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Magnitude shifts spatial attention from left
to right in rhesus monkeys
as in the human mental number line

Rosa Rugani,1,2,7,* Michael L. Platt,2,3,4 Yujia Zhang,5,6 and Elizabeth M. Brannon2

SUMMARY

Humans typically represent numbers and quantities along a left-to-right continuum. Early perspectives
attributed number-space association to culture; however, recent evidence in newborns and animals chal-
lenges this hypothesis. We investigate whether the length of an array of dots influences spatial bias in rhe-
sus macaques. We designed a touch-screen task that required monkeys to remember the location of a
target. At test, monkeys maintained high performance with arrays of 2, 4, 6, or 10 dots, regardless of
changes in the array’s location, spacing, and length. Monkeys remembered better left targets with
2-dot arrays and right targets with 6- or 10-dot arrays. Replacing the 10-dot array with a long bar, yielded
more accurate performance with rightward locations, consistent with an underlying left-to-right oriented
magnitude code. Our study supports the hypothesis of a spatially oriented mental magnitude line com-
mon to humans and animals, countering the idea that this code arises from uniquely human cultural
learning.

INTRODUCTION

Representing spatial information is crucial for survival in most animals.1–3 The spatial organization of mental representations is intrinsic to

many abstract arbitrary classifications, such as numerical and non-numerical ordinal information in humans2,4–6 and animals.7–9 A great deal

of evidence suggests that numbers are organized from left to right on what is often called a ‘‘mental number line’’ in humans.5,10 For

example, adults are faster in making parity judgments about small numbers when responses are executed on the left and making parity

judgments about large numbers when responses are executed on the right (spatial-numerical association of response codes, SNARC

effect11).

When first reported, the orientation of the mental number line was hypothesized to be an outcome of formal instruction. From this

perspective, spatial-numerical mapping is a by-product of culture, arising from reading and writing conventions and the use of tools such

as rulers.12 Consistent with this idea, Arabic speakers who read from right to left show an inverted SNARC effect,13 whereas cultures with

mixed reading habits (i.e., where reading is right-to-left but number is represented from left-to-right) show no SNARC effect.14 However,

recent studies suggest that spatial numerical associations (SNA) do not arise solely from cultural practices because they are evident in infants

before they learn to read or write. In one study, seven-month-old infants looked longer at increasing (e.g., 1-2-3) but not at decreasing (e.g.,

3-2-1) magnitudes displayed in a left-to-right spatial orientation.15 Similarly, eight-month-old infants, initially presented with a central numer-

osity and then with a peripheral target that could appear either on the left or on the right, were faster at orienting toward left targets when the

cue numerosity was small (two dots) and toward right targets when the cue numerosity was large (nine dots).16 Even more surprisingly, new-

borns also appear to associate numerosities with a left-to-right-oriented mental number line. After being habituated to 12 dots, newborns

were presented with two identical arrays of dots, one on the left and one on the right side of the screen. When the arrays both contained

four dots, the newborns looked longer at the left stimulus, whereas when both arrays contained 36 dots newborns looked longer at the right

array. Furthermore, when tested with two arrays of 12 dots, newborns preferred the left array if they were habituated with 36 items, but the

right array if they were habituated to 4 items.17 Thus, for newborns habituation to a numerical magnitude becomes a reference against which

subsequent magnitudes are spontaneously compared. Such data from newborns and infants in the first year of life suggests that number-

space mappings are not solely driven by cultural practices but instead reflect the intrinsic organization of an underlying code for magnitude.
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Additional evidence for an intrinsic biological origin of the spatial numerical association comes from studies in animals. In one study, day-

old domestic chicks were trained to select the 4th container in a vertically oriented array of ten identical containers for food reward. The chicks

were then tested with an identical array rotated by 90�. Even though the birds entered the arena in the middle of the horizontal array of con-

tainers, they selected the 4th container on the left more than the 4th container from the right or any other location.18 These findings suggest

chicks have an intrinsic bias to represent number from left to right. Similar results were obtained when adult Clark’s nutcrackers,19 adult rhesus

monkeys,20 and children21 were tested using the same general paradigm. These findings suggest that when animals learn a numerical rule,

they spontaneously organize the information from left to right. An alternative possibility, however, is that these findings reflect pseudo-

neglect—a bias to attend more to objects on the left than the right22–24—which has been observed in humans25 and birds.26,27

A noteworthy aspect of human number-space mappings is that they are relative rather than absolute. Specifically, the range of numeros-

ities presented determines whether a given value is considered small or large. Thus when humans are tested with values in the 1–9 range they

respond faster when 9 is on the right, but when tested with values in the 9–18 range, responses are faster when 9 is on the left.5 Orangutans

and gorillas have shown relative numerical bias in spatial responses as well.28 Despite individual differences, overall apes showed spatial-nu-

merical mappings that inverted when the cue indicated the opposite numerical response, consistent with accessing relative rather than ab-

solute spatial representations of number. Relative mapping has been observed in other species as well. Three-day-old domestic chicks,

initially trained to associate a reward with number 5, associated values less than 5 (i.e., 2) with the left and values larger than 5 (i.e., 8) with

the right. Remarkably, when the rewarded value was 20 rather than 5, the chicks oriented to the left when 8 items were presented.29 Using

similar paradigms other research found different outcomes. Some studies reported no evidence of spatial number mapping in cleaner

fish, rhesus monkeys and capuchin monkeys.30,31 Additional studies in newborns,17,32 day-old chicks,33 and honeybees34 revealed both bidir-

ectionality and relativity of spatial-numerical associations, twomain features of the adult humanmental number line. The bidirectional aspect

is derived from small numbers biasing responses to the left and large numbers biasing responses to the right. In these studies, reference nu-

merosity modulated the numerical displacement depending on its relative magnitude, with the test number eliciting responses indicative of

relative mapping. Overall, these findings suggest the use of space to represent other dimensions is both common across animal species35,36

and based on developmentally primitive biological mechanisms, but can be influenced by experience.

Despite considerable evidence from behavioral studies, the neural basis of the SNA remains poorly understood. One account posits that

the spatial organization of number observed in response biases reflects the orientation of spatial attention.11,37 In humans and monkeys, the

intraparietal sulcus (IPS) is involved in the representation of numerals and numerosities,38–41 as well as in space perception and spatial atten-

tion (for a review, see studies by Hubbard et al., and Piazza et al.,42,43). Neurons selective to numerosities have been found in parietal and

prefrontal cortex in monkeys.44 In birds, neurons selective to numerosities have been observed in the association area Nidopallium caudo-

laterale (NCL), a brain area possibly homologous with mammalian cortex, in both the crow45 and the chick.46 In humans, populations of neu-

rons tuned to small numerosities are organized topographically in the parietal cortex, thereby forming a map,47,48 which may underlie the

spatial organization of magnitudes. Together, this evidence suggests that direction of attention along the mental number line and spatial

numerical association may jointly arise from the neural mechanisms supporting the orienting of spatial attention.49,50

Nevertheless, to explain the SNARC effect, numerical magnitudemust be processed before triggering spatial associations,51–54 as shown

by an event-related potentials (ERPs) study.55 Participants, while engaged in a target detection task, were presented with non-predictive and

task-irrelevant arrows and numerals. The modulation of the P2p component, reflecting semantic number processing,56 occurred prior to the

interactions between numerical magnitude and hemisphere over parietal sites, reflecting shifts of attention induced by number cues (for

similar results in EEG, rTMS, fMRI studies, see studies by Gobel S.M et al., Dehaene et al., and Mora-Cortes et al.,57–59). Remarkably, both

arrows and numerals elicited two ERP components—the ‘‘early directing attention negativity’’ (EDAN) and the ‘‘anterior directing attention

negativity’’ (ADAN)—that reflect the activity of the fronto-parietal attentional network engaged in the control of spatial attention.60,61 The

EDAN and ADAN, in turn, modulated early ERP responses (P1 and N1 components) to the targets, suggesting that the same fronto-parietal

networks involved in volitional shifts of attention are also engaged in reflexive endogenous shifts of attention.55

Despite increasing evidence supporting an intrinsic association between numerosity and space that is common to vertebrates, evidence

for the flexibility of this association and whether it is specific to discrete magnitudes or whether it also applies to continuous extents remains

sparse. To address these gaps, we designed a new touch screen task to explore whether rhesusmonkeys show a flexible side bias in an ordinal

target selection task. The task required remembering the ordinal position of a target in an array of identical discrete elements. This paradigm

excluded odor cues or experimenter influence and allowed precise control over the spatial placement of visual stimuli, enabling us to disen-

tangle the use of ordinal numerical from purely spatial cues. We first trained rhesus monkeys to select a target (a picture of a green dinosaur)

that appeared on one of two identical dots (Figure 1). Next, we requiredmonkeys to remember the location of the target and to select the dot

on which the target had previously appeared. To ensure that monkeys were not learning the absolute spatial location of the target, the array

was jittered vertically across trials, by varying its dislocation on the vertical axis by 8 cm.

After monkeys were trained to identify the left or right target, we tested whether they could remember the location of the target on 2, 4, 6,

or 10 dot arrays and asked how numerical magnitude affected their accuracy at selecting the correct target location. If a left-to-right displace-

ment induces a unilateral leftward attentional shift, they should perform better when targets were presented on the leftward dots than on the

rightward dots. Furthermore, if the numerical length of an array influences the locus of visuo-spatial attention, then monkeys should perform

better for left targets on numerically small arrays and right targets on numerically large arrays.

To disentangle whether monkeys used spatial versus ordinal strategies to encode the target location, we employed a conflict test. Here,

we changed thephysical distance between the dots during the presentation and recall phases, to ensure that the absolute spatial location and
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the correct numerical target were not the same. During the presentation phase, the target always appeared on the 3rd dot out of 6 dots. How-

ever, during the recall phase of each trial, the distance between the dots was reduced such that the 3rd dot from the left would be chosen if

monkeys used numerical order to respond, whereas the 2nd dot from the left would be chosen if they used the absolute spatial location of the

original target.

Finally, we tested whether monkeys would transfer training on arrays of discrete items to continuous stimuli. The target appeared at spe-

cific location on an unsegmented line in the presentation phase and monkeys were required to touch on the same unsegmented line in the

recall phase. If spatial bias is solely due to an underlying number-space mapping, there should be no left-to-right bias in performance in this

non-numerical version of the task. Alternatively, if spatial mapping is common to all magnitudes, then monkeys should show the same spatial

biases to arrays of dots and unsegmented lines.

RESULTS

Number transfer test

As shown in Table 1, both monkeys selected the ordinally correct dot above chance levels in all number transfer tests (binomial tests, all

ps < 0.001; more data are available in Table S1).

We next examined data from each experiment separately to better understand the monkeys’ accuracy in identifying each target and to

determine if there was any bias in their lateral response patterns (left vs. right) (Figure 2). First, we performed Binomial tests, separately for

each monkey, on the average accuracy for each target position in each test against chance levels (detailed statistics can be found in

Table S1). Next, Wilcoxon tests were conducted on the accuracy as a function of target side after aggregating targets on the same side

(for example, in the 4-dot test, 1L and 2L were considered as left and 1R and 2R were considered as right).

Two-dot test

In the two-dot test, Hooke remembered both 1L and 1R above chance (1L,mean accuracy = 91.667, SE= 4.672, p < 0.001; 1R,mean accuracy =

69.444, SE = 7.786, p = 0.014; see more statistics in Table S1) while Sally only successfully recalled 1L (1L, mean accuracy = 94.444, SE = 3.872,

p < 0.001; 1R, mean accuracy = 63.889, SE = 8.119, p = 0.066). Bothmonkeys performedbetter at recalling the left target (Hooke, left = 91.667,

SE = 4.672, right = 69.444, SE = 7.786, W = 792, p = 0.018, r = 0.279; Sally, left = 94.444, SE = 3.872, right = 63.889, SE = 8.119, W = 846, p =

0.002, r = 0.374).

Four-dot test

In the 4-dot test, Hooke successfully recalled the right but not left target positions (1L, mean accuracy = 14.815, SE = 6.967, p = 0.933; 2L,

mean accuracy = 22.222, SE = 8.153, p = 0.701; 2R = 71.429, SE = 8.694, p < 0.001; 1R, mean accuracy = 83.333, SE = 6.920, p < 0.001). Sally

successfully identified all the target positions significantly above chance (1L, mean accuracy = 55.556, SE = 8.399, p < 0.001; 2L, mean ac-

curacy = 88.889, SE = 5.312, p < 0.001; 2R, mean accuracy = 69.444, SE = 7.786, p < 0.001; 1R, mean accuracy = 63.889, SE = 8.119,

p < 0.001). In terms of side bias, Hooke performed better on the right side while Sally showed no difference (Hooke, left = 18.519,

SE = 5.336, right = 77.586, SE = 5.523, W = 641, p < 0.001, r = 0.588; Sally, left = 72.222, SE = 5.316, right = 66.667, SE = 5.595,

W = 2736, p = 0.472, r = 0.060).

Figure 1. Schematic illustration of the screen succession in the training procedure as in Training 3

A training trial started with the presentation of a blue response square; once selected, two dark gray dots appeared. The target stimulus, a green dinosaur,

appeared on either dot. When the target was selected, the two dots turned orange for 3 s before disappearing. A horizontally centered orange response

square appeared in the bottom area of the monitor. This always appeared in the same position to direct monkey attention to the same part of the monitor.

Once the orange response square was selected, two orange dots appeared and the target stimulus could be visible, depending on training phase, on the

same dot in which it appeared in the previous screens (in this illustration the target was faded as in some trials of the second phase of Training 3). The

selection of the dot on which the target was presented elicited a positive reward.
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Six-dot test

In the 6-dot test, Hooke again succeeded in identifying targets on the right but not on the left (2L, mean accuracy = 19.444, SE = 6.690,

p = 0.393; 3L, mean accuracy = 22.222, SE = 7.027, p = 0.243; 3R = 36.111, SE = 8.119, p = 0.004; 2R = 83.333, SE = 6.299, p < 0.001). Sally

selected the right targets and 3L above chance expectations (2L, mean accuracy = 2.778, SE = 2.778, p = 0.999; 3L, mean accuracy = 44.444,

SE = 8.399, p < 0.001; 3R = 80.556, SE = 6.690, p < 0.001; 2R = 80.556, SE = 6.690, p < 0.001). Bothmonkeys showed higher accuracy for targets

on the right than for those on the left (Hooke, left = 20.833, SE = 4.820, right = 59.722, SE = 5.821, W = 1584, p < 0.001, r = 0.395; Sally,

left = 23.611, SE = 5.040, right = 80.556, SE = 4.697, W = 1116, p < 0.001, r = 0.568).

Ten-dot test

In the 10-dot test, Hooke succeeded in remembering 2R, 3R, and 4L (2L, mean accuracy = 14.706, SE = 6.165, p = 0.250; 3L, mean

accuracy = 20.000, SE = 6.860, p = 0.055; 4L, mean accuracy = 27.778, SE = 7.571, p = 0.002; 4R, mean accuracy = 20.000, SE = 6.860,

p = 0.055; 3R, mean accuracy = 25.714, SE = 7.495, p = 0.006; 2R, mean accuracy = 41.667, SE = 8.333, p < 0.001). Sally remembered all targets

except for 2L (2L, mean accuracy = 2.778, SE = 2.778, p = 0.977; 3L, mean accuracy = 22.222, SE = 7.027, p = 0.024; 4L, mean accuracy = 38.889,

SE = 8.240, p < 0.001; 4R, mean accuracy = 50.000, SE = 8.452, p < 0.001; 3R = 63.889, SE = 8.119, p < 0.001; 2R = 45.714, SE = 8.543, p < 0.001).

Hooke did not show differences between left and right, while Sally performed better when identifying right targets (Hooke, left = 20.952,

SE = 3.991, right = 29.245, SE = 4.439, W = 5103.5, p = 0.166, r = 0.096; Sally, left = 21.296, SE = 3.958, right = 53.271, SE = 4.846,

W = 3930.5, p < 0.001, r = 0.330; Figure 2).

To examine accuracy as a function of numerosity for left and right targets we conducted binomial GLMs on response outcomes (1 = correct

or 0 = incorrect) as a function of the target side (left or right) and the number of dots (2, 4, 6, or 10) for each subject (Figure 3). Hooke showed a

main effect of number of dots, with accuracy decreasing as number increased (c2 = 72.141, df = 3, p < 0.001), as well as an interaction between

side and number (c2 = 38.801, df = 3, p < 0.001). Pairwise comparisons with the Bonferroni correction revealed a left bias in 2-dot, right bias in

4-dot and 6-dot and no bias in 10-dot (left versus right: two-dot, z = 2.243, p = 0.025; four-dot, z = �5.782, p < 0.001; six-dot, z = �4.589,

p < 0.001; ten-dot, z = �1.384, p = 0.166). Sally showed a main effect of side (c2 = 24.094, df = 1, p < 0.001), a main effect of number of

dots (c2 = 103.651, df = 3, p < 0.001), and an interaction between side and number (c2 = 56.823, df = 3, p < 0.001). She showed a left bias

in the 2-dot test, a right bias in the 6- and 10-dot tests, and no bias in the 4-dot test (left versus right: two-dot, z = 2.807, p = 0.005; four-

dot, z = 0.723, p = 0.4698; six-dot, z = �6.377, p < 0.001; ten-dot, z = �4.721, p < 0.001; Figure 3).

Conflict test

To assess whether monkeys’ choices were determined by the numerical ordinal position of the target or the spatial location of the target we

conducted binomial tests on the percentage of choices for both ordinal-correct (3L or 3R, the ordinal positions in which the target appeared,

Figure 4, Target presentation) and spatial-correct (2L or 2R, respectively, Figure 4, Recall array) locations against chance level (more data are

available in Table S2).

First, we tested the use of spatial versus ordinal position, combining the two numerically correct options (3L and 3R) and the respective

spatial correct options (2L and 2R). Both monkeys chose spatial-correct (2L or 2R) but not ordinal-correct (3L or 3R) options above chance

(Hooke, ordinal-correct, mean accuracy = 20.833, SE = 4.897; p = 0.211, Cohen h = 0.107; spatial-correct, mean accuracy = 54.167,

SE = 5.913, p < 0.001, Cohen h = 0.813; Sally, ordinal-correct, mean accuracy = 22.222, SE = 4.934; p = 0.135, Cohen h = 0.141; spatial-correct,

mean accuracy = 58.333, SE = 5.851; p < 0.001, Cohen h = 0.897). Further proportional tests indicated that both monkeys relied on spatial

position of the target more than the ordinal position of the target (Hooke: c2 = 15.674, df = 1, p < 0.001, Cohen h = 0.706; Sally:

c2 = 18.043, df = 1, p < 0.001, Cohen h = 0. 756).

Then we analyzed each target position separately. When the target appeared at 3L, Hooke chose 2L, which was spatially correct, above

chance expectations, and did not choose 3L above chance expectations (3L, mean accuracy = 19.444, SE = 6.690; p = 0.393, Cohen h = 0.072;

2L, mean accuracy = 30.556, SE = 7.786; p = 0.028, Cohen h = 0.330). Sally chose both the numerical and spatial locations significantly above

Table 1. The accuracy of each monkey in each experiment of the number transfer test

subject experiment correct N total N chance % Mean accuracy% SEM p Cohen h

Hooke two-dot 58 72 50 80.556 4.697 <0.001 2.087

four-dot 55 112 25 49.107 4.745 <0.001 1.453

six-dot 58 144 16.667 40.278 4.101 <0.001 1.293

ten-dot 53 211 10 25.118 2.993 <0.001 0.987

Sally two-dot 57 72 50 79.167 4.820 <0.001 2.052

four-dot 100 144 25 69.444 3.852 <0.001 1.870

six-dot 75 144 16.667 52.083 4.178 <0.001 1.531

ten-dot 80 215 10 37.209 3.304 <0.001 1.249
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chance expectations (3L, mean accuracy = 36.111, SE = 8.119; p = 0.004, Cohen h = 0.448; 2L, mean accuracy = 38.889, SE = 8.240; p = 0.001,

Cohen h = 0.506). When the target appeared at 3R, both monkeys selected the spatially correct position (2R) significantly above chance ex-

pectations and did not choose the numerically correct position (3R) above chance expectations (Hooke, 3R, mean accuracy = 22.222,

SE = 7.027; p = 0.243, Cohen h = 0.141; 2R, mean accuracy = 77.778, SE = 7.027; p < 0.001, Cohen h = 1.319; Sally, 3R, mean accuracy = 8.333,

SE = 4.672; p = 0.953, Cohen h = 0.255; 2R, mean accuracy = 77.778, SE = 7.027; p < 0.001, Cohen h = 1.319; Figure 4).

To further understand how target locations influenced monkeys’ responses, GLMs on the number of first choices as a function of position

(1L, 2L, 3L, 3R, 2R, 1R) and target side (left vs. right) were conducted for eachmonkey using a Poisson distribution as the number of first choices

is a counting variable. Hooke showed amain effect of position (c2 = 33.773, df = 5, p < 0.001), no effect of target side (c2 = 0, df = 1, p = 1) and

an interaction between target position and side (c2 = 43.831, df = 5, p < 0.001). When the target appeared on the left (3L), Hooke selected the

six positions equally (ps = 1). When the target was presented on the right (3R), he selected 2Rmore than 3R (z = 3.125, p = 0.027; see Table S2),

suggesting that the spatially correct position was chosen more than the ordinally correct position. Sally showed a main effect of the target

position (c2 = 38.818, df = 5, p < 0.001), a main effect of side (c2 = 5.062, df = 1, p = 0.024) and an interaction between the two

(c2 = 61.458, df = 5, p < 0.001). When the target appeared on the left (3L), the number of choices did not differ on each position

(ps > 0.1). When the target was presented on the right (3R), she selected the spatially correct location (2R) more than any other

(ps < 0.05). No other significant differences were observed (ps = 1).

Figure 2. Percentage of choosing each position as a function of target position and subject in number transfer tests: 2-, 4-, 6-, 10-dot array

Error bars indicate standard errors. Gray lines = chance.

(A) Two-dot experiment. Target located in 1L or 1R. Chance = 50%.

(B) Four-dot experiment. Target located at 1L, 2L, 2R, or 1R. Chance = 25%.

(C) Six-dot experiment. Target located at 2L, 3L, 3R, or 2R. Chance = 16.667%.

(D) Ten-dot experiment. Target located in 2L, 3L, 4L, 4R, 3R, or 2R. Chance = 10%. *p < 0.05, **p < 0.01, ***p < 0.001, n.s. not significant.
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Continuous transfer test

As shown in Figure 5, bothmonkeys performed above the chance expectation in the continuous transfer test (Hooke,mean accuracy = 23.148,

SE = 2.877, p < 0.001, Cohen h = 0.360; Sally, mean accuracy = 29.630, SE = 3.114, p < 0.001, Cohen h = 0.507). Both monkeys showed better

accuracy when the target was on the right than the left (Hooke: left, mean accuracy = 7.407, SE = 2.532; right, mean accuracy = 38.889,

SE = 4.713, W = 18227, p < 0.001, r = 0.234; Sally: left, mean accuracy = 20.370, SE = 3.894, right, mean accuracy = 38.889, SE = 4.713,

W = 17366, p < 0.001, r = 0.267; Figure 5; the mean accuracy in choosing each target position in the 10-dot number transfer test is also re-

ported in Figure 2D).

Hooke succeeded in remembering 2R and 3R while all other locations were chosen at chance (2L: mean accuracy = 16.667, SE = 6.299;

p = 0.145; 3L: mean accuracy = 2.778, SE = 2.778; p = 0.977; 4L: mean accuracy = 2.778, SE = 2.778; p = 0.977; 4R: mean accuracy = 19.444,

SE = 6.690; p = 0.063; 3R:mean accuracy = 47.222, SE= 8.438; p < 0.001; 2R:mean accuracy = 50.000, SE = 8.452; p < 0.001). Sally remembered

all the targets except for 2L (2L: mean accuracy = 13.889, SE = 5.846; p = 0.289; 3L: mean accuracy = 25.000, SE = 7.319; p = 0.008; 4L: mean

accuracy = 22.222, SE = 7.027; p = 0.024; 4R: mean accuracy = 33.333, SE = 7.968; p < 0.001; 3R: mean accuracy = 44.444, SE = 8.399; p < 0.001;

2R: mean accuracy = 38.889, SE = 8.240; p < 0.001, see Table S1).

Comparison between continuous transfer test vs. 10-dot number transfer test

To better understand whether the lack of ordinal information afforded by a discrete array impaired monkeys’ recall performance, binomial

GLMs were conducted on each monkey separately on their accuracy (1 or 0) as a function of target positions (2L, 3L, 4L, 4R, 3R, 2R) and exper-

imental condition (continuous transfer test versus ten-dot number transfer test; Figure 5, continuous transfer test; number transfer test). Hooke

showed no main effects of target positions (c2 = 8.056, df = 5, p = 0.153) nor of experimental condition (c2 = 0.051, df = 1, p = 0.822). His

responses displayed an interaction between target position and experimental condition (c2 = 19.623, df = 5, p = 0.001). When the target

was presented on 3L and 4L, he had higher accuracy in ten-dot test than in the continuous transfer test (3L: z = 1.974, p = 0.048; 4L:

z = 2.407, p = 0.016). When looking at the effect of target position on each experiment, Hooke performed better in identifying 3R and 4R

than 3L and 2L in continuous transfer test (ps < 0.05). Yet, there was no position effect in 10-dot number transfer test (ps > 0.1). No other sig-

nificant results were observed for Hooke.

Sally only showed amain effect of target positions (c2 = 43.173, df = 5, p < 0.001), but no effect of experimental condition (c2 = 3.154, df = 1,

p = 0.076) nor an interaction (c2 = 7.651, df = 5, p = 0.177). Post hoc tests showed that her responses on 2L were less accurate than those on 2R,

3R, 4R, and 4L, and her responses on 3L were less accurate than those on 3R (ps < 0.05).

DISCUSSION

We investigated whether rhesus monkeys showed a side bias in a spatial/ordinal recall task. Specifically, we explored whether: (i) monkeys

would transfer an ordinal position rule learned with 2-lateral items to new and longer arrays; (ii) array length influenced accuracy of leftward

and rightward responses; (iii) monkeys spontaneously encoded the ordinal numerical position or the spatial position of targets; and (iv) mon-

keys trained to recall a target on an array of discrete items would transfer the general task demands when a target was presented on a contin-

uous unsegmented line.

After training to identify which of two lateral identical dots briefly contained a target, monkeys maintained high performance recalling the

target when tested with 2, 4, 6, or 10 dot arrays. Importantly, the numerosity of the arrays influenced accuracy and interactedwith the laterality

of the target. In the 2-dot array, both monkeys showed an asymmetry, with better accuracy when the target appeared on the left than on the

right. As predicted, accuracy became increasingly biased toward the right when targets were presented on longer arrays. With 4-dot arrays,

Figure 3. Monkeys’ accuracy in number transfer tests on each side

Asterisks indicate significant difference between left versus right targets.

Error bars = SEMs. *p < 0.05, **p < 0.01, ***p < 0.001.
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Sally did not show any spatial bias, whereas Hooke was showed a bias toward better performance on right targets. Both monkeys performed

better with right than left target locations when tested with the longer 6- and 10-dots arrays.

In a conflict test with 6-item arrays, we dissociated the numerical/ordinal and spatial cue to determine which dimension monkeys used to

make their decisions. Monkeys continued to perform better when the target was presented on the right side, however, both monkeys relied

more on spatial than numerical information. Future research may consider including control tests in which the number of dots varies while

maintaining a constant length of the array, to disentangle the role of magnitude and numerosity in determining the side bias. The variability

on the X axis affected monkeys’ performance. However, when the arrays/dots were jittered vertically monkeys showed no changes in perfor-

mance. It is possible that the horizontal plane is more meaningful than the vertical one for monkeys. Alternatively, the monkeys may have

learned to ignore variations on the Y axis due to the jittered presentation along the vertical axis during training.

Finally in a continuous transfer test, we explored whether monkeys could generalize a rule learned over arrays of discrete stimuli to a

continuously extended bar. Monkeys were presented with an unsegmented long bar and the target appeared in one of six spatial positions

on the bar. Overall, monkeys performed above chance expectations and both monkeys were better at identifying targets on the right side

than on the left. Such a cross-dimensional transfer from discrete to continuous dimensions, yet up to now poorly investigated—has also

been reported in honeybees and implies a common and abstract magnitude code.62 Future studies should vary line length to determine

the impact on spatial biases.

Our main finding was that as the number of dots increased, accuracy shifted from being better on the left to better on the right. This

finding parallels data from children who showed better memory for left than right target positions (the cup under which a toy was hidden,

in an array of ten horizontally arranged cups).63 Left targets were likely associated with a left-to-right searching and right ones with a right-

to-left searching. Higher accuracy on the left was explained by a more efficient left-to-right searching strategy in conditions that favored

initial anchoring of attention to the most leftward cup, from which children initiated searching for the target.63 A visual processing advan-

tage for the left space, supported by right hemispheric dominance, has been posited for processing global spatial-attentional64 and quan-

tity processing in infants65 and newborns.66 A left-to-right oriented attentional bias is especially pronounced when adults were asked to

name the midpoint of numerical intervals without calculating,49,50,57,67,68 and in ordinal tasks, in which Clark’s nutcrackers, domestic

chicks,19 monkeys,20 and children21 were required to identify always a specific position, e.g., the 4th. It is plausible that ordinal tasks pro-

moting the identification of an item in a constant array of discrete items on the basis of its spatial/ordinal position facilitate left-to-right

oriented searching.19–21,63,69 On the other hand, shifts in behavioral responses from left to right occur only when numerosity and magni-

tude change. For instance, animals29,33,34 and newborns17,32 habituated to a specific numerosity displayed a left bias when faced with a

new, smaller numerosity, but showed a right bias when presented with a larger numerosity.17 Our evidence builds upon and extends these

findings and is consistent with the hypothesis that magnitude shapes performance by shifting attention to the left for smaller magnitudes

and to the right for larger magnitudes (16,17,29,30,34) (for consistent evidence in humans, see studies by Ranzini et al., and Dehaene

et al.,55,58). This hypothesis can be tested in future experiments by using arrays containing a fixed or variable number of items. Fixed

item arrays would elicit constant processing, while variable item arrays would induce flexible processing, leading in turn to either a unilat-

eral (left-to-right or right-to-left oriented) or a bilateral (e.g., small on the left and large on the right) space-magnitude association.

Although studies on human and animal mental number line have often focused on the horizontal plane, recent evidence in humans

has shown that SNA also exist in the vertical plane.70,71 Our paradigm provides a valuable approach to explore both horizontal and vertical

spatial numerical association in non-human animals.

Figure 4. Percentage of first choices on each position in conflict tests

When the target was presented on the third left dot (3L), in the Recall phase, the ordinal-correct position was 3L while the spatial-correct position was 2L. When

the target was presented on the third right dot (3R), in the Recall phase, the ordinal-correct position was 3R while the spatial-correct position was 2R. Error bars =

SEMs. Gray lines = chance (y = 16.667). *p < 0.05, **p < 0.01, ***p < 0.001.
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In our study, performance on small numerical arrays was consistent with a shift of attention toward the left and performance on larger nu-

merical and spatial extents was consistent with a shift of attention toward the right (as shown in humans).37,55,57,59 Thus, our data cannot be

entirely explained by a generalized allocation of spatial attention, known as ‘‘pseudoneglect’’ in humans25 and birds26,27 that would result in

biased attention to objects on the left. Instead, performance of monkeys shifted from left to right, depending on the extent of the array: small

arrays elicited performance consistent with attention to the left, while performance on large arrays was consistent with attention to the right.

In conclusion, here we provide the first demonstration in a memory task of a connection between magnitude processing and a shift in

accuracy from left to right in non-human primates. Our empirical evidence is consistent with both the spatial numerical association and

the spatial quantity association. The latter hypothesis is a general mechanism, independent of magnitude type, which assumes quantities

are associated with spatial locations, as in the spatial quantity association of response codes, SQUARC effect.72 The SNARC (spatial numerical

association of response codes) effect may be a specific case of the more general SQUARC effect, which reflects a more general mapping

between space and quantity that is not specific to number.Mappings onto space have been demonstrated for time,73–75 loudness,76–78 object

size79,80 and weights,81 previously in humans, and for luminance in domestic chickens82 and humans.79,83 Our new demonstration of a magni-

tude-space mapping in a non-human primate invites the hypothesis that the interaction between these two types of magnitudes in human

cognition reflects a shared, ancestral biological mechanism rather than a product of culture or a specific language. Thus, our findings support

the view that the tendency to associate magnitude with space is not a cultural invention, but rather has deep developmental and evolutionary

origins.

Limitations of the study

The current study focuses on the emergence of left vs. right bias in response to small or large magnitudes, respectively. Although the study

also provides preliminary results on the transfer from discrete to continuous extents, the spatial bias is limited to a long continuous extent.

While a similar right bias has been reported for long continuous extents and discrete arrays of dots, it does not address whether and how short

continuous extents direct spatial bias. Furthermore, this study was conducted with only two subjects, and it would be insightful to test a larger

sample size. One way that could be achieved is through multi-laboratory collaboration. Future work examining the association of continuous

quantitative and discrete numerical extensions with left-right space could shed light on shared mechanisms underlying spatial quantitative

and numerical associations.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Rosa Rugani (rosa.rugani@

unipd.it).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data. Our data are stored and backed up on the Research Data Unipd server and are publicly accessible. The Research Data Unipd is

Research Data Repository that meets the demands of a FAIR data storage (Findable, Accessible, Interoperable, Reusable) in accor-

dance with the Guidelines on FAIR Data Management in Horizon 2020- July 2016; https://researchdata.cab.unipd.it/id/eprint/836.
� Code. Our codes for statistical analysis are stored and backed up on the Research Data Unipd server, and are publicly accessible.

https://researchdata.cab.unipd.it/id/eprint/836.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania

and executed according to the ‘‘Guide to the Care and Use of Laboratory Animals85’’. The PROTOCOL # 806050 has been also revised by the

Institutional Animal Care and Use Committee (IACUC)applying the expedited procedure set forth in 45 CFR 46.110 and approved on

05-Feb-2019.

Subjects

Two rhesus macaques (Macaca mulatta), a female named Sally (9 years old) and a male named Hooke (7 years old), served as subjects. The

monkeys were housed in pairs in a vivarium and separated to participate in the experimental sessions. During testing, while one monkey per-

formed the task, the other waited in an adjacent but separate area (usually Hook took part at the daily test sessions as first). A grid separated

the testing from the waiting area; however, it is unlikely that the waitingmonkey could see the other monkey working as the grid only allowed

for a partial view, and the working monkey positioned itself in front of the monitor, obstructing the view. Monkeys were provided with

LabDiet’s Monkey Diet biscuits, fresh vegetables, and fruits daily. Water was available ad libitum. This was the first touch screen study for

both monkeys.

METHOD DETAILS

Apparatus, stimuli and procedure

The experimental apparatus consisted of a 15-inch touch-sensitive monitor (Elo TouchSystems, Menlo Park, CA) and a food pellet reward

delivery system (Med Associates, St. Albans, VT). The monitor was attached to the front of the home cage. The reward delivery system

was placed so that the food pellets dropped directly into the food box, located beneath the touchscreen. Stimulus presentation, reward de-

livery and data collection were performed with PsychoPy3.84 The modality of presentation, the target stimulus and the number of the dots

displayed on each trial depended on the experimental phase (see below). The position of every item was established by the position of

its center on the two diagonals. We used a virtual Cartesian coordinate system with one centimeter as the standard unit. The origin of the

coordinate was the center of the screen (0,0; which respectively indicate the position on the X and Y axes).

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Raw and analyzed data This paper https://researchdata.cab.unipd.it/id/eprint/836

Software and algorithms

PsychoPy3 Peirce et al.84 https://www.psychopy.org/

R 4.0.3 R Core Team https://www.r-project.org/
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Shaping

Three shaping phases were designed to train monkeys to interact with the touchscreen by rewarding touches to the screen with increasing

precision.69,86

Shaping phase 1

We first shaped monkeys to touch a single blue dot (RGB = 0,0.255), randomly placed on the left/right, up/down location on the monitor.

Because it was the first touch screen experience for both monkeys, the diameter of the dot was initially large (16cm), and it gradually halved

in size, until it was 2cm. The size was reduced when the monkey completed two complete sessions of 32 trials on two consecutive days.

Response time to touch the dot was unlimited. Whenever the dot was selected, the subject received a food pellet, a sound was played,

and the screen turned green (RGB = 0.128,0) for 2 s. Once the monkeys completed two consecutive sessions without any pause between re-

sponding greater than 1 min, they moved to the subsequent shaping phase.

Shaping phase 2

We introduced a 2 3 2cm blue square as a start stimulus presented in the bottom-center of the monitor (0,-8) on every trial. Monkeys were

required to touch the start stimulus to initiate each trial, and this served to anchor attention and standardize reaction-times across the exper-

iment. After the start stimulus was touched, a 2cm blue dot was presented in one of 32 different screen locations, with the X and the Y co-

ordinates varying randomly (1,-8). Once themonkeys completed two consecutive sessions without an interruption of greater than oneminute,

they moved to the subsequent shaping phase.

Shaping phase 3

Shaping PHASE 3 was identical to Phase 2 and thus required a response to the blue start square followed by a response to the single blue dot,

but monkeys were required tomake a response within 5 seconds to obtain reward. If a monkey did not respond within 5 seconds, themonitor

turned black (RGB= 0,0,0) for 5 seconds and no rewardwas provided. Each session consisted of 64 trials and a performance criterion of 70% of

valid trials over two consecutive sessions was required to advance to Training.

Training

After a correct response to the start stimulus, two 2cm dark gray dots (RGB = 47,79,79) were presented on a light gray (RGB = 211,211,211)

background. At the same time, a picture of a green dinosaur (1.73 1.7cm) appeared over one of the two dots and remained until the monkey

touched it. The general aim of Training was to shape monkeys to respond to a target stimulus and to memorize its location on the screen. To

achieve this goal, Training was divided into 3 Phases (described below).

Training phase 1

After the start stimulus was touched, two 2cm dark gray dots were presented 11cm apart on the left (X = �6) and right (X = 6) side of the

monitor. Although the position on the X axis was constant, their position on the Y axis varied from trial to trial (Y = �4,0,4). The same vertical

jittering was also used in all subsequent training and testing. The dinosaur target stimulus was presented on the left or the right with equal

frequency and remained on the screen until it was touched. An unlimited amount of time to respond was provided and only correct responses

to the dot with the target stimulus were recorded and reinforced. Incorrect responses were ignored until the monkey made the correct

response. Each Training Phase 1 session consisted of 60 trials. Once monkeys completed three consecutive sessions without a 1-min inter-

ruption they moved to Training Phase 2.

Training phase 2

The procedure followed all the same parameters as Training Phase 1, except that only correct responses were rewarded. If a monkey failed to

respond within 5 seconds after initiating the trial or if the monkey made an incorrect response, the trial was ended with no reward and a

5-second black screen ensued. Each session consisted of 60 trials, and monkeys were moved to the subsequent training phase after two

consecutive sessions of at least 80% correct responses.

Training phase 3

This training phase was designed to teach the monkeys to memorize the target’s location. Training 3 was divided into five training phases in

which the visibility of the target on the last screen (labeled Recall screen, Figure 1) was progressively reduced until it was no longer visible and

thus required recall. In all phases of Training 3, monkeys were required to initiate trials by touching the start stimulus (Figure 1, Start screen),

and were subsequently presented with two dark-grey dots one which displayed the dino target stimulus within its border. Monkeys were

required to select the target stimulus within 5 seconds to continue the trial (Figure 1, Target presentation and selection). If the target was

selected, both dots turned orange (RGB = 255,165,0) as shown in Figure 1 (Intermediate screen) for 3 seconds before disappearing. After

3-seconds elapsed the orange dots disappeared and were replaced with a transitional response square (a 2 3 2 cm orange square, located

at 0,-8) until it was selected (Figure 1, Attention relocation). Once the monkey touched the transitional square, the two orange dots
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reappeared (Figure 1, Recall screen). Monkeys were required to select the target stimulus within 5 seconds. An incorrect response or no

response within 5 seconds resulted in the screen turning black for 5 seconds and no reward was delivered. In Training 3 phase 1, the dino

target was fully visible in the recall screen. In Training 3 phase 2, the target opacity was reduced to .3 in the recall screen on all trials. In phase

3, the opacity was 0, .1, .2 or .3, with equal frequency in randomized order of presentation. In phase 4, the opacity was 0 on half of the trials and

.1 on the other half, presented in random order. In phase 5, the opacity of the target stimulus was 0 on all trials requiringmonkeys to recall the

location of the target stimulus from earlier in the trial to obtain reward. In all training phases, the criteria for moving to the following phase was

80% accuracy over two consecutive sessions. Monkeys completed 60, phase 1, or 72 trials, phases 2–5, per session.

Number transfer tests

We then tested themonkeys with four transfer tests to explore whether they could remember the target location in arrays comprising a larger

number of dots and to test whether monkeys exhibited a spatial bias. Specifically, we tested monkeys with arrays of 2, 4, 6, 10 identical dots.

The experimental design was identical to phase 5 of Training 3, so that on the Recall screen the target was always invisible. The only differ-

ences consisted in the number of dots presented on each trial, their spacing, and the location of the target stimulus. On all transfer tests,

correct responses were rewarded with a food pellet and a green screen and incorrect responses elicited no feedback. Each trial lasted for

10 s or until a correct response was made. Based on previous research using similar tasks and reinforcement procedures69,86 to maintain

high motivation throughout the test, each subject underwent two consecutive test sessions on every testing day.

Two 2-dot test sessions were conducted (36 trials per session). In each trial, two dots appeared (X = �2.8 and 2.8; distance between dots

3.6 cm; overall length array = 7.6 cm); Figure 2A. The target stimulus randomly appeared on the left dot in half of the trials and on the right in

the other half.

Two 4-dot test sessions were conducted (72 trials per session). The target stimulus appeared randomly 25%of the time in each position (1L;

2L; 1R; 2R), the distance was 3.6cm and the overall length of the array was 18.8cm; Figure 2B.

Two 6-dot test sessions were conducted (72 trials per session). The target stimulus appeared in each of four positions (2L; 3L; 2R; 3R) with

equal frequency in a random order; Figure 2C. The inter dot distance was 3.6cm such that the overall array was 30cm.

Four 10-dot test sessionswere conducted (54 trials per session). In each session, the target stimulus appeared randomly nine times on each

of the following six positions (2L; 3L; 4L: 2R; 3R; 4R); Figure 2D. The inter dot distance was 1 cm and the overall length array was 29cm.

Conflict test

A 72-trial conflict test was conducted to disentangle whether monkeys used a numerical or spatial strategy. In the presentation phase, mon-

keys were presented with a 6-item array with the inter-dot distance held at 0.8cm and a 16 cm array length. As shown in Figure 4, the target

appeared at 3L or 3R. In the recall phase, the spatial layout of the 6-item array was changed such that inter-item distance was 3.6cm, and the

overall length was 30cm. As shown in Figure 4, this changemeant that if themonkeys encoded the absolute spatial position of the targets they

should choose 2L and 2R rather that 3L and 3R.

Continuous transfer test

In this test, we explored whether monkeys could transfer the training they had with discrete dots to solve a purely spatial version of the task.

We conducted four sessions of 54 trials each. In presentation and recall phase of each trial, a single solid and continuous bar was presented

instead of discrete dots. The bar was 2 cm high x 20 cm long and could be divided into 10 locations (each measuring 23 2 cm) with positions

1L–5L to the left of themidpoint and 5R–1R to the right of themidpoint. As shown in Figure 5, the target stimulus randomly appeared in one of

three positions on the left (X =�3,�5,�7; respectively, labeled 2L, 3L, 4L) or on the right side (X = 3, 5, 7; respectively, labeled 2R, 3R, 4R) on

the bar.

Data analysis was conducted using R 4.0.3. The stats, car, emmeans, rcompanion, and pwr packages were used to conduct analysis and

calculate effect sizes. The Bonferroni correction was used for multiple comparisons. The first response on the recall frame of each trial was

coded as 1(correct) or 0 (incorrect). Testing trials with no response were discarded from further analysis (5 trials, 0.295%). Additionally, com-

puter errors resulted in 32 missing trials (22.22%) of the four-dot number transfer test for Hooke.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis was conducted using R 4.0.3. The stats, car, emmeans, rcompanion, and pwr packages were used to conduct analysis and calcu-

late effect sizes. The Bonferroni correction was used for multiple comparisons. The first response on the recall frame of each trial was coded as

1(correct) or 0 (incorrect). Testing trials with no response were discarded from further analysis (5 trials, 0.295%). Additionally, computer errors

resulted in 32 missing trials (22.22%) of the four-dot number transfer test for Hooke.
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