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Abstract

The workers of the ant Myrmica sabuleti have been shown to be able to add numbers of elements after having seen
them simultaneously, side by side, during training, and to be able to acquire single as well as multiple symbolism.
It was here examined if these ants could make additions using learned symbols. In fact, after having learned the
required symbols during a first conditioning, the ants could, thanks to a second conditioning, carry out operations 1
+1,1+2,2+2and 3 + 1 by using the quantities of elements presented as well as their corresponding symbols.
This ability results from the ants’ learning of the correspondence between symbols and numbers of elements by an
operative conditioning, and from their ability to add up two quantities viewed simultaneously. A comparison of the
ants’ score when adding elements and when adding their corresponding symbols suggests that the use of
symbolism may represent some facility for the execution of simple arithmetic operations, as is the case in higher
animal species.
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1. Introduction

In the course of our study on the ants’ numerosity ability, we have shown among others that workers of the ant
Myrmica sabuleti Meinert, 1861 can add numbers of elements when they saw them together, at once, during
training (Cammaerts & Cammaerts, 2019a), and can also associate a symbol with a number of elements, at least for
the numbers 1 to 4 (Cammaerts & Cammaerts, 2020b). We then wondered if these ants could add up using no
longer numbers of elements presented side by side, but their corresponding symbols also presented side by side.
Using four colonies of M. sabuleti, we experimentally examined if their workers could make, using symbols, the
additions 1 + 1,1 +2,2+2, and 3 + 1. Before relating our work, we here below summarize what has already been
done in the field of numerical ability in vertebrates and invertebrates.

Many works have been done on animals’ ability in counting, adding or subtracting numbers of elements. Several
ones have been done on the animals’ acquisition of numerical symbolism. Fewer studies were done on the animals’
ability in adding or subtracting amounts using numeric symbols.

Vertebrates have been proved to be able to discriminate small numbers of elements, without precisely counting
them, i.e. by a subitizing process. Fishes could distinguish 1 to 4 elements: Agrillo, Dadda, Serena, & Bisazza,
2008; Stancher, Sovrano, Potrich, & Vallortigara, 2013; salamanders, 1 — 4 elements: Uller, Jaeger, Guidry, &
Martin, 2003; frogs, 1 — 4 elements: Stancher, Rugani, Regolin, & Vallortigara, 2015; rats, 1 —3  elements: Cox
& Montrose, 2016; wolves, 1 — 4 elements: Range, Jenikejew, Schroder, & Viranyi, 2014; capuchin monkeys, 1 —
5 elements: Addessi, Crescimbene, & Visalberghi, 2008; chimpanzees, 1 — 7 elements: Murofushi, 1997). A more
precise counting ability was shown in some frogs (up to 16 calls: Rose, 2017) and birds (up to 12 items: Hunt,
Low, & Burns, 2008; up to 16 items: Garland, Low, & Burns, 2012). Some invertebrates were also shown to
discriminate quantities: spiders: 3 distinct quantities (Rodriguez, Bricefio, Bricefio-Aguilar, & Hobel, 2015) or 1 —
2 and more elements (Cross & Jackson, 2017) and the insect Tenebrio molitor (1 — 4 items: Carazo, Font,
Forteza-Behrendt, & Desfilis, 2009; Carazo, Fernandez-Perea, & Font, 2012). Higher quantities could be
discriminated, but being impacted by a numerical distance effect (in salamanders: Krusche, Uller, & Dicke, 2010;
in birds: Tornick, Callahan, & Gibson, 2015). Honeybees use the counting of up to 4 landmarks for navigating
(Dacke & Srinivasan, 2008), can be learned to differentiate under appetitive conditioning 2 and 4 elements from 3
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(Gross, Pahl, Si, Zhu, Tautz, & Zhang, 2009; Bortot et al., 2019), can spontaneously discriminate between 1 and a
quantity distant by >3 numerosities (Howard et al., 2020), and can be learned by appetitive-aversive conditioning
to discriminate between 4 and up to 8 elements (Howard, Avargués-Weber, Garcia, Greentree, & Dyer, 2019d).
Ants can discriminate 1 — 4 elements (Cammaerts, 2008) and even up to 7 successive elements differing by one
unit, but with a decreasing discriminating accuracy as the number of elements increases (Cammaerts R. &
Cammaerts, M.-C., 2020).

Some studies on number quantity estimation by animals were controlled for extraneous variables, so that only the
numbers of counted items were concerned, not the non-numerical characteristics of the cues such as their color,
size, shape and location. This was done for fishes (2 — 3 elements: Agrillo, Dadda, Serena, & Bisazza, 2009), crows
(testing some of 1 to 30 elements for numerical distance effect: Ditz & Nieder, 2016), for an elephant, 1 — 10
elements (Irie, Haraiwa-Hasegawa, & Kutsukake, 2019), for rhesus monkeys (1 —5 elements: Nieder, Freedman,
& Miller, 2002; 1 — 9 elements: Brannon & Terrace, 1998, 2000; Jordan & Brannon, 2006; 1 — 9 elements extended
to some larger numbers, up to 30: Cantlon & Brannon, 2006), for chimpanzees (1 — 7 elements: Murofushi, 1997,
Tomonaga, 2008), gorillas and orangutans (2 — 10 elements: Gazes et al., 2017). Control for extraneous variables
was also made in the above-cited studies on honeybee number discrimination. As for ants, the numerical
discrimination ability of M. sabuleti workers was shown to be slightly, not significantly, impacted by changes in
the non-numeral characteristics of the elements (Cammaerts & Cammaerts, 2020a). Taking account of the strength
of this impact and of the ants’ adding competence, it can be inferred, according to Gelman and Gallistel’s (1978)
definition of counting ability, that the M. sabuleti workers’ numerical competence reaches the cardinality stage,
but not that of abstraction.

Adding or subtracting numbers of elements is an ability rudimentarily developed in newborn chicks (Rugani,
Fontinari, Simoni, Regolin, & Villortigara, 2009) and in dogs (West & Young, 2002), but clearly more developed
in adult birds (Brannon, Wusthoff, Gallistel, & Gibbon, 2001; Garland & Low, 2014), in rhesus and snow monkeys
(Hauser, MacNeilage, & Ware, 1996; Flombaum, Junge, & Hauser, 2005; Okuyama, Kuki, & Mushiake, 2015)
and in the chimpanzee (Rumbaugh, Savage-Rumbaugh, & Hegel, 1987). Honeybees have been proved to be able
to add and subtract 1 element from 1 to 5 others (Howard, Avargués-Weber, Garcia, Greentree, & Dyer, 2019a, b).
The workers of the ant M. sabuleti have been proven to be able to add 1 element to 1 to 3 others and 2 elements to
3 elements as well as to subtract 1 element from 2 to 5 others if they clearly see the result of the operation during
training (Cammaerts & Cammaerts, 2019a, b, c). It is possible that training ants with two numbers of elements
presented side by side allows them to mentally construct a single numerical image from these two numerosities
sighted simultaneously.

Associating symbols with numbers is a skill observed so far in pigeons (Xia, Siemann, & Delius, 2000), in a grey
parrot (Pepperberg, 2006b), in rhesus monkeys (Washburn & Rumbauch, 1991; Diester & Nieder, 2007), in rhesus
and capuchin monkeys (Beran et al., 2008) and in chimpanzees (Murofushi, 1997; Matsuzawa, 1985, 2009; Biro &
Matsuzawa, 2001, Beran, 2004). However, bees can also acquire numerical symbolism: they can associate shapes
not evoking numerosities with a given number of elements (2 or 3 elements) (Howard, Avargués-Weber, Garcia,
Greentree, & Dyer, 2019¢). As for the ant M. sabuleti, we have shown that they can acquire single (Cammaerts &
Cammaerts, 2020b) as well as multiple numerical symbolisms (Cammaerts & Cammaerts, 2020c).

A step further is the capability of making arithmetic operations by using symbols corresponding to numbers of
elements. It was obtained in pigeons (summation of pairs of 1 — 9 symbols: Olthof & Roberts, 2000), in a grey
parrot (summation of 0 — 6 Arabic numerals: Pepperberg, 2006a, 2012), in squirrel monkeys (summation of some
Arabic numbers between 0 and 9: Olthof, Iden, & Roberts, 1997) and in chimpanzees, making summation using
Arabic numerals 0 to 4 (Boysen & Berntson, 1989). The honeybee has also been shown to master numerical
symbolism. It can be learned to associate a symbol such as a given color with an addition or a subtraction to be
made (Howard et al., 2019a, b).

According to what is known about numerical ability in the ant M. sabuleti, it is time to examine if these insects
have the capability of making additions using symbols previously learned. This will be made in two steps. The first
one will be the learning of the correspondence between numbers of elements and symbols. The second step will be
that of suggesting an addition by presenting to the ants, during training, side by side, two numbers of elements as
well as their two symbols, since M. sabuleti workers only succeed in adding the terms of an addition when they see
these terms simultaneously during training (Cammaerts & Cammaerts, 2019a, b). We used an experimental
protocol partly similar to those previously used for examining if the workers of M. sabuleti could acquire single
then multiple symbolism. Some descriptions of the experimental material and methods are thus shortened.
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2. Material and Methods
2.1 Collection and Maintenance of Ants

The experiments were conducted on four colonies of M. sabuleti collected in September 2019 in an abandoned
quarry located at Olloy/Viroin in Ardenne (Belgium). These colonies nested under stones and in grass. They
contained about 500 workers, a queen and brood. Each colony was maintained in the laboratory in one to three
glass tubes half filled with water, a cotton plug separating the ants from the water. The nest tubes of each colony
were deposited in a tray (34cm x 23cm x 4cm) that served as a foraging area, the borders of which having been
slightly covered with talc to prevent ants from escaping. In this foraging area, pieces of Tenebrio molitor larvae
(Linnaeus, 1758) were deposited three times per week on a glass piece, and a 30% aqueous sugar solution was
provided ad libitum in a cotton plugged tube. While working on ants, the lighting was ca 330 lux. The ambient
temperature was permanently ca 20°C, the humidity ca 80%, and the electromagnetism 2 pWm? These
environmental conditions were appropriate for the species.

Training | Training Il

meat food

%

/7

/
i o
/s
25ants UZSantsl v
Testing | / Testingll /

VA
/B N Blﬂ/ﬂ/
v/ v

7
‘correct’ cue wrong cue ‘carrect’ cue

sugarwater

Figure 1. Experimental design for examining the ability of ants to add numbers using symbols

The here schematized addition is 1 + 2 = 3. The ants were conditioned to three symbols and their corresponding
numbers (Training I) and tested for checking their learning (Testing I). Just after, they were trained to two learned
numbers set aside and to their two corresponding symbols also set aside, each pair at the nest entrance (Training 1)
and were tested to check if they correctly added the two numbers and the two symbols. Photos are shown in Figure

3, all the used cues being schematized in Figure 2. Details are given in the text.

2.2 Training and Testing the Ants

These processes are schematized in Figure 1 and can be seen in Figure 3. The ants were trained in their foraging
area, and tested in a separate tray all along their continuous training period, two to three tests among the eight or
eleven to be done (see Table 1) being made each day.

During a first training period devoted to the learning of symbols, the ants were provided with pairs of cues set near
areward, one cue set on the left and the other cue set on the right of the reward (see Figure 1, training I). One pair
was located near their meat food, one pair was located near their sugar water tube and moreover, for colonies B and
D, one pair was located near pieces of thyme. One of the cues of each pair showed a number of black circles; the
other cue was a symbol corresponding to that number of circles. Far from the nest entrance and from any reward,
two other cues, each showing 5 black circles were placed at distance of each other. These last cues were those not
to be memorized while the cues near the rewards were the ones to be memorized. During a second training period
in which an addition was suggested to the ants, the latter were provided with four cues aside their nest entrance:
two cues were numbers of circles placed side by side, the two other cues were the symbols corresponding to these
numbers, also placed side by side (see Figure 1, training II). The ants were expected to add up the two presented
numbers; they were also expected to add up the two presented symbols. During the first as well as the second
training period, the ants moving or staying in the vicinity of all the presented cues were counted 32 times, and the
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mean of these counts were established. These means are given in the text and did not require statistical analysis,
being only intended to show that enough ants saw the presented cues.

The ants were tested in a separate tray (21cm x 15cm x 7cm), the borders of which were slightly covered with talc
to prevent ants from escaping, and in which two (Testing I) or three (Testing II) cues had been set at about 8cm or
6cm from one another These cues are defined in the following subsection (‘Cues presented to ants’). To make a test,
25 foragers of the experimented colony (A, B, C or D) were transferred into the tray devoted to testing, in front of
the two or three cues. The left or right location of the cues was randomized. The tested ants walked in the tray and
freely approached each of the cues. The numbers of them approaching each kind of cue at less than 2 cm were
counted 20 times (i.e. at every 30 seconds) over 10 experimental minutes. These counts allowed calculating the
proportion of ants responding to each cue; these proportions are given in the text only. The twenty numbers of ants
chronologically obtained for each cue were summed by four, and the five sums of numbers obtained for each cue
were compared to one another using the non-parametric matched-pairs signed-ranks test of Wilcoxon, reading the
critical P value in Siegel & Castellan’s (1988) Table H for small sample sizes. The five sums of numbers obtained
for each cue and the statistical results are given in Table 1. A one-tailed test was used when the comparisons
concerned the result of conditioning (Testing I). A two-tailed test was used when the comparison involved 1 to 4
circles and their symbols, the ants having been conditioned to each of these kinds of cues (Testing II). After each
test, the ants were set back into their foraging area, near their nest entrance.
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Figure 2. Cues presented to the ants for learning them numerical symbols (training and testing I), then for
examining if they could use the learned symbols for making additions (training and testing II).

The places where the cues were located are shown in Figure 1; the experimental protocol is detailed in the text.
Photos arranged as in this figure 2 can be seen in Figure 3.

2.3 Cues Presented to Ants

Each cue represented a number of circles or a symbol corresponding to that number. Each one was drawn inside of
a square 2cm x 2cm using a PC and software Word®, and printed. Each square was cut then tied on the front
vertical face (2cm x 2cm) of a stand made of strong white paper (Steinbach®) and maintained vertically thanks to
a duly folded horizontal part [2 x (Icm x 0.5cm)]

The presented cues are schematized in Figure 2 and photos of some of them are shown in Figure 3. Here below, we
detailed them, colony by colony, defining successively the cues used during the first training and testing sessions,
then those used during the second training and testing sessions. This enumeration serves as an explanation of the
experimental schedule. Colonies A, B, C, and D were tested for their ability in making the additions 1 +1,1+2, 2
+ 2, and 3 + 1 respectively, using the numbers and the symbols for these numbers.
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During a first training session, colony A was provided with 1 black circle and the symbol for 1 (‘1) near its sugar
water tube, with 2 black circles and the symbol for 2 (‘Z”) near its meat food, and with a blank paper far from any
reward. The ants were tested successively in front of 1 black circle and a blank paper, the symbol for 1 and a blank
paper, 1 black circle and the symbol for 1, then in front of 2 black circles and a blank paper, the symbol for 2 and a
blank paper, and the symbol for 2 and 2 black circles. During their second training period, they were moreover
provided with twice 1 black circle and twice the symbol for 1 set aside their nest entrance. They were then tested
faced with 1 black circle, 2 black circles and a blank paper, then faced with the symbol for 1, the symbol for 2 and
a blank paper. During a first training session, colony B was provided with 1 black circle and the symbol for 1 near
its sugar water tube, with 2 black circles and the symbol for 2 near the meat food, with 3 black circles and the
symbol for 3 (* _] ©) near pieces of thyme, and with a blank paper far from any reward. The ants were tested
successively in front of 1 black circle and a blank paper, the symbol for 1 and a blank paper, 1 black circle and the
symbol for 1, then in front of 2 black circles and a blank paper, the symbol for 2 and a blank paper, the symbol for
2 and 2 black circles, and in front of 3 black circles and a blank paper, the symbol for 3 and a blank paper, and the
symbol for 3 and 3 black circles. During their second training period, the ants were moreover provided with 1 black
circle and 2 black circles, as well as with the symbol for 1 and that for 2 set aside their nest entrance. They were
then tested faced with 1 black circle, 3 black circles and 2 black circles, then faced with the symbol for 1, the
symbol for 3 and that for 2. During a first training session, colony C was provided with 2 black circles and the
symbol for 2 near its sugar water tube, with 4 black circles and the symbol for 4 (* |—| ‘) near its meat food, and
with a blank paper far from any reward. The ants were tested successively in front of 2 black circles and a blank
paper, the symbol for 2 and a blank paper, 2 black circles and the symbol for 2, then in front of 4 black circles and
a blank paper, the symbol for 4 and a blank paper, and the symbol for 4 and 4 black circles. During their second
training period, they were moreover provided with twice 2 black circles and twice the symbol for 2 set aside their
nest entrance. They were then tested faced with 2 black circles, 4 black circles and 2 black circles, then faced with
the symbol for 2, the symbol for 4, and the symbol for 2. During a first training session, colony D was provided
with 3 black circles and the symbol for 3 near its sugar water tube, with 1 black circle and the symbol for 1 near the
meat food, with 4 black circles and the symbol for 4 near pieces of thyme, and with a blank paper far from any
reward. The ants were tested successively in front of 3 black circles and a blank paper, the symbol for 3 and a blank
paper, 3 black circles and the symbol for 3, then in front of 1 black circle and a blank paper, the symbol for 1 and a
blank paper, the symbol for 1 and 1 black circle, and in front of 4 black circles and a blank paper, the symbol for 4
and a blank paper, the symbol for 4 and 4 black circles. During their second training period, the ants were moreover
provided with 3 black circles and 1 black circle, as well as with the symbols for 3 and for 1 set aside their nest
entrance. They were then tested faced with 3 black circles, 4 black circles and 1 black circle, and then faced with
the symbol for 3, the symbol for 4 and that for 1.

3. Results
Numerical and statistical results are detailed in Table 1; photos are shown in Figure 3.
3.1 Learning and Use of Symbol for 1 and for 2 to Make the Addition 1 + 1 = 2 (Colony A)

While being trained to one black circle and the symbol for 1 as well as to the symbol for 2 and two black circles
versus a blank paper, the ants of colony A were meanly 13.8 in foraging all around the six presented cues. They had
thus the opportunity of memorizing them and their location.

Tested in front of 1 black circle and a blank paper, the ants went essentially to the black circle: 72% of 50 ants did so,
a proportion statistically significant (P =0.031). In front of the symbol for 1 and a blank paper, 72.1% of 68 ants went
to the symbol, a result also significant (P =0.031). Confronted to a black circle and the symbol for 1, the ants equally
approached the two cues (P = 0.625). The ants have thus duly associated the symbol 1 with the amount 1.

Tested in front of 2 black circles and a blank paper, 70.9% of 55 ants approached the 2 circles. The difference
between the ants’ responses to the two scores was significant (P =0.031). When confronted to the symbol for 2 and
to a blank paper, the tested ants reacted essentially to the symbol, 72.7% of their responses were for this cue. The
difference of reaction to the two cues was significant (P = 0.031). Faced with the symbol for 2 and 2 black circles,
the ants went equally to these two cues (P = 0.625). The ants have thus duly learned the association between the
symbol for 2 and the amount 2.

During their training to a pair of 1 circle set aside one another and two symbols for 1 also set aside one another, the
ants were meanly 13.6 in the vicinity of these cues, what allowed them seeing and memorizing the cues.

In the presence of 1 black circle, 2 black circles and a blank paper, the tested ants reacted mostly to the 2 circles:
61.7% of their responses were for this cue. The difference between the ants’ reaction to the 2 circles and to the 1
circle, as well as to the blank paper was significant (P = 0.031). The difference between the ants’ reaction to the 1
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circle and the blank paper was not (P = 0.500). Confronted to the symbol for 1, the symbol for 2 and a blank paper,
the ants approached mostly the symbol for 2: 67.3% of their responses were for this cue. The difference between
the ants’ reaction to the symbol for 2 and to the symbol for 1, as well as to the blank paper was significant (P =
0.031). The difference between the ants’ reaction to the symbol for 1 and the blank paper was also significant (P =
0.031) what was not the case for the ants’ reaction to the 1 circle and the blank paper (see here above).
Consequently, the ants duly reacted to the correct symbol for 2, but also significantly approached the ‘wrong’
symbol for 1. They correctly made the addition (symbol for 1 + symbol for 1 = symbol for 2).

3.2 Learning and Use of Symbols for 1, 2 and 3 for Making the Addition 1 + 2 = 3 (Colony B)

The ants of colony B were trained to 1 black circle and a symbol for 1, to 2 black circles and a symbol for 2, and to
3 black circles and a symbol for 3, versus a blank paper. During this training, they were meanly 9.6 in walking or
staying in the vicinity of the different presented cues, being thus able to see and memorize them.

Tested in front of 1 black circle and a blank paper, the ants approached essentially the black circle: 76.5% of their
responses were for this cue, a significant result (P = 0.031). Confronted to the symbol for 1 and a blank paper, the
tested ants reacted far mostly to the symbol: 82.9% of their responses were for this cue, a significant result (P =
0.031). Faced with the symbol for 1 and 1 black circle, the tested ants equally went to these two cues (NS). The ants
have duly learned to associate the symbol for 1 with the amount 1, responding similarly to these two elements.

Faced with 2 black circles and a blank paper, 78.1% of the ants’ visits were for the 2 circles, a significant proportion
(P =0.031). Confronted to the symbol for 2 and a blank paper, the ants were more numerous near the symbol than
near the blank paper. Indeed, the proportions of responses for these cues equaled 78.0% and 22.0%, the difference
being significant (P = 0.031). When tested in front of the symbol for 2 and 2 black circles, the ants approached
similarly the two presented cues, with no statistical difference between their responses (NS). Consequently, even if
they had already learned the association between the symbol for 1 and 1 element, the ants learned the association
between the symbol for 2 and 2 elements (i.e. they reacted in the same way to these two last cues).

Confronted to 3 black circles and a blank paper, the tested ants reacted mostly to the 3 circles, with 71.9% of their
response to this cue, a significant result (P =0.031). Faced with the symbol for 3 and a blank paper, the tested ants
visited essentially the symbol, the proportion of responses to this cue equaling 72.9%, what is significant (P =
0.031). In presence of the symbol for 3 and 3 black circles, the ants approached nearly equally the two cues: 48.1%
ones approached the symbol and 51.4% approached the 3 circles, the difference being not significant (P = 0.626).
Consequently, even if they had already learned the association between the amounts 1 and 2 and their respective
symbols, the ants also learned the association between the amount 3 and its symbol: they reacted in the same way
to these two cues.

During their training to 1 circle and 2 circles set aside one another and to the symbol for 1 and the symbol for 2 also
set aside one another, the ants were meanly 9.8 all around these four cues at any time. They could thus saw and
memorize them.

Tested in front of 1, 2 and 3 black circles, the ants mostly visited the 3 circles, with 73.2% response for this cue.
The differences between the ants’ response to the 3 circles and to the 1 circle, as well as to the 2 circles were
significant (P = 0.031). The difference between the ants’ response to the 1 and the 2 circles was at the limit of
significance (P = 0.063). Confronted to the symbol for 1, to that for 2 and to that for 3, the ants approached
essentially the symbol for 3, with 65.6% response to this cue. The differences in reaction to the symbol for 3 and
the symbol for 1 as well as for 2 were significant (P = 0.031). The difference in reaction to the symbol for 1 and the
symbol for 2 was not (P = 0.313). The ants thus duly responded to the 3 circles (= the sum of 1 and 2 circles), and
to the symbol for 3 (= the sum of the symbol for 1 and the symbol for 2).

3.3 Learning and Use of Symbols for 2 and 4 for Making the Addition 2 + 2 = 4 (Colony C)

During their training, the ants of colony C were meanly 12.2 in walking or staying in the vicinity of the different
presented cues, which they could thus see and memorize.

When tested in front of 2 black circles and a blank paper, the ants went mostly towards the circles: 80.9% of their
responses were for this cue, a significant result (P = 0.031). Tested in front of the symbol for 2 and a blank paper,
the ants also went mostly to the symbol: 72.5% of their responses were for this cue, again, a significant result (P =
0.031). Faced with the 2 black circles and the symbol for 2, the tested ants went nearly equally to the two cues, their
responses equaling 48.3% and 51.7%, with no statistical difference between these two scores (NS). The ants duly
associated the symbol for 2 and the amount 2 since they reacted similarly to these two elements.

Tested in the presence of 4 black circles and a blank paper, the ants of colony C visited essentially the 4 circles: the
proportion of their responses to this cue equaled 80.6%, what was significant (P = 0.031). In the presence of the
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symbol for 4 and a blank paper, 74.6% of the responses were for the symbol, what was also significant (P =0.031).
Confronted to the symbol for 4 and 4 black circles, the ants reacted equally to the two cues, with no statistical
difference between the numbers of ants counted near each cue (P = 0.750). Consequently, even if they already
learned the association between a symbol for 2 and the amount 2, the ants, at the same time, learned the association
between a symbol for 4 and the amount 4 (i.e. they reacted in the same way to these two elements).

During their training to twice 2 black circles and twice the symbol for 2 set near their nest entrance, the ants of
colony C were meanly 13.9 in moving or staying in the vicinity of these four cues.

Tested in front of twice 2 black circles and one set of 4 black circles, the ants approached more the 4 black circles than
the 2 ones: 67.9% of their responses were for this cue. The ants’ response to the 4 circles statistically differed from
their responses to each of the two 2 circles (P =0.031, P=0.031), and their responses to the 2 circles placed at the left
and at the right did not differ (P = 0.188). The ants have thus duly perceived that 2 circles plus 2 circles (these two
cues being set aside one another during training) equaled 4 circles. They behaved similarly in the presence of the
symbols: they reacted more to the symbol for 4 (67.6% of their responses) than to each of the two symbols for 2. The
difference between the response to the symbol for 4 and the responses to the two symbols for 2 was significant (P =
0.031, P = 0.031), that between the responses to the two symbols for 2 was not (P = 0.125). The ants thus duly
interpreted that two symbols for 2 (set side by side during training) were worth to one symbol for 4.

q"~t:

ld A‘ colony C

Figure 3. Some photos of the experiments made to learn numerical symbols to ants, then to examine if they could
use the learned symbols for adding numbers

In a first step (photos on the left above the dotted line), the ants were trained to numbers of elements and to their
corresponding symbols placed near a reward, and tested for checking their learning (photos on the right and above
the dotted line). In a second step (photos on the left below the dotted line), the ants were provided near their nest
entrance with two numbers of elements as well as with the two corresponding symbols, each time placed side by
side and expected to be added up. It was then checked if the ants correctly added up the numbers and their symbols
(photos on the right below the dotted line). Schemas of the experimental design and of the cues are given in Figures
1 and 2.
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Table 1. Responses of ants trained to associate amounts to corresponding symbols, then to add these amounts or
their symbols

Colonies o N° of ants chronologically Wilcoxon test
cues N° of ants near the cues summed by four
N T P
A
1circle vs O circle 36 (72.0%) Vs 14 (28.0%)  8,7,8,7,6 Vs 34,241 5 15 0.031
symbol 1 vs O circle 49 (72.1%) Vs 19 (27.9%) 14,8,12,9,6 Vs 34,543 5 15 0.031
symbol 1 vs 1 circle 32 (50.0%) Vs 32 (50.0%) 5,7,8,7,5 vs 5,6,10,74 3 3 0.625
2 circles vs Ocircle 39 (70.9%) Vs 16 (29.1%)  6,8,9,8.8 vs 1,4434 5 15 0.031
symbol 2 vs 0 circle 40 (72.7%) Vs 15(27.3%) 8.8,11,6,7 vs 24423 5 15 0.031
symbol 2 vs 2circles 34 (50.7%) Vs 35(49.3%) 48,688 Vs 78578 3 3 0.625
1 vs 2 ws Ocircles 11 (18.3%) vs 37 (61.7%) vs 12 (20.0%) 1,2,323 wvs 57,10,7,8 vs 22,1,2,5 5 15 0.031
1,2,3,2,3 Vs 22125 3 35 0500
symbols 1 vs 2 vs 0 15 (28.8%) vs 35 (67.3%) vs 2 (3.8%) 3,44,04 vs 99566 vs 10001 5 15 0.031
3,4,4,04 Vs 1,0,0,0,1 5 15  0.031
B
lcircle vs Ocircle 39 (76.5%) Vs 12 (23.5%) 7,7,6,10,9 vs 1,2423 5 15 0.031
symbol 1 vs Ocircle 34 (82.9%) Vs 7(17.1%) 9,6,8,6,5 Vs 1,1,3,1,1 5 15 0.031
symbol 1 vs 1 circle 25 (49.0%) Vs 26 (51.0%) 4,3,4,6,8 Vs 4,3,4,6,9 1 - NS
2circles ws Ocircle 25 (78.1%) Vs 721.9%) 45,655 Vs 1,1,2,2,1 5 15 0.031
symbol 2 vs 0 circle 32 (78.0%) Vs 9(22.0%) 8,6,6,7,5 vs 0,1,4,3,1 5 15 0.031
symbol 2 vs 2circles 41 (48.2%) Vs 44 (51.8%) 5,109,11,6 vs 5,10,11,12,6 2 - NS
3circles wvs Ocircle 46 (71.9%) Vs 18 (28.1%)  12,9,6,12,7 vs 025,74 5 15 0.031
symbol 3 vs 0 circle 62 (72.9%) Vs 23 (27.1%)  12,12,13,11,14  vs 2,5,6,5,5 5 15 0.031
symbol 3 vs 3circles 34 (48.6%) Vs 36 (51.4%) 6,4,58,11 Vs 7,6,5,7,11 3 45 0.626
1 vs 3 wvs 2circles 4(7.1%) vs4l(73.2%) vs 11(19.6%) 02,0,0.2 vs 7.8,11,8,7 vs 2,1,224 5 15 0.031
0,2,0,0,2 Vs 2,1,22,4 5 14 0.063
symbols 1 vs 3 vs 2 8 (13.1%) vs 40 (65.6%) vs 13 (21.3%) 1,2,5,00 wvs 5,79,11,8 vs 03253 5 15 0.031
1,2,5,0,0 Vs 03253 5 10 0.313
C
2 circles vs Ocircle 38 (80.9%) Vs 9(19.1%) 5,49,12,8 Vs 0,0,3,4,2 5 15 0.031
symbol 2 vs O circle 50 (72.5%) Vs 19 (27.5%)  12,10,9,10,9 Vs 444473 5 15 0.031
symbol 2 vs 2circles 29 (48.3%) Vs 31(51.7%) 6,7,74,5 Vs 6,7,7,5,6 2 - NS
4 circles vs Ocircle 29 (80.6%) Vs 7(19.4%) 4,6,5,6,8 vs 0,1,2,2,2 5 15  0.031
symbol 4 vs 0 circle 44 (74.6%) Vs 15(25.4%) 6,6,8,12,12 vs 0,2,3,5,5 5 15 0.031
symbol 4 vs 4 circles 43 (50.0%) Vs 43 (50.0%)  6,13,9,9,6 vs 5,10,9,9,10 3 4 0.75
2 vs 4 vs 2circles  7(13.2%) vs36(67.9%)vs 10(189%) 2,1,0,3,1 wvs 86,598 wvs 22222 5 15 0.031
2,1,0,3,1 Vs 222272 4 8 0.188
symbols 2 vs 4 vs 2 9 (13.2%) vs 46 (67.6%) vs 13 (19.1%) 2,1,3,2,1 wvs 11,9,8,9.9 vs 3,3,3,2,2 5 15  0.031
2,1,3,2,1 Vs 3,3,3,2,2 3 6 0.125
D
3circles wvs Ocircle 35 (74.5%) Vs 12 (25.5%) 8.,6,6,7.8 vs 2,3,1,33 5 15 0.031
symbol 3 vs 0 circle 45 (80.4%) Vs 11 (19.6%)  11,8,9,6,11 Vs 3,0,2,3,3 5 15 0.031
symbol 3 vs 3circles 40 (48.2%) Vs 43 (51.8%) 8,8,4,6,14 Vs 8,8,6,6,15 2 - NS
1circle vs O circle 49 (71.0%) Vs 20 (29.0%)  6,6,11,11,15 Vs 1,3,5,4,7 5 15 0.031
symbol 1 vs O circle 58 (78.4%) Vs 16 (21.6%)  12,15,13,9.9 Vs 2,7,4,0,3 5 15 0.031
symbol 1 vs 1 circle 30 (50.8%) Vs 29 (49.2%) 5,6,8,6,5 vs 5,7,7,6,4 3 4 0.75
4 circles vs Ocircle 53 (81.5%) Vs 12 (18.5%)  6,9,15,12,11 Vs 2,22,42 5 15  0.031
symbol 4 vs 0 circle 55 (82.1%) Vs 12(17.9%)  12,12,11,11,9 Vs 2,2,2,33 5 15 0.031
symbol 4 vs 4circles 32 (48.5%) Vs 34 (51.5%) 5,5,5,6,10 vs 5,4,5,8,12 3 45 0.626
3 wvs 4 vs 1 circles 20 (14.1%) vs 87 (61.3) vs 35(24.6%) 0,4,5,5,6 vs 15,21,19,22,10 vs2,7,9,9.8 5 15 0.031
0,4,5,5,6 Vs 2,7,9,9,8 5 15  0.031
symbols 3 vs 4 vs 1 6 (6.7%) vs75(83.3%) vs 9(10.0%) 1,0,2,1,2 vs 12,13,19,14,17 vs 0,1,4,3,1 5 15 0.031
1,0,2,1,2 Vs 0,1,4,3,1 5 11 0.219

Details are given in the text and photos are shown in Figure 3. The ants could associate the presented symbols and
corresponding amounts, and could make the suggested additions using the amounts as well as the symbols.
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3.4 Learning and Use of Symbols for 3 and 1 for Making the Addition 3 + 1 = 4 (Colony D)

During their training to the eight presented cues, the ants of colony D were meanly 9.0 in foraging or resting in the
vicinity of these cues which they could thus see and memorize.

Tested in the presence of 3 black circles and a blank paper, the ants went mostly to the 3 circles, with 74.5% of their
responses being for this cue, a significant result (P = 0.031). Faced with the symbol for 3 and a blank paper, the
tested ants responded with a score of 80.4% to the symbol for 3, also a significant result (P = 0.031). In the
presence of the symbol for 3 and 3 circles, the ants responded equally to the two cues, with 48.2% and 51.8% of
responses for these two cues, the difference being of course not significant (NS). The ants reacted thus in the same
way to the 3 circles and to its symbol; they duly associated these two elements.

In the presence of 1 black circle and a blank paper, the ants visited mostly the circle: 71% of their responses were
for this cue, a significant result (P = 0.031). In the presence of the symbol for 1 and a blank paper, the ants also
visited mostly the symbol: 78.4% of their responses were for this cue, a significant result (P = 0.031). Confronted
to the symbol for 1 and 1 black circle, the ants approached equally the two cues, with no statistical difference
between their responses to the two cues (P = 0.750). The ants have thus perfectly perceived 1 circle and the symbol
1 as signifying the same notion, even if they also did so for the symbol for 3 and 3 circles.

Faced with 4 black circles and a blank paper, the tested ants reacted essentially to the circles: 81.5% of their
responses were for this cue, a significant result (P = 0.031). Faced with the symbol for 4 and a blank paper, 82.1%
of the ants’ responses were also for the symbol, a significant proportion (P = 0.031). In the presence of the symbol
for 4 and 4 black circles, the tested ants similarly reacted to the two cues (P = 0.626).

While being trained to 3 and 1 black circles, as well as to the symbols for 3 and for 1, set at the nest entrance,
meanly 8.9 ants were at any time moving or staying near these four cues. They could thus sufficiently perceive and
potentially be able to add them up.

Tested in front of 3, 4, and 1 black circles, the ants visited essentially the 4 circles: 61.3% of their responses were
for this cue. The ants’ response to the 4 circles statistically differed from that to the 3 and to the 1 circles (each time:
P = 0.031), and the ants’ response to the 3 and the 1 circles also statistically differed (P = 0.031). The later
difference may be due to the location of the 1 circle just aside the nest entrance (Figure 3, colony D). However,
obviously, the ants of colony D duly perceived that 3 circles and 1 circle, all together, equaled 4 circles. In front of
the symbols for 3, for 4 and for 1, the tested ants went essentially towards the symbol for 4: 83.3% of their
responses were for this cue. The difference between the ants’ responses to the symbol for 4 and to the symbol for 3,
as well as to the symbol for 1 was significant (P = 0.031), while that between the responses to the symbol for 3 and
to the symbol for 1 was not (P =0.219). The ants thus duly perceived that the symbol for 3 aside that for 1 equaled
the symbol for 4, and this addition seemed to be easier to make than the same one using numbers of circles. This
ability in adding symbols is discussed in the following section.

4. Discussion

Knowing that workers of the ant M. sabuleti can add up numbers when seeing the solution during training, and can
acquire multiple numerical symbolisms, we here examined whether these ants could add up using learned numeric
symbols, an a priori complex task.

The ants were firstly trained in order to learn the required symbols, i.e. the association between the required
numbers and symbols. This training lasted a rather long time since the ants were then tested day after day to check
if they effectively acquired the correct numerical symbolisms. After that, they were provided with the symbols to
add, presented side by side, as well as with, also set side by side, the corresponding numbers to add, all of them
deposited just at the nest entrance, an inevitable place and a strong reward for the ants. At that time, the ants simply
applied what they had previously acquired through operative conditioning (i.e. the meaning of the symbols) and
used their ability to add two numerosities sighted side by side. The ants succeeded in adding up symbol 1 + symbol
1 = symbol 2, symbol 1 + symbol 2 = symbol 3, symbol 2 + symbol 2 = symbol 4, and symbol 3 + symbol 1 =
symbol 4. This ability can be explained by the fact that the ants can apply in a subsequent situation what they have
previously acquired through conditioning, a fact experimentally highlighted in Cammaerts & Cammaerts (2018).
The ants’ a priori complex behavior of adding by means of symbols resulted thus from a strong (long lasting)
conditioning, an appropriate location of the elements required for learning the task, an application of what they
have learned during that conditioning, and their capability in adding amounts sighted simultaneously.

With an increasing number of elements, the use of symbols may even be easier for adding up than a precise
counting of the elements (e.g. the present ants’ score for symbol 4 as compared to that for 4 elements: Table 1,
colony D). The use of a symbol may be also more rapid and not much influenced by changes in the characteristics
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(color, shape, size, location, etc.) of the elements to be counted. This ease of use is the expected benefit of
symbolism. In humans, numerical symbols reach a high level of signification, a high semiotic value. According to
Nieder (2009), humans’ numerical competence passes from an iconic stage (each number of an increasing series is
associated with a visual or vocal symbol, but the last symbol is not considered as being the sum of all the numbers
of the series) to an indexical stage (this time, the last symbol associated to the last number of an increasing series is
also considered as representing the sum of all the numbers), and finally to a symbolic stage (relations are
established between the symbols which can be used according to meaningful rules). On the contrary, animals only
reach an iconic level.

Let us recall a few studies which demonstrated that animals can use symbols for making simple arithmetic
operations. Birds such as pigeons (Olthof et al., 2000) and parrots (Pepperberg, 2006a, 2012) have this ability, also
observed in primates, such as macaques (Washburn & Rumbaugh, 1991) and chimpanzees (Boysen & Berntson,
1989; Biro & Matsuzawa, 2001). Among the invertebrates, the honeybee has been shown to present this
numerosity ability (Howard et al., 2019a, b) and the present work shows that ants have it also. This list may be
potentially longer since, at our mind, the use of symbols is not a complex task but an easy one, a task simplifying
the calculation of amounts, and therefore likely to be detained or acquired by many species. As a matter of fact,
species living in groups or being social use visual, acoustical, olfactory and tactile signals to communicate. Each of
these social signals can be considered as being a kind of symbol which has its own signification and usefulness and
which generally induces reactions in congeners.
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