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[bookmark: _Toc498243632]Abstract

Animals can perceive the numerosity of sets of visual elements. Qualitative and quantitative similarities in different species suggest the existence of a shared system (Approximate Number System). Biases associated with sensory properties are informative about the underlying mechanisms. In humans regular spacing increases perceived numerosity (regular-random numerosity illusion). This has led to a model that predicts numerosity based on occupancy (a measure that decreases when elements are close together). We used a procedure in which observers selected one of two stimuli and were given feedback with respect to whether the choice was correct. One configuration had 20 elements and the other 40, randomly placed inside a circular region. Participants had to discover the rule based on feedback. Because density and clustering covaried with numerosity different dimensions could be used. After reaching a criterion, test trials presented two types of configurations with 30 elements. One type had a larger inter-element distance than the other (high or low clustering). If observers had adopted a numerosity strategy they would choose low clustering (if reinforced with 40) and high clustering (if reinforced with 20). A clustering or density strategy predicts the opposite. Human adults used a numerosity strategy. Chicks were tested using a similar procedure. There were two behavioral measures: first approach response and final circumnavigation (walking behind the screen). The prediction based on numerosity was confirmed by the first approach data. For chicks, one clear pattern from both responses was a preference for the configurations with higher clustering.
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Often in a visual scene there are distinct elements that form a set, such as people in a room, fruits on a tree or spots on fabric. For large sets the exact number can be found through counting, but the approximate number can be estimated (Feigenson, Dehaene, & Spelke, 2004). The ability to perform non-symbolic number estimation is present in non-human species (Brannon & Terrace, 1998; Adachi, 2014; Rugani et al., 2009, 2013; Vallortigara, 2017a), pre-verbal infants (Cordes & Brannon, 2009; De Hevia, 2014), and in adult humans whenever the use of language is prevented (Cordes et al., 2001; Cantlon & Brannon, 2007). Two common characteristics of non-symbolic numerical estimation are the distance effect (numerical tasks became easier as the difference between the numbers increases), and the size effect (numerical tasks become more difficult as the magnitude of numbers increases), for both humans (Moyer & Landaeuer, 1967) and non-human animals (Cantlon & Brannon, 2007; Scarf, 2011). A qualitatively and quantitatively similar performance in different species, including human adults, suggests a shared non-verbal number estimation process (Cantlon & Brannon, 2007; Dehaene, 2011). These results have led to introduction of the terms Number Sense, and Approximate Number System (ANS) (Burr & Ross, 2008; Dehaene, 1992; 2003; 2011; Halberda & Feigenson, 2008).
There is evidence of representation of numerosity in the parietal lobe. For example, Piazza et al. (2004) found that the bilateral intraparietal sulci respond selectively to a change in number. In humans and monkeys the intraparietal sulcus (IPS) is implicated in the representation of numerals and numerosities (Piazza et al., 2004; Eger et al., 2009; Pearson, et al., 2009). Nieder and Merten (2007) analyzed single cell recordings and found neurons that respond maximally to a preferred number, with decreasing strength to neighboring numbers. A classic feature of perception is that perceived change is proportional to the strength of the stimulus (Weber-Fechner law), both in human and animals (Cantlon & Brannon, 2006; Jordan & Brannon, 2006; Cantlon & Brannon, 2007). Single cells that respond to numerosity with a logarithmically compressed scaling of numerical information, thus obeying the Weber-Fechner law, have been described in a region of the avian brain, the nidopallium caudolaterale (Ditz & Nieder, 2015). Anatomical correspondences of this region with regions of the mammalian brain are currently not well established (see Vallortigara, 2017b). 
Perception of numerosity is affected by a number of biases in relation to visual properties of the image. In particular, there are known effects of the size of the elements (Ginsburg & Nicholls, 1988; Hurewitz, Gelman, & Schnitzer, 2006; Tokita & Ishiguchi, 2010), the regularity of the pattern (Frith & Frith, 1972) the spacing of elements (Ginsburg, 1976, 1991), and the area of the configuration (Dakin, Tibber, Greenwood, & Morgan, 2011; Hurewitz, Gelman, & Schnitzer, 2006; Tokita & Ishiguchi, 2010).

Spacing of the elements and clustering

In this study we are interested in the issue of spacing. This effect was originally described as the random-regular numerosity illusion (Ginsburg, 1980; Cousins & Ginsburg, 1983). When elements are more evenly separated the configuration appears more numerous (Figure 1). It is likely that regularity has an effect on perceived numerosity because regularly spaced elements are not approaching each other (Vos, Van Oeffelen, Tibosch, & Allik, 1988). In other words, spatial proximity (and therefore clustering) rather than regularity is the important factor. 
This effect of clustering on numerosity has led to the development of the occupancy model (Allik & Tuulmets, 1991). The key idea is that each element has a region of influence, if other elements come within this region and therefore the two regions overlap, their effectiveness is reduced. Therefore, elements forming clusters count for less than the same elements in isolation. The occupancy model uses the total area as a predictor of perceived numerosity; total area is lower the more intersections exist between regions of influence (Allik & Tuulmets, 1991; Burgess & Barlow, 1983).
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Figure 1. Most people judge the first configuration (regular) as more numerous than the second (random). The spatial distribution of elements matches the example in Ginsburg (1980). 

The occupancy model has received support from recent studies. For example, Valsecchi, Toscani, and Gegenfurtner (2013) have shown that perceived numerosity depends on clustering and on eccentricity. Their implementation of clustering was based on constraining the center-to-center distance of the elements. Greater clustering reduced perceived numerosity (measured as a shift in the point of subjective equality). They also found reduced perceived numerosity in the periphery; on this basis they argued that crowding plays a role (on "crowding" see for example Pelli & Tillman, 2008; Cicchini, Anobile, & Burr, 2016).
Bertamini, Zito, Scott-Samuel and Hulleman (2016) used a procedure in which observers were forced to choose the pattern that appeared more numerous between two patterns with the same number of elements. In addition to the task of selecting on the basis of numerosity, they used tasks in which observers were asked to judge perceived clustering and perceived dispersion. The positions of the elements within a circle were not constrained, but measures of clustering were used to predict which of the two images was selected in each task. Bertamini et al. found that people could judge numerosity, dispersion, and clustering and that they used different information to do so (low correlations between responses in different tasks). They also confirmed estimates of numerosity were affected by clustering (total area of the regions of influence). Although this had been demonstrated before, this was the first time clustering was shown to matter in unconstrained configurations where variability in clustering was purely random.

Density

Density affects perceived numerosity, and density can be manipulated in terms of inter-stimulus distance. In comparative studies an explanation for density effects comes from optimal foraging models. Children overestimate sets that are more spaced (Piaget, 1952), but when Uller, Urquhart, Lewis and Berntsen (2013) presented 10-month old infants with sets of edible items (cookies), one densely arranged and the other sparsely arranged, infants chose the denser set. Stevens, Wood and Hauser (2007) tested cotton-top tamarins (Saguinus oedipus) and marmosets (Callithrix jacchus). They confirmed a preference for densely arranged items relative to the same amount of food sparsely arranged for cotton-top tamarins. 
Based on foraging theory, organisms maximize caloric intake while reducing energy expenditure (Stephens & Krebs, 1986). It may be more efficient to choose dense patches of food, depending on the cost of moving from one patch to another. Consistently with this hypothesis, there a preference for more densely baited food sites in species such as orangutans (MacDonald & Agnes, 1999) and pigeons (Mitchell, Calton, Threlkeld, & Schachtman, 1996).
Parrish, James and Beran (2017) studied the density bias in capuchin monkeys (Cebus apella) and rhesus monkeys (Macaca mulatta). There was a density bias in capuchin monkeys and to a lesser extent in rhesus monkeys. Interestingly, Parrish et al. analyzed how this density bias was related to an illusion of numerosity known as the Solitaire illusion (Frith & Frith, 1972). They did not find evidence for a link.
The name of the Solitaire illusion derives from a board game, and the configuration is shown in Figure 2. The illusion is robust and depends on grouping. The effect is, therefore, consistent with the density bias, but it seems paradoxically the opposite of the regular-random illusion in that the white dots are more spaced out and the black dots more clustered. However, as we have already mentioned, area affects numerosity and the area occupied by the black elements is larger. This is true if we do not take the white dots as a single group but as the sum of four small groups, each covering a small area. 
Early work on the role of extent on numerosity was conducted by Ponzo using the, now famous, Ponzo illusion (Ponzo, 1928). We have, therefore, placed the two illusions side-by-side in Figure 2. If the region with black elements is perceived as larger, this may be the driving factor in the Solitaire illusion. To study density and clustering on their own it is, therefore, essential to control overall area.
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Figure 2. On the left, most people judge the black elements as more numerous than the white elements. The spatial distribution of elements matches the example in Frith and Frith (1972). On the right, most people judge the elements nearer the apex as more numerous. The distribution of elements is based on the example in Ponzo (1928) also reproduced in Vicario (2011).

Although there is a compelling body of evidence for the existence of a sense of number, it is necessary to understand how perceptual systems achieve this estimation. In this context it is useful to study cues that bias numerosity estimation. We have mentioned some cues earlier in the introduction, such as size, spacing and density. The regular-random numerosity illusion and the Solitaire illusion are also examples of properties of the configuration that bias perceived numerosity.

Numerosity as a salient dimension

If approximate numerosity is perceived for any large sets of visual elements, do individuals spontaneously use differences in numerosity to discriminate and classify stimuli? Cantlon and Brannon (2007) asked the question whether individuals spontaneously represent the numerical attributes of their environments. They tested rhesus monkeys and compared the influence of number to that of shape, color, and area on a matching task with more than one correct answer: there was a numerical match and a non-numerical match (based on color, area or shape). The results were clear: all monkeys based their decisions on the difference in numerosity. A similar conclusion applies to human infants. In a recent review, Ferrigno and Cantlon (2017) concluded that non-verbal numerical reasoning about physical objects is the first type of numerical cognition that emerges in human development. Moreover, human adults are more sensitive to numerosity than to density or area. Cicchini, Anobile and Burr (2016) found that when stimuli varied in density, area and numerosity, observers reacted with greater sensitivity to changes in numerosity relative to the other dimensions. Not only humans and other animals can estimate numbers, but they seem to use the number as an important dimension in the environment. 

The approximate number system and normalization

In a polemic against the mainstream view, Gebuis, Kadosh and Gevers (2016) have argued that numerosity is estimated by a sensory-integration system that compares stimuli by integrating different sensory cues related to changes in number. However, proponents of the approximate number system are aware that irrelevant properties of the stimulus affect numerosity. They argue that the necessary normalization stage may not be perfect (Dehaene & Changeux, 1993), and that interference may also exist after numerosity has been computed, at the decision or response stage (Inglis & Gilmore, 2013).
Estimation of numerosity has to rely on spatial properties of the patterns. More regular patterns, with less clustering of the elements, are overestimated relative to less regular patterns. These clustering effects may highlight the way the estimation process works, and they are a by-product of computations carried out by an ancient and shared system. Based on this hypothesis, the role of clustering should be robust across individuals, groups and even different species.
An alternative view is that the approximate number system achieves normalization and is unaffected by correlations between numerosity and other cues. There are effects of irrelevant cues, such as clustering, but they are separate from numerosity estimation per se. Based on this view the role of irrelevant cues on numerosity judgments should not be robust across individuals, groups and different species. It is therefore necessary to study the effect of regularity and clustering in people and in other species to compare and analyze the similarities and differences.

The procedure

	In this study we have used with humans a procedure that has been developed in the study of animal behavior. In a first phase individuals are reinforced when they select one of a pair of stimuli. In the case of numerosity some individuals are reinforced when they select the higher numerosity and other individuals are reinforced when they select the lower numerosity. For non-human animals the reinforcement is usually food. For human observers the reinforcement was a "correct" message presented after the choice was performed. In a second phase of the procedure individuals have to choose between a pair of novel stimuli. Here the numerosity was the same in the pair of stimuli but there was a difference in the type of configuration. We used configurations with more or less clustering, by means of a minimum inter-dot distance constraint similar to that used by Valsecchi et al. (2013). Therefore, if individuals could estimate numerosity independently from clustering there should not be any preference, but if they perceived a difference in numerosity due to clustering they would be guided by that variable.
	A similar approach has already been used to study numerosity with humans and monkeys. Although we were not aware of that study when designing our own, the logic of our experiment is similar to that of Experiment 2 in Beran (2006). In that study he compared humans to four rhesus monkeys and used dot configurations that varied in regularity. However, following the type of stimuli used in the original work on the regular-random illusion (Ginsberg, 1980, see Figure 1) the regular configuration was a perfect square matrix. There was evidence that both humans and monkeys experienced the regular-random illusion, but with some individual differences. Different methodology provided different results, including some cases where monkeys had preference for the less regular configuration (Experiment 1). 
More recently, Agrillo, Parrish and Beran (2014) tested capuchin monkeys, rhesus monkeys and chimpanzees, using the Solitaire illusion. Overall there was no or weak evidence of the configuration affecting perceived numerosity in these species using this illusion. Parrish, Agrillo, Perdue and Beran, (2016) further studied the solitaire illusion in children and capuchin monkeys. There was some evidence that the monkeys perceived the illusion, although there were large individual differences. Interestingly, similar large individual differences were present also in the young children. Parrish et al. conclude that perhaps experience plays a role in shaping the emergence of the Solitaire illusion.
Because of the importance of experience, chicks provide a unique opportunity to test numerosity perception in animals with minimal experience (a few days after hatching) and no social influence (the chicks are kept in isolation).
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Figure 3. The first pair of stimuli is an example of stimuli used during training. Numerosity was always 20 in one pattern and 40 in the other. The dot had a radius of 10 pixels. The minimum inter element distance was 3.6 times the radius (36 pixels). The second pair of stimuli are examples used in the experimental phase. Numerosity was always 30 dots. However, one pattern has a minimum inter element distance of 2.1 radii or 21 pixels (left example), and the other a minimum of 5.1 radii or 51 pixels (right example). In the case of 2.1 radii elements could be close but without touching.

Experiment 1: Human adults

We tested human adults using the modified reinforcement task. Participants, naïve to the purpose of the study, were presented with two images of red dots. They were told to start by selecting either stimulus, and that they would receive feedback as to whether it was correct. Images were presented sequentially so that observers could look at the center of the screen and to control amount of time per image. Participants were randomly assigned to the condition in which the 20 dots stimulus was the correct choice or the condition in which the 40 dots stimulus was the correct choice.
The feedback is expected to lead individuals to use a rule. After they reached a criterion, the training phase was followed by an experimental phase. New stimuli were interleaved with the original stimuli. All stimuli in the new pairs had 30 dots, but the two images differed in the minimum inter-element distance (MD). In one the minimum distance was smaller than the original, in the other it was greater than the original. Therefore the test stimuli did not differ in density (over the whole area) but they differed in amount of clustering. Based on the regular-random numerosity illusion, one would predict that stimuli with higher values of MD are perceived as more numerous. This prediction is related to occupancy, which increases with higher values of minimum inter-element distance.
It is important to analyze which rules participants could use. An obvious choice is numerosity; it is easy to perceive a difference and estimate which set has more dots (20 or 40). However, numerosity was confounded with density as dots were always within the same circular area. There is a debate in the literature on whether judgments of numerosity and density are based on the same mechanism (Anobile, Turi, Cicchini & Burr, 2015; Tibber, Greenwood & Dakin, 2012). Density increased clustering of elements. Therefore, effective strategies were available based on numerosity or clustering. For clustering the prediction for the choice between the test stimuli is the opposite than what is predicted by occupancy (see Figure 4 and Supplementary analysis). There are, therefore, two different predictions one based on occupancy (a cue to numerosity) and one based on clustering.
Experiment 1 used human adults, and the correct response was reinforced by feedback. Experiment 2 used domestic chicks (Gallus gallus) within few days of hatching. The reinforcement was food. We compare adult humans with domestic chicks for two reasons. We chose the domestic chick as animal model because it masters a variety of numerical comparisons, such as 5 vs.10; 6 vs.9 (Rugani, Vallortigara, & Regolin, 2013; 2014). Moreover, because chicks are a precocial species, they are characterized by quite sophisticated motoric capacities just days after hatching, thus allowing for a control of the role played by experience. In both cases we were interested in whether individuals will use numerosity to select the answer, and whether they will quickly learn this rule.
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Figure 4. A strategy based on estimated numerosity predicts that when reinforced for N=40, for test stimuli there will be a preference for the one with more spacing (MD=51). A strategy based on clustering, or element proximity, predicts that when reinforced for N=40, for test stimuli there will be a preference for the one with less spacing (MD=21). For a quantification of these variables see Supplementary analysis.

Methods

Participants. Forty-eight psychology students took part in the study (30 female and 18 males). They were naïve with respect to the purpose of the study. Participants were alternatively (odd or even) assigned to two conditions, one in which low numerosity was the correct answer (N=24), and one in which high numerosity was the correct answer (N=24). The study had local ethics approval by the Ethics committee (IPHS-1516-SMc-199) and was conducted in accordance with the Declaration of Helsinki (Revised 2008).
Materials. The procedure, including stimulus generation, was controlled by a Python program using the PsychoPy libraries (v1.80) (Peirce, 2007). The computer was a HP EliteDesk 800 G1, with a Dell 17 inch CRT monitor and 60Hz refresh rate. Each red dot was a circle of radius 10 pixels. Dots were placed inside a circular region of radius 200 pixels, and presented on a white background.
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Figure 5. An illustration of the structure of a trial. The fixation was followed by two patterns, shown sequentially for 200 ms each, and by a blank screen. After a response was produced there was a feedback.

Procedure. Observers were seated at approximately 80 cm from the monitor in quiet room. On each trial there was a fixation cross for 2500 ms, followed by two patterns. Each pattern was on the screen for 200 ms and there was a 200 ms blank screen between them (Figure 5).
 Participants were informed that there was a right and a wrong answer, but they would have to use trial and error to work out the correct response. They could choose the first pattern by pressing the "a" key on the keyboard, or the second pattern by pressing the "l" key. Correct answers were followed by the word "correct" displayed on the screen. There was no feedback for incorrect answers. The experiment had two phases.
Training Phase: Each participant completed a minimum of 20 trials and after that the phase stopped based on accuracy. The criterion to complete the training was 75% accuracy. The experiment would then move on to the next phase.
Experimental phase: To the participant there was no indication of any change in the procedure, but in the experimental phase new test stimuli were interleaved with the training stimuli. The length of the experimental phase was fixed at 36 trials. Of these 24 were identical to the training phase (pairs of stimuli with 20 and 40 dots) and included feedback. The other 12 trials had a pair of stimuli with 30 dots. The difference between the two patterns was the minimum inter-element distance (MD). One pattern has a minimum inter element distance of 2.1 radii (21 pixels), and the other of 5.1 radii (51 pixels). For 2.1 radii elements could be close but without touching. No feedback was provided on these trials. The computer stored responses for all trials.
At the end of the experiment, participants were asked to select what best described the strategy they employed. Choices were: Greater number of dots, Fewer dots, Dots were more dense, Dots were less dense, Other. We refer to the first two choices as Numerosity Strategy and the next two as Density Strategy (in the sense of lower inter-element distance). This was followed by a debrief: Participants described, in their own words, what strategy they had used.

Results

Every individual tested reached the criterion. The number of trials necessary to reach it varied between 20 and 99. There were always 12 test pairs and therefore the main analysis is on responses to these stimuli. If participants choose randomly we expect equal number of responses to the MD=21 (clustered) and MD=51 (dispersed) stimuli. We tested two possible biases with two independent t-tests. Clustered and dispersed stimuli were chosen 52% and 48% of the times respectively and this difference was not significant (t(47)=0.417, p=0.678, Cohen's D=0.06). With respect to selecting the type of clustering depending on training, the prediction based on the illusion was supported by the data (69%, t(47)=6.370, p<0.001, Cohen's D=0.92).
Results support the hypothesis that most people responded to the test stimuli on the basis of which pattern appeared more or less numerous (Figure 6). The test stimuli had always 30 elements, but perceived numerosity was influenced by spacing. This result therefore supports the occupancy model of perceived numerosity.
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Figure 6. The average number of times that each type of test stimulus was selected. For each participant this number can be between 0 and 12. Blue and green bars are the two groups with different reinforcement and therefore the data are from different individuals.

Although the aggregate data suggest strong support for the idea that numerosity was the salient aspect of the stimuli and that observers used a strategy based on numerosity, there were some exceptions. Figure 7 shows the data for all individuals.
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[bookmark: _GoBack]Figure 7. The graph shows how often the test stimulus predicted by a choice based on numerosity was selected by each observer. For each participant this number can be between 0 and 12. The predicted response is the selection of the clustered stimulus for the group reinforced with N=20 and the dispersed stimulus for the other group. Anything above 6 fits the prediction. Anything below suggests a different strategy. Blue and green bars are the two groups with different reinforcement and therefore the data are from different individuals.

Participants had to report whether they used one of three possible strategies: numerosity, density or other. Out of 48, 34 said that they had used numerosity, 11 said they had used density and 3 said other. The graphs of Figure 8, however, do not show any direct relationship between this answer and the results. This is surprising but we should consider the possible ambiguity of the terms. Some people may have used density as a word to refer to numerosity. The interview gave us a chance to understand the strategy. Ignoring those who displayed no strategy (6 choices either way out of 12) there were 8 participants who responded in a direction inconsistent with the majority, and inconsistent with a strategy based on occupancy. However, interviews did not highlight any pattern common to all 8. One mentioned number of dots, four said they started using number but then switched to density, one mentioned dot spacing and two did not make any comments. The spacing of the dots was mentioned by other participants, although again they may have been referring to density in general (elements in relation to area) rather than clustering.

[image: ]
Figure 8. The same information in Figure 7 is replotted by dividing participants in three groups based on the strategy they reported at the end of the study.

Overall, Experiment 1 confirmed that human adults quickly develop a rule to select images based on difference in numerosity. A clear majority also reported this as part of the post-study debrief. For the test stimuli again a clear majority selected the more or less spaced stimulus as predicted by the occupancy model of numerosity.

Experiment 2: chicks

Experiment 2 used a procedure as similar as possible to that of Experiment 1. We were interested in similarity in pattern of behavior across species. If the occupancy model is a good model to predict perceived numerosity in general its prediction should be met for both studies. However, to the best of our knowledge the occupancy model has never been tested in species other than humans.

Methods

Participants. Of 32 domestic chicks (Gallus gallus, Ross 608 Aviagen) that began the study, 24 passed the minimum criteria for engagement with the apparatus (see below) and were used in the experiment. Sample size was calculated on the basis of previous researches on numerical discrimination in which a similar paradigm has been used (Rugani et al., 2015; 2016). Chicks were obtained weekly, several hours after hatching, from a local commercial hatchery (Agricola Berica, Vicenza, Italy). The experiment complied with all applicable national and European laws concerning the use of animals in research and was approved by the Italian Ministry of Health (permit number: 1992). All procedures employed in this study were examined and approved (permit number: 100845) by the Ethical Committee of the University of Padua (Comitato Etico di Ateneo per la Sperimentazione Animale –C.E.A.S.A.) as well as by the Italian National Institute of Health (N.I.H).
Procedure. On arrival, the chicks were housed individually in standard metal cages (28 x 32 x 40 cm). The rearing room was monitored for temperature (28–31 °C) and humidity (68%) and was illuminated by fluorescent lamps (36 W) 45 cm above the floor of the cage. Water and food, located in transparent glass jars (5 cm in diameter, 5 cm high) were available ad libitum. Chicks were offered mealworms (Tenebrio molitor larvae) twice a day, to familiarize them with this food that was used as reinforcement in all experimental phases. Chicks were kept in these rearing conditions from Monday morning (11 am) to Wednesday morning (8 am) before the food was removed (water was available). After a couple of hours (10 am), chicks underwent individual shaping, and afterwards placed back in their home cages. Two hours later, they underwent individual training. After another two hours interval (in their home cages) they underwent testing individually. After the end of the behavioral observations, chicks were caged in social groups (3 birds), with food and water available and a few hours later all chicks were donated to local farmers.
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Figure 9. A schematic representation of the experimental apparatus (left) and two photos (right). The experimental arena had a diamond shape. The starting area and the two screens are positioned in the arena as they were during training and testing sessions. A video illustrating the procedure is available at https://osf.io/7eavy/

Apparatus. The apparatus was in a separate room (experimental room) in the same building as the rearing room. Temperature and humidity were controlled (25 °C and 70%, respectively) and four 58-W lamps provided lighting (placed on the ceiling, 194 cm above the floor of the apparatus). The experimental apparatus consisted of a diamond-shaped arena (height 20 cm) made of uniformly white plastic panels (for the dimensions of the arena see Fig. 9). The floor consisted of a white plastic basement. A starting area, delimited by a transparent removable partition (10 × 20 cm), was located in the proximity of one vertex of the arena, 10 cm from it. The transparent partition confined subjects for a few seconds before the beginning of each trial. Chicks, while in the starting area, had the opportunity to see the inner apparatus and the stimuli. During familiarization we used a single screen (16 × 8 cm), located in the center of the arena and 30 cm away from the starting position. During training and testing we used two identical white plastic screens, located 30 cm away from the transparent partition and 6 cm away from the lateral walls. Screens had sides (3 cm) to prevent chicks from looking behind the screen where food reinforcement (Tenebrio molitor mealworm) was hidden. At the end of each trial chicks were moved in a separate box (20 × 40 × 40 cm), to prevent them from seeing the experimenter moving the screens and changing the stimuli.
Stimuli. The stimuli were generated by the same procedure as Experiment 1, and then printed on white paper. Each red dot was a circle of radius 10 pixels. Stimuli were placed in front of the white plastic screens, in such a way that they were visible from the starting area.
Shaping. On the morning of the third day, chicks individually underwent familiarization. In this phase we used a single screen and stimuli depicting the positive numerosity (i.e. the numerosity that will become associated with food through training). The chick was at first placed within the apparatus, in the space between the starting area and the screen, and it was free to move around and to get acquainted with the novel environment for a couple of minutes. In order to get the birds used to feeding in the new environment, five mealworms were offered to the chicks before shaping. The food reinforcement was progressively moved behind the screen, requiring the bird to go behind the screen to retrieve and eat the food. This procedure was repeated until the chick circumnavigated the screen three consecutive times. Overall, the shaping phase could last from 10 to 20 min. Chicks that showed little interest in the food reinforcement (i.e. poor mealworm following behavior), chicks that were too anxious in the new environment and chicks that were inattentive to the stimuli were discarded. This occurred in about 25% of cases and such chicks are not included in the study.
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Training. Training took place two hours after the end of shaping. For 12 subjects, the numerosity associated with food was 20 (each stimulus depicted 20 dots), for the other 12 subjects the numerosity associated with food was 40. On entering the area the chick was placed in a starting area behind the transparent partition, which allowed the subject to see the arena and the stimuli for a few seconds before the beginning of each trial. In each trial a positive and a neutral stimulus were positioned on the left or the right panel. The left–right (L–R) position of the numerosity associated with food was changed from trial to trial according to a semi-random sequence (L–R–L–R–L–L–R–R–L–R– L–R–L–R–L–L–R–R–L–R; Fellows, 1967). The chick remained in the starting area for about 5 s, then the transparent partition was removed and the chick was free to search for food. Only the first screen circumnavigated was taken into consideration. If it was the one depicting the stimulus associated with food, the response was considered correct. Only by emitting a correct response chicks could gain the food reward (mealworm). Therefore the only correction on the behavior of the chicks was the possibility to gain the reward. To complete the training phase each chick had to reach a learning criterion: choosing the stimulus associated with food at least 17 times out of 20 valid trials (Rugani et al. 2008). On reaching the criterion training was considered successful and the chick was placed back in its cage until testing. Overall, depending on the chick’s behavior, the training phase could last from 60 to 120 min.
Testing. At the beginning of a testing trial, the chick was placed in the starting area behind the transparent partition, from where it could see the two stimuli. The test phase consisted of a testing session, composed of 30 trials: 20 in-test training trials (tr) and 10 testing trials (T) mixed together (tr,tr,T,tr,tr,tr,T,tr,T,tr,tr,T,tr,tr,T,tr,tr,tr,T,tr,tr,T,tr,T,tr,T,tr,tr,tr,T) (Rugani et al., 2016). For the in-test training trials, the previously reinforced pairs of stimuli were used, and chicks received the reward when they emitted a correct response. In the testing trials we used a new set of stimuli depicting novel numbers of dots. All testing stimuli had 30 dots, with two different inter-element distances. Testing trials were never rewarded, therefore lessening any effect of learning during testing. 
The animal remained in the starting area for about 5 s, then the transparent partition was removed. The trial terminated when the bird had placed its head and about 3/4 of its body behind a screen, beyond the side edges (Regolin et al., 2005; Rosa Salva et al., 2012; Rugani et al., 2015). This experiment included an aspect concerning perception of a visual illusion and one concerning numerical discrimination. Two behavioral responses were considered to analyze both aspects. One measure concerned the first stimulus approached by the chicks. It measures the immediate response to the stimuli and has been previously used in the study of visual illusions in day-old domestic chicks (Rosa-Salva et al., 2013). The area in the proximity (10 cm) of the two screens was the approached area. This choice was recorded whenever a chick entered with its entire body the area and looked at the stimulus for an interval longer than 3 sec. The approach to the screen could sometimes be corrected and the chick could approach one screen and then move to a different one.
A second behavioral measure concerned the first screen circumnavigated by the chick. This measure has been previously used in a numerical discrimination task (Rugani et al., 2016) in which chicks were trained to discriminate between two numerical stimuli, and then to generalize to new stimuli. A choice was recorded when the head of the chick entered the area behind a screen (beyond the side edges). A trial was concluded as soon as the choice had been made. 
 The chicks were observed from a monitor connected to a video camera so as not to disturb them. All trials were video-recorded allowing behavior to be scored offline. Online and offline scoring was found to be highly consistent with one other (for approach measure, Cronbach's α = 1; for circumnavigation measures Cronbach's α = 0.99).

Results

We analyzed the results the same way as in Experiment 1: we tested two possible biases with two independent t-tests. If participants choose randomly we expect equal number of responses to the MD=21 (clustered) and MD=51 (dispersed) stimuli. The smaller sample size means that we have less power and this is a limitation.
Firstly we analyzed performance on the reinforced trials of the testing phase. Chicks trained on 20, but not those trained on 40, approached the stimulus depicting the reinforced stimuli: (Chicks trained on 20: Mean = 68.33; t(11) = 7.607, p < 0.001, Cohen's D=2.19; Chicks trained on 40: Mean = 54.17; ES = 3.79; t(11) = 1.101, p = 0.294, Cohen's D=0.31). With respect to the bias to select either the low or high clustering image, we found a preference for high clustering (58.9% vs. 41.1%) (t(23)=2.516, p=0.019, Cohen's D=0.51). With respect to selecting the type of clustering depending on training, there was evidence in support of the prediction based on the illusion (59.3%, t(23)=2.668, p=0.014, Cohen's D=0.54). Based on this criterion therefore chicks did behave like humans. This pattern is shown in Figure 10, which should be compared to Figure 6 (Experiment 1).
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Figure 10. The average number of times that each type of test stimulus was selected based on an analysis of the first approach to the screen. For each participant this number can be between 0 and 10. Blue and green bars are the two groups with different reinforcement and therefore the data are from different individuals.

The second analysis was based on the data for circumnavigation behavior. We analyzed performance on the reinforced trials of the testing phase. Chicks continued to circumnavigate statistically above chance the stimuli reinforced at training: (Chicks trained on 20: Mean = 79.17; t(11) = 12.741, p < 0.001, Cohen's D=3.67; Chicks trained on 40: Mean = 61; t(11) = 3.138, p = 0.009, Cohen's D=0.91). With respect to the bias to select either the low or high clustering image, results confirmed a preference for high clustering (55.5% vs 44.1%) (t(23)=2.228, p=0.036, Cohen's D=0.45). The results are shown in Figure 11. Chicks selected the high clustering more often than the low clustering (independently of training). With respect to selecting the type of clustering depending on training, the prediction based on the illusion was not supported by the data (50.8%, t(23)=0.289, p=0.775, Cohen's D=0.06). 
The preference for the more clustered pattern (where the minimum inter-element distance was less) is clear both in Figure 10 and in Figure 11. This was absent in Experiment 1 for humans. Figure 11 also shows the lack of effect of reinforcement, compared with Figure 10, although the small trend is in the same direction.
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Figure 11. The average number of times that each type of test stimulus was selected in terms of circumnavigation. For each participant this number can be between 0 and 10. 
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Figure 12. How often the test stimulus predicted by a choice based on numerosity was selected by each observer. Anything above 5 fits the prediction. The two graphs are for the two measures (first approach and circumnavigation).

Figure 12 shows individual differences for both measures. Overall the higher blue bars relative to green testifies to the preference for the stimuli with more clustering. For the second response (circumnavigation) chicks never systematically chose just one strategy in relation to reinforcement. In particular there is little evidence that the chicks were divided in two groups, one using numerosity and one using a different cue, like clustering, and therefore producing two opposite pattern of results. 
The overall preference for higher clustering stimuli is interesting. Aside from its theoretical interpretation, it provides evidence that chicks did attend and could discriminate the two types of test stimuli.

General Discussion

Studies on estimation of numerosity have shown that humans and other animals can discriminate the numerosity of sets of visual elements. There is evidence that individuals of many species can compare numbers in simple arithmetic problems. This is true for monkeys (Flombaum, Junge, & Hauser, 2005), chicks (Rugani, Regolin & Vallortigara, 2008; Rugani et al., 2009), amphibians (Stancher et al., 2015) and fish (Agrillo, Piffer & Bisazza, 2010; Potrich et al., 2015). The approximate number system is, therefore, believed to be an ancient system in evolutionary terms (Cantlon, Platt & Brannon, 2009; Versace & Vallortigara, 2015; Vallortigara, 2014).
We know of several properties of the estimation mechanism, for example, that it does not rely on counting and that the perceived difference is related to the ratio between the two numerosities (Anobile, Cicchini & Burr, 2014). Estimation can be biased by irrelevant dimensions, such as size (Dakin, Tibber, Greenwood & Morgan, 2011; Hurewitz, Gelman, & Schnitzer, 2006) and spatial distribution of the elements (Allik & Tuulmets, 1991; Bertamini et al., 2016). Here we have focused on the role of spacing of the elements and the occupancy model that predicts this effect (Allik & Tuulmets, 1991).
For humans regular spacing increases perceived numerosity (the regular-random numerosity illusion, Ginsburg, 1980) but this effect has never been tested in other species, with the exception of Beran (2006). Here we compared humans to domestic chicks. Our stimuli were random configurations that varied in terms of clustering, and we used a procedure as similar as possible for both groups. Chicks are ideal animals to study the generality of the effect because they can be tested after minimal experience of the environment (a few days after hatching) and without social influence (the chicks were kept in isolation). 
During training the configurations had 20 or 40 elements, and density and clustering covaried with numerosity. Either the dimension numerosity or the dimension clustering could be used to perform the task. Test trials presented configurations with 30 elements, but one had a larger inter-element distance than the other. Most human observers adopted a strategy based on numerosity, and chose the low clustering test image (when reinforced with 40 elements) or the high clustering test image (when reinforced with 20 elements). If observers had adopted a strategy based on clustering (e.g. average inter-element distance) they would have done the opposite. In the verbal description of the strategy they mentioned both numerosity and density, but not clustering.
This clear-cut effect of numerosity and spacing for humans was present in chicks, but results were affected by the behavioral measure. First, chicks could be trained to discriminate configurations with 20 or 40 elements. This confirms that they can discriminate relatively large numerosities. Data for the first approach towards the screen showed an overall bias to select the configuration with more clustering. We discuss this in the next paragraph. However, the first approach behavior was also influenced by training, in a way similar to human adults. There was, therefore, evidence that chicks estimate numerosity using a mechanism similar to humans (and according to the random-regularity illusion). This was not observed when considering the screen the chicks walked behind to find the food. In this measurement chicks only displayed an overall bias to select the configuration with more clustering. It could be that the more immediate approach response was more affected by perceptual variables, whereas the more considered walking around the panel was more affected by continuous inspection and change of views and distance with respect to the two stimuli.
The finding that chicks prefer overall configurations with high clustering was interesting and can be related to what has been observed before when density was manipulated. Although this was not tested with chicks, new world monkeys (Stevens et al., 2007) and human infants (Uller et al. 2013) show a preference for items that are clustered. This could be explained in terms of foraging theory if we make the assumption that clusters can lower energy expenditure. 
 More clustering was achieved in our stimuli by a weaker constraint on location. That is, elements could be located close to each other as long as there was no overlap. The configuration with less clustering by contrast was one in which elements had a more constrained and therefore regular distribution (Figure 3). Another possibility, therefore, is that chicks have a preference for more natural distribution of random elements, consistent with a distribution of food in the environment. More constrained and regular distributions may be associated more with textures and less with independent elements, such as seed, on the ground.
With respect to the issue of the role of clustering on perceived numerosity, there is evidence in the literature that animals may sometimes not display the same behavior as humans in tasks that relate to numerosity. As discussed in the introduction, Agrillo et al. (2014) compared humans and monkeys using an illusion and concluded that there may be differences in the visual mechanisms underlying the Solitaire illusion between human and nonhuman primates, but also continuity. It has also been noted, however, how difference in procedures may make comparisons between species difficult (e.g. Beran, 2006). By contrast, many aspects of the ANS are found across a large range of species. It is therefore possible that the effect of clustering on estimation is intrinsically part of how large numerosities are compared.
In summary, we found evidence that numerosity is a salient property of a configuration. Humans use it to develop a response strategy. The same strategy was present in chicks at least as a first, immediate, approach to one of the two stimuli. The main difference between humans and chicks was unrelated to training, because overall chicks had a strong preference for images with more clustering. This bias drove both the first approach and the final circumnavigation behavior.
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