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Introduction


The mental number line and the space–number association

Humans represent numerical magnitudes as oriented on a mental number line, with smaller numerosities on the left and larger numerosities on the right. This spatial-numerical association (SNA) was shown in preverbal infants and newborns (de Hevia et al., 2014; Bulf et al., 2016; Di Giorgio et al., 2019), primates (Drucker and Brannon, 2014; Gazes et al., 2017; Rugani et al., 2022b), newborn birds (Rugani et al., 2015, 2020b), and insects (Giurfa et al., 2022), suggesting that it is a pre-linguistic and biologically predetermined organization shared among different species. In the classic paradigm, chicks learned to retrieve a food reward behind a central panel depicting a certain numerosity (5) and were subsequently tested with two panels, one on the left and one on the right side, both depicting the same stimulus. When this depicted a smaller number of dots (2 vs. 2), chicks preferentially circumnavigated the left panel. Vice versa, when the test numerosity was larger (8 vs. 8), chicks preferentially circumnavigated the right panel. It has been postulated that hemispheric specialization for stimuli valence could also have played a role in orienting spatial bias (Vallortigara, 2018; Rugani et al., 2020b). If chicks had associated the training value (e.g., 5) with food (as they retrieved a worm behind the panel depicting that numerosity), a smaller numerosity could be seen as a depletion (hence causing a right hemispheric activation in response to a negative event) and a smaller one as an increase (hence causing a left hemispheric activation in response to a positive event).



Space–number association as possible facilitation in proto-arithmetical tasks

It is yet unknown whether lateralized responses to magnitudes only emerge in tasks aimed at stressing this phenomenon or whether it can play a role in other numerical tasks not directly related to SNA. There is only one evidence of the SNA effect in a proto-arithmetic task that also involves calculation and working memory. Chicks tested with the 5 vs. 10 and 6 vs. 9 comparisons performed better in locating the larger set when it was hidden on their right (Rugani et al., 2014b). This kind of test exploited chicks' natural tendency to prefer the larger set of familiar objects (i.e., objects they had been reared with) (Rugani et al., 2011, 2014b, 2017). Hence, chicks were neither trained to choose the larger set (nor did they receive any reward other than re-joining it) but spontaneously inspected it. However, the employed comparisons might be considered relatively easy to solve, both having quite a large ratio (Rugani et al., 2011, 2014a). It is uncertain if the facilitation deriving from the larger magnitude being displayed on the right would remain in a more complex discrimination implying a higher cognitive demand. In a recent study (Rugani et al., 2022a) on the cognitive strategies that could enhance proto-arithmetical performance, 4-day-old chicks were tested with the 3 vs. 4 comparison. This comparison is considered critical in numerical studies (Rugani et al., 2017, 2020a), and both preverbal infants (Feigenson et al., 2002; Feigenson and Carey, 2003, 2005) and some adult animals were reported to fail it (Uller et al., 2003; Agrillo et al., 2010; Stancher et al., 2015; Bánszegi et al., 2016). Four-day-old chicks fail in discriminating 3 vs. 4 unless supported by additional cognitive strategies such as grouping, timing (Rugani et al., 2017), or individual object processing (Rugani et al., 2020a). The original by Rugani et al. (2022a) aimed at investigating whether individual processing of faces could support discrimination in the 3 vs. 4 comparison. Immediately after hatching, chicks were reared with a set of seven objects as artificial social companions. For specific information on the procedure and experimental conditions, see Rugani et al. (2022a). Four-day-old chicks were tested with the proto-arithmetic comparison 1+1+1 vs. 1+1+1+1. Each chick was tested in a session of 20 consecutive trials, where the larger set was made to disappear either behind the left or the right panel (according to a pseudo-random order). Even though this was out of the initial purposes of the study, such a paradigm could allow us to investigate the presence of a facilitation effect due to congruency between spatial and numerical information for which we expect chicks to be better at locating the larger set when it was located on the right side. The experimental paradigm requires chicks to keep track of the objects, hidden one-by-one behind either of two identical panels. To locate the larger numerosity, birds should (i) track all the displacements of the individual objects, (ii) create a mental representation of each set, and (iii) compare the two representations. As such, this kind of task might require additional cognitive effort for the baby chicks. If mapping magnitude from left to right were a spontaneous and mostly automatic mechanism, we would expect it not to be affected by the complexity of the task. However, if it were a top-down process actively implemented in specific circumstances, it might not take place in tasks entailing excessive cognitive load.



A case study from Rugani, Loconsole, and Regolin

We re-coded data from an original study conducted on 74 domestic chicks. For a detailed description of the methods and experimental conditions, we refer the reader to Rugani et al. (2022a). In the original study, chicks were found capable of solving the discrimination whenever they were reared with at least a face-like stimulus and tested with all different face-like stimuli (from here-after “faces”). Given that individual recognition among chicks relies primarily on conspecifics' face and head features, the original study aimed to assess whether individual processing of face-like artificial stimuli affected numerical discrimination, in a complex proto-arithmetic task 1+1+1 vs. 1+1+1+1. In Exp. 1, chicks (n = 14) were reared and tested with seven individually different faces; in Exp. 2, a new group of chicks (n = 15) was reared and tested with seven identical copies of the same face; in Exp. 3, birds (n = 15) were reared with seven copies of a same face and then tested with seven all different and novel faces; in Exp. 4, chicks (n = 15) were reared with featureless outlines and tested with seven different faces. Each chick was tested with the 3 vs. 4 discrimination in 20 consecutive trials. Birds successfully discriminated 3 vs. 4 in Exp. 1 and Exp. 3 but failed in Exp. 2 and Exp. 4. Because of the experimental paradigm entailing two possible spatial positions (one on the left and one on the right of the chicks' starting position) and two different numerical magnitudes (a smaller, i.e., 3, and a larger, i.e., 4), it made it possible for us to investigate possible facilitation related to the congruency between these two variables (Figures 1A, B).
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FIGURE 1
 The experimental paradigm and the spatial-magnitude congruency. (A) In half of the trials (i.e., 10 trials), the larger set disappeared behind the left panel. This could create an incongruent situation (larger on the left and smaller on the right), against the SNA (i.e., smaller values on the left, and larger values on the right). (B) In the other half of the trials, the larger set disappeared behind the right panel. This would be congruent with the SNA representation and therefore constitute facilitation in locating the larger set. (C) The results of the re-analysis. In Exp. 1, Exp. 3, and Exp. 4, chicks succeeded in locating the larger set when it was placed on their right, but not when it was placed on their left. In Exp. 2, chicks failed in locating the larger set and performed at chance, irrespective of its spatial location. *p < 0.05.


We conducted our re-analysis (Figure 1C) using R 4.2.0 (R Core Team, 2021). Our dependent variable was the binomial choice of the chicks between the smaller or the larger set. The independent variable was the spatial position (left/right) of the larger set. As there were multiple observations for each chick (i.e., each subject underwent a total of 20 trials), we employed generalized linear mixed effect models (R package: lme4; Bates et al., 2015), with subjects ID as a random effect. Subsequently, we carried out a post-hoc analysis with Bonferroni correction (R package: emmeans; Lenth, 2020). In Exp. 1, Exp. 3, and Exp. 4, chicks failed in discriminating when the larger set was on the left [Exp. 1: Prob(1) = 0.557, SE = 0.042, z = 1.349, p = 177; Exp. 3: Prob(1) = 0.572, SE = 0.045, z = 1.572, p = 0.116; Exp. 4: Prob(1) = 0.433, SE = 0.41, z = −1.628, p = 0.104], but succeeded when the larger set was on the right [Exp. 1: Prob(1) = 0.636, SE = 0.041, z = 3.17, p = 0.002; Exp. 3: Prob(1) = 0.599, SE = 0.045, z = 2.167, p = 0.03; Exp. 4: Prob(1) = 0.64, SE = 0.039, z = 3.382, p < 0.001]. In Exp. 2, chicks failed in discriminating both when the larger set was presented on the left [Prob(1) = 0.52, SE = 0.044, z = 0.459, p = 0.647] and on the right side [Prob(1) = 0.493, SE = 0.044, z = −0.154, p = 0.878].




Discussion


Space–number association supports performance in complex proto-arithmetic tasks

A facilitation effect due to congruency with the orientation of the SNA was observed in previous studies employing simple proto-arithmetic tasks (i.e., 5 vs. 9 and 6 vs. 9) (Rugani et al., 2014b) or experimental paradigms specifically designed to test the SNA (Rugani et al., 2015, 2020b). Here, we found that chicks were better at locating the larger set when this was on their right even in critical discrimination (i.e., 3 vs. 4) requiring much cognitive effort. This suggests that a predisposed asymmetric number–space association may act as a cognitive strategy that supports discrimination by stressing a redundancy in multimodal information (i.e., spatial and numerical). We found facilitation in all experiments but Exp.2. In Exp.1 and Exp.3, chicks also succeeded in the main task, overall, they discriminated 3 vs. 4. As such, the facilitation effect easily fits in the picture as an additional cognitive support/strategy, boosting performance in representing the two numerosities onto space. In both Exp.2 and Exp.4, chicks failed in the overall discrimination. Yet, while in Exp.2, chicks' performance remained at a chance level also when considering each side separately, in Exp.4, chicks performed correctly when the larger set was on the right. In a previous study on the 5 vs. 10 and 6 vs. 9 comparisons, a result similar to that of our Exp.4 was reported: when the elements were controlled for total area or perimeter, chicks failed in the overall discrimination, but they still showed the SNA facilitation. This is in line with a study reporting chicks' tendency to rely on lateralized biases to cope with uncertainty in complex situations (Loconsole et al., 2021). It is possible that chicks that could not solve the task strengthened the SNA to maximize their probability to find the target numerosity. That is, rather than behaving at random, they exploited facilitation for detecting the redundancy of information, becoming able to locate the larger set at least in the congruent trials. Instead, when the numerical magnitude and spatial position were not congruent, the solely numerical information did not suffice for the discrimination and chicks behaved at random.



Space–number association does not suffice to allow numerical discrimination in the case of cognitive overload

For what concerns Exp.2, according to the original study, it was designed as a control condition in which, despite the presence of a face-like stimulus, individual object processing was never possible (i.e., all the stimuli depicted the same face-like pattern in both rearing and test). Thus, this condition somehow mirrored the classic 3 vs. 4 comparison with all identical stimuli (red squares) that chicks are known to fail (Rugani et al., 2017, 2020a). Therefore, one hypothesis to explain the absence of the facilitation effect might be that the task was too difficult for the chicks, to the point that they could not initiate the cognitive process required for further discrimination (i.e., to individually track and represent each element of the sets in a dedicated internal representation), leading to no preferential choice. On the contrary, all the other experiments (including Exp.4) supported (to different degrees) individual discrimination (for a detailed discussion, see Rugani et al., 2022a), enabling the chicks to represent the sets in their working memory and subsequently process them to locate the larger one.




Conclusion

In the example of Rugani et al. (2022a), we observed that in the presence of a highly cognitive demanding proto-arithmetic task, as the 1+1+1 vs. 1+1+1+1 comparison, 4-day-old chicks could effectively rely on multimodal information redundancy. Chicks could solve the discrimination only when the larger set was on the right side, according to the SNA. This suggests a predisposition to link spatial and numerical information in an integrated representation and to rely on such a representation as a cognitive strategy to support performance in a numerical task. Such an association in humans was previously attributed to formal instruction and culture (i.e., acquisition of reading and writing conventions). However, recent literature suggests that it is rather a shared and predisposed biological phenomenon, and this hypothesis is further supported by our study (Rugani and de Hevia, 2017; Aulet and Lourenco, 2018; McCrink et al., 2020; de Hevia, 2021; Rugani et al., 2022c). The valence hypothesis presented in the introduction could represent an example of hemispheric specializations at the basis of the SNA. Even if in this task the stimuli are not associated with a food reward, they do possess some intrinsic positive valence (being the social objects onto which chicks were imprinted). This could have led to an activation of the left hemisphere, which mainly responds to positive valence (Huppert et al., 2004; Vallortigara, 2018) and is involved in category-based responses (e.g., conspecific vs. heterospecific) (McKenzie et al., 1998; Rosa-Salva et al., 2010, 2011). Here, we provide evidence of SNA supporting performance in complex discriminations. Further studies should expand on this idea trying to identify the evolutionary advantages as well as pinpointing the neural substrates of mapping numbers onto space.
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