consisted of a white plastic
circular arena (@ 80 cm; 75 cm) situated in a dark room. The light was provided by a single
LED lamp (450 lumen, opening angle 100) placed 80 cm above the arena. A transparent start
box 10 x 13 x 8 cm was positioned in the centre of the arena and orientated toward the

stimuli.
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Fig. 18. (a) Top view of apparatus adopted in our study; and (b) stimuli used in experiment 1, (c) experiment 2, (d) experiment 3, (e)
experiment 4, and (f) experiment 5.

The stimuli (Fig. 18 b-f; see below for details) were groups of black geometrical shapes
printed on A3 white paper. Stimuli varied in number and size depending on the experiment.
The centre of the printed papers formed an angle of 60° with the centre of the arena; this set
up permitted crickets to see both stimuli at the same time. Previous studies reported that
immobile crickets can detect different stimuli in a 180° visual field, and mobile crickets scan
the environment at a visual angle of 60° either side (Weber et al., 1987). The position of
stimuli in the arena was randomized for each subject by changing the left-right presentation

of the two stimuli and by changing the position of presented stimuli on the wall of arena.
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Procedure

| performed the experiments between 08:00 and 14:00. A single cricket was collected from
the maintenance tank and gently positioned inside the start box. The trial started when the
subject left the start box. | considered a choice to have occurred when the subject reached one
of the two stimuli. After each test, the arena was cleaned with 99% ethanol to remove any
chemical cue. Subjects that moved toward the opposite side of arena of where stimuli were
presented or never moved in 20 minutes were discarded and substituted with new ones. |
aimed to test 55 crickets in experiment 1, 100 crickets in experiment 2, 60 crickets in
experiment 3, 100 crickets in experiment 4, and 60 crickets in experiment 5. However, |
discarded 37 crickets in experiment 1, 110 in experiment 2, 20 in experiment 3, 105 in
experiment 4, and 96 in experiment 5. The proportion of discarded subjects (49.53%) is
common to studies based on spontaneous choice tests (Uller et al., 2003; Krusche et al.,
2010). Each subject was tested once and, following the conclusion of the experiment, was
released into a separate terrarium.

| performed a preliminary experiment (1) to test whether crickets were attracted to black
figures with our setting. | presented a discrimination (1a) between one 7x7 cm black figure
and a white paper sheet (Fig. 18b), and a second discrimination (1b) between a set of three
7x7 cm black figures vs. a single 7 x 7 cm black figure (Fig. 18b). I tested 30 subjects for
discrimination 1la and 25 subjects for discrimination 1b.

Experiments 2 and 3 aimed at assessing the discrete quantity discrimination abilities of
crickets. Stimuli were composed of sets of black figures with different numerosities. In
experiment 2 (Fig. 18c), | presented four numerical discriminations to study the limits of
quantity discrimination ability: 1 vs. 4 (numerical ratio: 0.25); 2 vs. 4 (numerical ratio: 0.50);
2 vs. 3 (numerical ratio: 0.67); and 3 vs. 4 (numerical ratio 0.75). Each item was a 7x7 cm

black square printed on a white paper sheet. In each set, figures were separated by a gap of 3
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cm. | set 25 subjects as the limit number for each discrimination. In experiment 3 (Fig. 18d), |
separately studied the effects of two continuous variables, such as convex hull and
cumulative surface area, on crickets’ quantity discrimination ability. For both
discriminations, | presented a dichotomous choice between 2 vs. 3 sets of same-sized squares
as the limit found in experiment 2. In the convex hull discrimination (3a), crickets were
presented with two 7x7 cm squares separated by 13 cm and three 7x7 cm squares separated
by 3 cm. The external area occupied by each set was 27 cm. In the cumulative surface area
discrimination (3b), crickets were presented with three 5.72x5.72 cm squares separated by 3
cm, and two 7x7 cm squares separated by 3 cm. The cumulative area occupied by each set
was 98 cm?. | tested 30 subjects for each discrimination.

Experiments 4 and 5 aimed at assessing size discrimination abilities of crickets by
presenting discriminations between single geometrical shapes differing in size. In experiment
4 (Fig. 18e), | presented four discriminations between single black squares that differed in
size proportionally to the numerical ratio used in experiment 2. For each discrimination, |
considered one stimulus as the reference (dimension: 14x14 cm) and the other one was
modified both in height and in width according to the size ratio: 7x7 cm (size ratio: 0.25);
9.89 x9.89 cm (size ratio: 0.5); 11.46x11.46 cm (size ratio: 0.67); and 12.12x12.12 cm (size
ratio: 0.75). | tested 25 subjects for each discrimination. In experiment 5 (Fig. 18f), |
modified only one dimension of the stimuli (width or height) in order to study which
attributes were more relevant in quantity discrimination. For both discriminations, | presented
rectangles differing by a size ratio of 0.67 as the ratio limit found in experiment 2. In the first
discrimination (5a), | presented two figures with different heights but equal widths: a 7x14
cm figure and a 7x21 cm figure. In the second discrimination (5b), | presented two figures
with different widths but equal heights: a 14x7 cm figure, and a 21x7 cm. | tested 30 subjects

for each discrimination.
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Statistical analysis

Statistical analysis was performed in R version 3.2.0 (The R Foundation for Statistical
Computing, Vienna, Austria, http://www.r-project.org). In this study, | considered the choice
of the larger stimulus as the correct choice (e.g. sets of squares with the larger numerosity in
experiments 2 and 3 and the larger size geometrical shapes in experiments 4 and 5). |
compared the observed number of crickets that made the correct choice with the total number
of crickets that chose a stimulus (binomial exact test; probability of random choices equals to
50%; Hollander & Wolfer, 1973). Statistical tests were two-tailed, and the significance
threshold was P = 0.05.

For experiments with different quantity ratios (experiments 2 and 4), | analysed the binary
choice of subjects with a general linear model (GLM) with binomial errors distribution and
logit link function (Hastie & Pregibon, 1992). | initially fitted the model with intercept only
to study the overall preference of crickets for larger stimuli independently from the ratio; then
| fitted ratio as a factor to test differences due to numerical ratio or size ratio according to the
experiment. To evaluate the differences due to the factor (ratio), | used the function ANOVA
from library CAR (Fox & Weisberg, 2011). When the factor (ratio) had a significant effect on
response, | conducted a pairwise comparison (Westfall et al., 2011), using the library Ismeans

(Lenth, 2016).
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5.4 Results

5.4.1 Experiment 1 — Spontaneous preference for dark figures

In discrimination la, the number of crickets (22 out of 30) that chose the stimulus
containing the single black squares rather than the stimulus without a geometrical shapes was
significantly above chance (P = 0.016); in discrimination 1b, the number of crickets (18 out
of 25) that chose the sets containing the larger number of squares was significantly above

chance (P = 0.043).

5.4.2 Experiment 2 — Quantity discrimination in crickets

In the 1 vs. 4 item discrimination, the number crickets (18 out of 25) that chose the set
containing the larger number of squares was significantly above chance (P = 0.043). A
similar result was found in the discrimination of 2 vs. 4 (18 out of 25 chose the larger set; P =
0.043) and in the discrimination of 2 vs. 3 (18 out of 25 chose the larger set; P = 0.043). In
the 3 vs. 4 discrimination, the number of subjects (10 out of 25) that chose the set with the

larger number of squares was not different from chance (P = 0.424; Fig. 19a).

Overall, crickets spontaneously orientated significantly more towards the set containing
the larger number of squares (64%; estimate = 0.575; SE = 0.208; t = 2.762; P < 0.006). The
GLM showed a significant difference among the numerical ratios (x?s=8.090; P = 0.044). The
post hoc pairwise comparison showed that the difference between the discrimination of 3 vs.
4 and the other discriminations was significant (all P = 0.016), but there was not a significant

differen
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Fig. 19. Percentage of crickets choosing (a) the set with the larger number of squares in experiment 2 and (b) the set with larger number of
squares in experiment 3. Dashed lines indicate chance level and asterisks indicate significant deviation from chance (P = 0.05).

5.4.3 Experiment 3 — Controlling for non-continues variables

When controlling stimuli for convex hull (discrimination 3a), the number of subjects that
chose the larger set (14 out of 30) was not significantly above chance (P = 0.856; Fig. 20b).
When controlling stimuli for cumulative surface area (discrimination 3b), the number of
subjects that chose the larger set (17 out of 30) was not significantly above chance (P =

0.585; Fig. 19b).

5.4.4 Experiment 4 — Size discrimination

In the first size discrimination (ratio 0.25), the number of crickets (19 out of 25) that chose

the square with larger size was significantly above chance (P = 0.015), whereas in the other
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three size discriminations, the number of crickets did not show a preference for one of the
two squares (size ratio 0.50: 12 out of 25, P = 1; size ratio 0.67: 15 out of 25, P = 0.424; size

ratio 0.75: 15 out of 25, P = 0.424; Fig. 20a).

Overall, crickets spontaneously orientated significantly more towards the square with the
larger size (61%; estimate = 0.447; SE = 0.205; t = 2.182; P < 0.029). The GLM did not show

a significant difference among the size ratios (y%s=4.277; P = 0.233).
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Fig. 20. Percentage of crickets choosing (a) the square with the larger size in experiment 4 and (b) the rectangle with the larger size in
experiment 5. Dashed lines indicate chance level and asterisks indicate significant deviation from chance (P = 0.05).

5.4.5 Experiment 5 — Attributes exploited in size discrimination

When the two figures differed in height, the number of subjects that chose the higher
rectangle (16 out of 30) was not significantly above chance (P =0. 856; Fig. 20b); whereas
when stimuli differed in width, the number of subjects that chose the larger rectangle (21 out

of 30) was significantly above chance (P = 0.043; Fig. 20b).
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5.5 Discussion

Our experiments showed that Acheta domesticus used quantitative discrimination abilities
when searching for potential refuges. A. domesticus showed a spontaneous preference for the
sets containing the larger number of figures and a preference for the bigger figures. Our
results suggested that this species makes quantity discrimination decisions without relying on

numerical information.

In experiment 1, crickets showed a spontaneous preference for a set of stimuli (3 items) vs.
a single figure. This indicates that crickets are attracted to the set of figures that | used as
stimuli and that, therefore, | can use this method to try to study quantity discriminations in
this invertebrate. In experiment 2, | focused on studying the quantity discrimination ability by
presenting dichotomous choices between sets of same-sized figures differing by numerosity
in function of the ratio (numerical ratio: 0.25; 0.50; 0.67; 0.75). Stimuli were black figures
that simulated groups of burrows where crickets could find shelter. Results showed that
crickets spontaneously chose the larger set of geometric shape in all comparisons except for
the most challenging one, 3 vs. 4. The limit of 3-4 items in quantity discrimination showed by
crickets was consistent with previous findings on honeybees and spiders (e.g., Chittka &

Geiger, 1995a; Cross & Jackson, 2017; but see Carazo et al., 2009; Yang & Chiao 2016).

When comparing the results obtained, the mechanisms underlying quantity discrimination
abilities appear similar among invertebrates (review in Pahl et al., 2013). However, it is
important to note that invertebrates have been studied with very different methods and few
controls for continuous variables that may influence quantity discrimination abilities. |
evaluated the effect of continuous variables on crickets’ decisions between set of items. In

experiment 3, stimuli were separately controlled for convex hull and cumulative surface area.

128



Crickets did not show a preference for a set of 2 items or 3 items, as shown in experiment 2.
These results suggested that cricket base quantity discrimination decisions on continuous
variables, such as the total area. Regardless of the exact perceptual cue involved, non-
numerical information seems to be spontaneously preferred to numbers in a quantity
discrimination task, as previously observed in some vertebrate (Agrillo et al., 2008;
Feigenson et al., 2002; Beran et al., 2008; Tomonaga, 2008; Krusche et al., 2010; Killian et

al., 2003), and invertebrate species (Franks et al., 2006).

Results from experiments 2 and 3 suggested that crickets make quantity discrimination
decisions based on the total amount of area in each stimulus. It is possible that crickets
possess a mechanism that permit them to discriminate between continuous quantities (e.g.,
measure the total area by summing each element containing in the set). | expected that
crickets would show similar or higher accuracy when discriminating between figures
differing by the size. In experiment 4, | presented four dichotomous choices between figures
differing by size (size ratio: 0.25; 0.50; 0.67; 0.75). Despite our previous results (experiments
2 and 3), crickets showed a preference for the larger stimulus only in the easier size
discrimination (size ratio 0.25). The results found in experiments 2 and 3 suggested that
crickets may use the cumulative surface area or the convex hull to discriminate between
quantities. If crickets relied on such variables, when presented with a dichotomous choice
between figures differing by size, | would have expected to find higher accuracy when the
figures differed by the same size than when stimuli differed in numerosity. Therefore, the
results from experiment 4 did not support the prediction, because crickets were less accurate

in discriminating sizes than numbers.

However, there was a conflict between experiments 3 and 4. In experiment 3, | presented
sets of same-sized square by varying the area or space occupied by the set. In experiment 4,

larger square was both taller and wider than the smaller figures. Moreover, when |
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quadrupled the area of a square, the single dimension (e.g., height and width) was doubled.
There is evidence regarding other crickets to suppose that one dimension may be more
relevant than another. The Italian tree cricket (Oecanthus pellucens), living on high
vegetation, prefers orientating towards vertical figures, while another wood cricket
(Nemobius sylvestris), living on dead leaves on the ground, prefers horizontal stimuli
(Campman et al., 1987). In experiment 5, | separately presented a dichotomous choice
between rectangles that differed by a size ratio of 0.67 by modifying the width or the height
of figures. Crickets showed a spontaneous preference for the larger rectangles when differing
in width, but not when rectangles differed in height. Although the present results strongly
suggest that A. domesticus relied on the horizontal dimension of the geometrical shapes or to
the lower part of the objects, | can’t state whether this is due to its habitat’s features, to a limit

of its visual system, or to a selective attention to the ground level.

The ability to distinguish among different quantities may have evolved to enhance the
survival of organisms in different ecological contexts, such as foraging, group conflicts,
parental care and predator avoidance (Shettleworth, 2010). Although this study did not
completely answer which mechanisms were used by an arthropod species, A. domesticus, to
discriminate between quantities, our results might be another example of a species that has
evolved this ability. Although traditionally, quantity discrimination ability has been regarded
as a higher cognitive function, many invertebrate species show a basic system to make proper
decisions by discriminating quantity (Skorupski et al., 2018). It is necessary to extend our
numerical cognition’s knowledge of other invertebrates to understand the origin of this

capacity.
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6. General discussion

In the past decades, a growing number of studies have documented numerical abilities
in nonhuman animals. Yet, our knowledge on this cognitive function is still far from being
completely understood, and the aim of this thesis is to fill in some of the gaps in our

knowledge.

In the first part of this thesis, | investigate how methodological changes influence the
assessments of cognitive functions within the same species. In the first study, | adopted an
operant conditioning procedure to train a fish species, the guppy (Poecilia reticulata), to
solve a numerical discrimination task. A recent study (Bisazza et al., 2014b) found that P.
reticulata can be trained to discriminate 4 vs. 5 objects, even when stimuli are controlled for
non-numerical variables. This performance is higher than observed in some mammals and
birds. In that study, guppies were required to discriminate between two patches of small
objects on the bottom of the tank that they could remove to find a food reward. It is not clear
whether this species possesses exceptional numerical accuracy compared with the other
vertebrates or whether its remarkable performance was due to a species-specific
predisposition to solve this foraging task. To disentangle this issue, | studied guppies in the
same numerical discrimination as the previous study using a more conventional procedure, an
operant conditioning chamber and computer-generated stimuli similar to that developed for
other vertebrates and recently used to study discrimination learning in Danio rerio (Parker et

al., 2012a, b; Proulx et al., 2014; Wang et al., 2015). The results evidenced a very low
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performance compared to that reported by the same species but using a more naturalistic
setting. In four subsequent experiments, I manipulated four factors that could explain the
differences between the two experiments, namely the decision time, the length of training, the
type of training schedule (introducing a correction procedure) and the type of stimuli used
(bi- versus three-dimensional). The first three factors had no effect on numerical
discrimination and performance only slightly improved when using concrete objects as
stimulus (the same used in previous study), instead of bi-dimensional figures displayed on the

computer screen.

In the second study, | set up a modified version of a common procedure used to
study spontaneous quantity ability in social fish (shoal choice test). In previous studies,
guppies spontaneously preferred the largest group between shoals of 4 vs. 8 fish, but no
preference was found between shoals of 4 vs. 6 fish (e.g., Agrillo et al., 2012b; Bisazza et al.,
2014a). The modified version of the shoal choice test adopted in this thesis show that P.
reticulata enhance their numerical acuity by discriminating between 4 vs. 6 fish and 4 vs. 5
fish, a comparable performance to that one assessed with an operant conditioning procedure

(Bisazza et al., 2014b).

The two studies agree in demonstrating that the method has an important role on
evaluating the cognitive capacity of species. In the first study, a more artificial setting led to a
reduction in the numerical performance compared to that reported in a previous study
(Bisazza et al., 2014b). A possible explanation could be their exceptional cognitive
performance is due to an innate predisposition to solve a specific task. Natural selection can
select the evolution of learning predispositions in one species to solve specific ecological
problems (Shettleworth, 1972). It is possible that the setting used by Bisazza and colleagues
(2014b) could favor the inherent predisposition of learning in guppies, while the same species

may have more difficulty in a more artificial context. In the second study, the introduction of
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minor methodological changes improved the determination of the numerical accuracy of fish
in discriminating the numerosity of two social groups. In addition, with the improved method,
shorter time are required to assess numerical accuracy in fish. A cognitive difference within-
species that seemed related to the context in which it is studied, instead, proved to be a
consequence of the different numerical accuracy assessments that were carried out with

different methods.

Interspecific differences in numerical cognition are generally believed to be entirely
due to differences in the complexity of the neural substrate that serve these functions. My
experiments show that other factors may be important. Some variation may be due to an
inherent predisposition to solve specific tasks or a consequence of the different procedures
used to assess numerical abilities. Interspecific comparison thus requires to identify
procedures that can be adapted to different species and different contexts. For example, future
studies may develop an efficient automatic operant conditioning system for low vertebrates
and invertebrates similar to ones commonly used for studying cognitive functions in
primates, rodents, and birds. In this way, it may be possible to directly compare the

performance among distant phylogenetical species.

When attempting to reconstruct the evolution of the numerical abilities in animals |
face the problem that few species have been studied and most of them belong to the same
taxonomic groups. The second part of my thesis aimed to fill in this gap. In the first of the
two studies, | investigated both discrete and continuous quantity discrimination ability in an
amphibian (Hyla intermedia). In this vertebrate class, only two species have been
investigated in numerical cognition research (Krusche et al., 2010; Stancher et al., 2015;
Uller et al., 2003). In the second study, | investigated this capacity in the cricket A.
domesticus), which belongs to a phylum, arthropods, in which quantity discrimination ability
has been investigated in a handful of species.
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In treefrogs, | investigated whether they use discrete and continuous quantity
information when choosing between microhabitats. Treefrogs were presented with a
dichotomous choice between sets of green bars (simulated grass clumps) that differed in the
numerosity or size of the items. When presenting a dichotomous choice between two sets
differing in numerosity, treefrogs showed a preference for the larger set between 1 and 2 bars
and 2 and 4 bars (0.5 ratio), but not between 2 and 3 bars or 3 and 4 bars. When presented
with two bars of different sizes (i.e. one bar was taller and wider), treefrogs preferred the
larger bar up to a 0.25 surface area ratio. Control experiments suggested that treefrogs
represent numbers rather than continuous variables to discriminate between sets of bars, and
that some physical attributes of the items (height) are more relevant than others (width).
Moreover, | found a possible trade-off between speed and accuracy of decisions: individuals

that take more time to search for stimuli are more accurate in choosing the larger set.

In the second study, crickets were presented with a dichotomous choice between sets
of black shapes that simulated potential shelters. When stimuli differed in the number of
items, crickets showed a preference for the larger set of 2 vs. 3 items. When stimuli were
controlled for continuous variables (e.g., convex hull and cumulative surface area), the
crickets no longer showed a preference for larger sets of 2 vs. 3 items. When subjects were
presented with a dichotomous choice between two squares differing in area, a significant
number of crickets selected the larger stimuli only when the size ratio was 0.25. Control
experiments indicated that the results in size discrimination were poor because the crickets
paid attention to the width but not the height of a stimulus. These findings suggest that A.
domesticus possess a system to discriminate between quantities by summing the total area of
presented items and that they rely more on some physical features (e.g., width) than on

numerical information.
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The difference observed between these two species is in agreement with previous
literature. Treefrogs show evidence of possessing a true numerical system as already shown
for several teleost fish, mammals and birds and in one of the two previously studied anuran
species (Stancher et al., 2015). On the other hand, a lack of a true numerical system in
crickets is aligned with current knowledge of quantitative systems in arthropods. In fact, the
species so far studied seem to share a non-numerical-based system that is used in different
contexts (e.g., social interaction: Rodriguez et al., 2015; shelter choice: Franks et al., 2006).
Only one species (honeybees) apparently possess a true number-based system to discriminate
between quantities (reviewed in Pahl et al., 2013; Skorupski et al., 2018), which is possibly in

relation of the highly sophisticated foraging behavior evolved by this species.

Studies on numerical cognition have highlighted a wide variation in results both
between and within species. Despite the large amount of data that has been published in the
last decade, some issues remain largely unsolved. The results of the four studies reported here
contribute to the understanding of these conflicting results by assessing the importance of the
methodology and by investigating less studied taxa. However, several topics still need to be
investigated. Firstly, the nature of the system involved in estimating small and large numbers
remain unsolved. Neurophysiological studies reported that two distinct neural circuits are
active when animals discriminate between sets of small or large numbers (Nieder, 2018).
Comparative behavioural studies may provide a clear understanding of this matter, but it is
necessary to be careful about the methodology that is adopted to study numerical cognition
across species. Secondly, human and non-human species showed similar mechanisms when
estimating quantities (Beran, 2008; Feigenson et al., 2004). However, studies on animals are
restricted to few taxa (e.g., primates, birds, and, recently, fish). To understand and compare
the nature of numerical cognition across species, it is necessary to understand the diversity of

the neural mechanisms that may be involved. Accumulating evidence on the mechanisms
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underlying quantity discrimination abilities in less studied species, such as amphibians and
invertebrates, may greatly contribute to understand the nature and evolutionary origin of this
ability. Many more studies involving new species and new contexts are necessary before the

matter can be clarified.
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