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Abstract
Applying the classical experimental scheme of training animals with food rewards to discriminate between quantities of 
visual stimuli, we demonstrated that not only can striped field mice Apodemus agrarius discriminate between clearly distinc-
tive quantities such as 5 and 10, but some of these mice also exhibit high accuracy in discriminating between quantities that 
differ only by one. The latter include both small (such as 2 versus 3) and relatively large (such as 5 versus 6, and 8 versus 9) 
quantities of elements. This is the first evidence of precise relative-quantity judgement in wild rodents. We found striking 
individual variation in cognitive performance among striped field mice, which possibly reflects individual cognitive varia-
tion in natural populations. We speculate that high accuracy in differentiating large quantities is based on the adaptive ability 
of wild rodents to capture subtle changes in their environment. We suggest that the striped field mouse may be a powerful 
model species to develop advanced cognitive tests for comparative studies of numerical competence in animals and for 
understanding evolutionary roots of quantity processing.

Keywords  Numerical competence · Relative-quantity judgement · Training · Two-choice discrimination · Visual stimuli · 
Rodents · Behavioural flexibility · Individual cognitive variation

Introduction

The fundamental nature and the adaptive value of basic 
number-related skills in animals have been thoroughly 
documented. The club of ‘numerically competent’ ani-
mals already includes many species, from insects, spiders, 

salamanders, lizards and fishes to birds, rodents, dogs, cats, 
horses, dolphins, elephants and primates (for reviews see: 
Cantlon et al. 2009; Reznikova and Ryabko 2011; Agrillo 
and Beran 2013; Beran and Parrish 2016; Beran et al. 2016; 
Benson-Amram et al. 2018), and continues to accept species 
whose numerical abilities have been underestimated before. 
Animal abilities to judge about proportions and numbers of 
things and events, sounds, time intervals, and smells have 
been considered a reliable tool for studying intelligence 
(Reznikova 2007). However, the cognitive mechanisms of 
animal numerical abilities are still poorly understood. The 
vast majority of studies are devoted to animal abilities to 
perform ‘more versus fewer’ comparisons, and to estimate 
small numbers within the limits of subitising, typically four. 
Judgements on relative numerousness involve only a simple 
decision process, in which no knowledge of the absolute 
number is required (Davis and Pérusse 1988). Subitising is 
a form of pattern recognition that is used to rapidly assess 
small quantities (up to four) of simultaneously presented 
items. The term has been coined by Kaufman et al. (1949) 
from the Latin word ‘subitus’ meaning ‘sudden’. Subitising 
can be described as the innate perceptual process through 
which a certain number of items can just be ‘seen’ without 
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the need for counting them. Being a perceptual automatic 
pre-attentive process, subitising can account for much of the 
‘animal counting’ literature (Dehaene 2011).

It is intuitively clear that number-related skills can be 
divided into ‘higher’ and ‘lower’ cognitively demand-
ing levels, and some researchers suggested using different 
terms for them (Thomas et al. 1980). Reznikova and Ryabko 
(2011) suggest a distinction between quantitative judgement 
(quantitative but not necessarily numerical) and ‘numeri-
cal competence’ which is based on the ability to solve truly 
numerical tasks such as ordering of the numerosities, operat-
ing on discrete quantities, and performing simple arithmetic 
operations. Basing on an experimental paradigm for investi-
gating numerical competence in social animals that exploits 
animals’ own communicative means, they revealed in certain 
highly social ant species the ability to memorise and pass the 
information about numbers within the limit of 30, as well 
as to perform subtraction and addition within the limit of 5 
(see details in: Reznikova 2017, 2018). Displays of ‘higher’ 
capacities in operating with numbers have been found in ants 
(Reznikova and Ryabko 1994, 2011), pigeons (Brannon et al. 
2001), a grey parrot (Pepperberg 2012), crows (Smirnova 
et al. 2000), rats (Burns et al. 1995; Capaldi and Miller 1988; 
Taniuchi et al. 2016), monkeys (Cantlon and Brannon 2007; 
Addessi et al. 2008; Beran et al. 2015), apes (Boysen and 
Berntson 1989; Call 2000; Anderson et al. 2007; Tomonaga 
2008; Beran et al. 2013) and some other animals.

Studies on spontaneous arithmetic capacities in ants 
(Reznikova and Ryabko 2001, 2011) and newly hatched 
domestic chicks (Rugani et al. 2010, 2013), together with 
numerical competence in honeybees (Pahl et al. 2013; How-
ard et al. 2018), spatial representations of numbers, such 
as the left-to-right-oriented mental number line in 3-days-
old domestic chicks (Rugani et al. 2015), and precocious 
quantitative cognition in monkeys (Ferrigno et al. 2016) 
enable one to suggest that animals possess a core system of 
processing numerical information. Even more surprisingly, 
humans in some tribal populations appear to cope with num-
bers more poorly than ants (Pica et al. 2004; Dehaene et al. 
2008; Reznikova 2017). Studies that combine behavioural 
and neurological methods lead to the idea that humans share 
with non-human animals a system for representing numbers 
as language-independent mental magnitudes, and that this 
system emerges early in their development (Brannon and 
Merritt 2011; Nieder 2018).

It is still being debated whether quantification skills that 
are the basis for mathematical competencies are predicated 
on one system or two systems for representing and judg-
ing quantity or number (Beran and Parrish 2016). In the 
first core system of number, that has been seen in a wide 
variety of animals and is often called the approximate num-
ber system (Gallistel and Gelman 2000; Brannon and Roit-
man 2003; Cantlon et al. 2009), quantities are represented 

inexactly, with increasing variance in discriminating or 
estimating set sizes as the true set sizes increase. This sys-
tem produces the well-established distance and size effects, 
whereby performance in discriminating sets is best predicted 
by the ratio of those sets to each other (e.g., Beran 2007), an 
outcome that reflects the workings of Weber’s law. The sec-
ond system operates very differently, for highly precise rep-
resentation of only small numbers of items within the limit 
of subitising, and cannot accommodate numbers greater 
than four because of limits in attention and working memory 
capacity. Some reports have suggested that fish may show 
evidence of these two systems (Agrillo et al. 2012), as do 
humans (Feigenson et al. 2004), birds (Garland et al. 2012), 
salamanders (Krusche et al. 2010) and some other vertebrate 
species, whereas much of the primate studies show ratio 
effects indicative of the approximate number system only 
(see Beran and Parrish 2016).

All these results and ideas shape the multifaceted pano-
rama of numerical reasoning in animals.

Limits of numerical skills in different species, and the 
ways they correlate with ecologically relevant problems are 
still unclear. Extensive comparative studies in this field are 
needed at different levels of numerical competence to ana-
lyse the evolutionary roots of quantity processing.

Small rodents are good candidates for assessing the adap-
tive role of numerical reasoning. These animals share with 
primates a diverse set of behavioural and cognitive functions 
such as behavioural flexibility, social behaviour, evaluating 
expected outcomes and working memory (Hamilton and 
Brigman 2015). However, although laboratory strains of 
mice and rats have been used for studying different forms 
of cognitive abilities over the past century, the knowledge 
about quantity judgement in ‘wild’ rodents until recently 
has been restricted to the studies on meadow voles which 
displayed the ability to discriminate between ‘more or less 
smells’ within the limit of four (Ferkin et al. 2005; Ferkin 
and Hobbs 2014). Cognitive abilities of striped field mice A. 
agrarius, to our knowledge, have never been studied before. 
This species inhabits a wide range of habitats including the 
edges of woodlands, grasslands and marshes, pastures and 
gardens, and urban areas (Chelkowska et al. 1985). In het-
erogeneous landscapes these mice move distances of more 
than 1000 m and pass through different biotopes (Szacki 
and Liro 1991). In an urban environment, A. agrarius flex-
ibly alters its habitat preferences and life-history parameters 
(Łopucki et al. 2013). Compared to many small wild rodents, 
this species is rather bold and explorative and surprisingly 
easy to handle in the laboratory (Reznikova et al. 2017). All 
these displays of behavioural flexibility suggest A. agrarius 
may engage cognitive mechanisms frequently.

In our previous study on this species, we presented 
the first experimental paradigm based on the evalua-
tion of quantity judgements in the context of risk/reward 
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decision-making where the animals face a trade-off 
between the hedonistic value of the prey and the danger it 
presents (Panteleeva et al. 2013). In our experiments, mice 
had to choose between different quantities of ants placed 
in two transparent tunnels. Ants here served both as food 
items and as a source of danger. We found that when mice 
have to choose between 5 versus 15, 5 versus 30, and 10 
versus 30 ants, they always tend to prefer the smaller quan-
tity, thus displaying the capacity for distinguishing more 
from less in order to ensure comfortable hunting. That fact 
that A. agrarius appeared to be able to use approximate 
quantity judgement to choose optimal amounts of danger-
ous prey items provoked our curiosity about their capaci-
ties of precise relative-quantity judgement.

In this study, we investigate whether striped field mice 
are capable of precise relative-quantity judgements: spe-
cifically, whether they are able to discriminate between 
quantities of arbitrary visual stimuli that differ by one item 
only. While in our previous study we applied the spontane-
ous choice tests studying mice reactions to artificial food 
patches (Panteleeva et al. 2013), in the current experiments 
we use the training paradigm to investigate the cognitive 
aspects of numerical processing in wild rodents. To exam-
ine whether striped field mice possess a core system of 
quantitative competence we tested both laboratory-reared 
and wild-caught individuals.

We set up a procedure that consists of training animals 
to discriminate between sets containing different numbers 
of geometric figures while controlling for the perceptual 
non-numerical variables. Similar experimental schemes 
were applied to monkeys (Brannon and Terrace 1998; 
Judge et al. 2005), hooded crows (Smirnova et al. 2000), 
pigeons (Brannon et  al. 2001), dolphins (Kilian et  al. 
2003), fishes (Agrillo et al. 2009), bears (Vonk and Beran 
2012), honey bees (Mazokhin-Porshnyakov and Kartsev 
2000; Giurfa et al. 2001; Gross et al. 2009), and some 
other animals. Like in some bird studies (Smirnova et al. 
2000; Hunt et al. 2008), in our experiments animals had to 
deal with a card that covered a box containing food items. 
However, in contrast to birds, rodents are strongly smell-
guiding. That is why we applied the ‘examination’ para-
digm (described in the “Methods” section) following the 
bee studies of Mazokhin-Porshnyakov and Kartsev (2000).

In the present work, we demonstrated that not only can 
striped field mice A. agrarius discriminate between clearly 
distinctive quantities such as 5 and 10, but some of these 
mice also exhibit high accuracy in discriminating between 
quantities that differ only by one. The latter include both 
small (such as 2 versus 3) and relatively large (such as 5 
versus 6, and 8 versus 9) quantities of elements. This is 
the first evidence of precise relative-quantity judgement 
in wild rodents.

Methods

Subjects and housing

In all series of experiments we used 37 striped field mice 
A. agrarius (22 males and 15 females); 8 animals were 
taken from the wild, and the others were the first and 
the second generation descendants of those captured in 
a mixed-pine forest near Novosibirsk. Wild-caught mice 
only participated in the Control experiment-1 (see below). 
All animals were naive, that is, lacking any experimental 
history. Mice were housed singly in clear plastic cages 
(40 × 30 × 20 cm) that contained cotton nesting material. 
Mice were fed each day with mixed seeds, fruits, boiled 
eggs and mealworms (Tenebrio molitor larvae), and they 
had free access to water. Subjects were tested once a day 
2–3 times per week on the laboratory arena. Animals were 
not deprived of food before testing. In order to promote 
engagement with the trials, small pieces of walnut were 
used as rewards. In our experience, walnuts are a highly 
preferred food for mice, and are attractive at any food-
deprivation level including full repletion. It is worth noting 
that studying cognitive skills in small rodents should be 
organised so as to minimise their anxiety and to ensure 
engagement with the chosen task. Striped field mice are 
relatively bold, and they usually allow handling straight 
after being caught in a living trap in the wild. In our study, 
home cages were placed in the laboratory area frequently 
visited by researchers. All animals readily entered the 
plastic coffee-cup that we used to manipulate them, and 
they showed no signs of distress while being tested.

Apparatus, stimuli and procedure

In order to investigate whether striped field mice can suc-
cessfully learn to discriminate between numbers of arbi-
trary static visual stimuli, we applied the ‘examination’ 
paradigm based on the special schedule of reinforcement 
that differed essentially both from the intensive training 
used in experiments on numerical competence in rodents 
(Fernandes and Church 1982; Inman et al. 2016) and the 
spontaneous choice paradigm (Agrillo and Bisazza 2014) 
also applied to small rodents (Cox and Montrose 2016). In 
our study, each series contained the pre-training phase, the 
training phase and the ‘exams’, that is, the critical phase 
which was characterised by the absence of a food reward 
and served to prevent the animal from using food odour 
as a cue (Mazokhin-Porshnyakov and Kartsev 2000). The 
pre-training and training phases were intended to shape 
the association between the visual stimulus and reward. 
During the pre-training phase, the animal was allowed to 



	 Animal Cognition

1 3

explore two feeders that differed visually, until it finds the 
food placed in one of them, whereas during the training 
phase only one choice was allowed (see details below). 
During exams both feeders were empty, and the subject 
received a reward from the experimenter immediately 
after making the correct choice. Since we do not know 
when and how the association is shaped, we consider the 
possibility that a mouse can associate first the smell and 
then the taste of the desired food with the rewarded visual 
stimulus during the pre-training and the training phases.

The details of the experimental procedure were as fol-
lows. Animals were provided with pairs of identical feeders 
that differed by the array of visual stimuli drawn on their 
surfaces. Mice were tested one by one in a circular arena 

(33 cm in diameter, 35 cm high) with two opaque plastic 
boxes (8.5 cm × 8.5 cm × 2 cm) attached to its sides. Each 
box was covered by a changeable ‘curtain’ made of white 
paper with an array of geometric figures (elements) drawn on 
their surfaces, similar with the crow study by Smirnova et al. 
(2015) (Fig. 1). We used heterogeneous graphic arrays of 
different quantities of simple geometric elements (5 and 10 
elements in the first experiment; 2 and 3 in the second one, 
etc.), black on white background (Fig. 2). Geometric figures 
had approximately the same linear dimensions (diameter, 
side). The differences in the overall amount of black image 
in the two arrays decreased as the number of geometric fig-
ures increased. For example, in the case of eight elements 
on one picture and nine on the other, the difference between 
the total areas covered by black images on the two different 
pictures was 11%, and, in the case of 5 and 6 elements, the 
difference was 17%. Thus, total area of black in the images 
co-varied with the numerical difference between arrays. Ele-
ments varied in position and were selected randomly from 
a large pool. The choice of a certain number of elements 
(for example, 10 versus 5 in Experiment 1) was rewarded. 
Different tests were carried out by four people to randomise 
difference in experimenters’ behaviour and experience.

The mice were subjected to one series of experiments per 
day. Each series consisted of a pre-training phase, a training 
one, and an exam. Both the pre-training phase and the exam 
included one trial, and the training phase included three tri-
als. In the beginning of each trial, the mouse was carefully 
placed in the centre of the arena with the help of a plastic 
coffee cup (suppl. 1, 2). An animal could freely choose to Fig. 1   Apparatus used to train mice

Fig. 2   Schematic representation of the stimuli used in the experi-
ments. Elements varied in shape and position, and were randomly 
selected from a large pool. Sizes of elements: squares (side = 9 mm, 

area = 81 mm2), circles (diameter = 10 mm, area = 78.5 mm2) and tri-
angles (side = 10 mm, area = 45 mm2)
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visit one of the two boxes present. During the pre-training 
phase the mice were allowed to choose between two boxes 
covered with the curtains with different numbers of elements 
drawn on them. During this phase, a bait was placed inside 
the box covered with a curtain with a certain number of ele-
ments drawn on it. For example, in the first experiment the 
choice of ten elements was rewarded. Number of choices 
was unlimited, until the animal found and ate the bait. After 
that we captured the mouse and placed it in its home cage. 
During the second, training phase, the animal, being again 
placed in the centre of the arena, was allowed to make only 
one choice between two boxes. If the choice was correct 
(say, ten elements in the first experiment), then the mouse 
was allowed to enter the box and eat the bait. We consid-
ered the choice to be made if the animal threw back the 
paper curtain by its head or got into the box with its whole 
body (suppl. 1, 2). Sniffing the curtain was not considered 
a choice. When the wrong choice was made (five elements 
in the first experiment), the ‘punishment’ came, which con-
sisted in the mouse being captured and placed into a separate 
dark arena for 1 min. During the training phase each sub-
ject received three training trials, with intervals of 5–7 min 
between them. For each trial we used fresh boxes and a fresh 
arena. To reduce the issues associated with side-bias, the 
location of the correct stimulus (left versus right) was deter-
mined randomly each time. The arrays of elements drawn on 
the curtains were also changed each time to randomise the 
localisation of the visual stimuli and thus prevent animals 
from memorising character pictures. After three training tri-
als, the mouse passed to the exam stage, which was the key 
phase of the experiment. During the exam again fresh boxes 
were used; however, at this time they did not contain food. 
The intervals between trials were 5–7 min. Figure 3 shows 
the time course of the entire study, with intervals between 
the tests.

In most of the trials, mice made their choice very quickly, 
straight after jumping out of the cup (see suppl. 1), and likely 
they made their decision already when looking out of the 
cup. In some cases, animals ran between the boxes several 
times before making their choice.

We analysed the data at the group and individual levels. 
In the first case, we checked whether the total number of 
correct choices in the exams of all mice in each experiment 
differed from random. In the second case, we tested whether 
each animal chose by chance. To test whether the number 
of choices of the correct quantity during the exams deviated 
from chance level, we applied 2-tailed binomial tests. The 
learning criterion was a statistically significant frequency 
of the correct choice made by the animal during the exams 
only, estimated with two-tailed binomial tests.

Results

Experiment 1: Relative numerosity judgements: 5 
versus 10

Mice had to choose between 5 and 10 geometric figures; the 
choice of 10 was rewarded. 24 animals were tested, and after 
one year we repeated the experiments with the same animals. 
In total, 1223 exams were held. In the first series of Experi-
ment 1, 18 (75.0%) mice learned to discriminate between 
5 and 10, and 17 (70.8%) learned to do this in the second 
series after a year (Table 1). Two individuals (N 61, 47) 
learned to choose the rewarded stimulus only in the second 
series, whereas one animal (N 27) that was successful in the 
first series, failed in the second one. 17 (70.8%) individuals 
were successful both in the first and the second series of the 
experiment 1.

Experiment 2: Discriminating between quantities 
of visual stimuli within the limit of subitising: 2 
versus 3

Mice had to discriminate between 2 and 3. This experiment 
included two series: in the first one the choice of 3 was 
rewarded, whereas in the second series the rewarded choice 
was 2. There were 24 mice that participated in the first series 
of the experiment, and 22 in the second (Table 2). In total, 
913 exams were held. In the first series of Experiment 2, 14 

Fig. 3   The time course of the entire study, with intervals between the tests
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(58.3%) animals learned to choose the rewarded stimulus, 
and in the second series, 12 (54.6%) animals were success-
ful, out of which 9 (40.9%) individuals achieved success in 
both series.

Experiment 3: Distinguishing between quantities 
of visual stimuli beyond the limit of subitising: 
5 versus 6 (Experiment 3‑A) and 8 versus 9 
(Experiment 3‑B)

Experiment 3-A included two series. In the first series the 
choice of 6 was rewarded, whereas in the second one the 
rewarded choice was 5. Experiment 3-B also included two 
series. In the first series the choice of 9 was rewarded, and 
in the second one the rewarded choice was 8. In total, 1009 
exams were held. In both series of Experiment 3-A, and the 
first series of Experiment 3-B, 11 mice were tested, and in 
the second series of Experiment 3-B, the number of animals 
was 22 (Table 3). In the first series of Experiment 3-A, 7 
(63.7%) out of 11 animals learned to discriminate between 
5 and 6; in the second one 8 (80.0%) out of 11 animals were 
successful. In the first series of Experiment 3 B, 7 (70.0%) 

out of ten animals learned to discriminate between 8 and 9, 
and in the second one, 12 (54.6%) out of 22 animals were 
successful. All four individuals (N 1, 11, 14, 24) that suc-
cessfully learned in Experiment 2, also reached success in 
both two series of Experiment 3.

Control Experiment 1: are there any extraneous 
stimuli?

We carried out Control Experiment 1 after Experiments 1–3, 
to check whether animals formed associations between the 
reward and any extraneous stimuli out of our consideration. 
To do this, we changed the condition of the training phase, 
that is, both stimuli were rewarded. This paradigm is similar 
to ‘non-differential reinforcement’ used by Smirnova et al. 
(2015) in their experiments with the crows. Our assump-
tions were the following: in our experiments described 
above, some animals during the exams performed the cor-
rect choice of the visual stimulus that was rewarded at the 
training stage. Was this just the differential reinforcement 
which influenced their choice? We excluded the possible 
influence of the experimenter himself, as well as possible 

Table 1   Exam outcomes: the 
number of correct choices made 
in Experiment 1 (“5 versus 
10”); the last column shows the 
p value of the 2-tailed binomial 
test

Numbers mean individuals
*The number of correct choices that significantly differ from the chance level, p ≤ 0.01

Individuals Percentage of times the num-
ber 10 was chosen (first series)

p Percentage of times the number 
10 was chosen (second series)

p

1 ♂ 90.2% (46 out of 51) < 0.0001* 95.0% (19 out of 20) < 0.0001*
11 ♂ 90.0% (45 out of 50) < 0.0001* 95.0% (19 out of 20) < 0.0001*
14 ♂ 78.4% (40 out of 51) < 0.0001* 95.0% (19 out of 20) < 0.0001*
16 ♂ 76.5% (39 out of 51) < 0.0002* 90.0% (18 out of 20) 0.0004*
18 ♂ 70.6% (36 out of 51) 0.0046* 95.0% (19 out of 20) < 0.0001*
21 ♀ 68.8% (33 out of 48) 0.0133* 90.0% (18 out of 20) 0.0004*
22 ♀ 70.6% (36 out of 51) 0.0046* 85.0% (17 out of 20) 0.0026*
23 ♀ 47.1% (24 out of 51) 0.7798 40.0% (8 out of 20) 0.5034
24 ♀ 94.1% (48 out of 51) < 0.0001* 95.0% (19 out of 20) < 0.0001*
27 ♂ 85.0% (18 out of 20) 0.0004* 70.0% (14 out of 20) 0.0577
29 ♂ 85.0% (17 out of 20) 0.0026* 80.0% (16 out of 20) 0.0599*
46 ♀ 89.5% (17 out of 19) 0.0028* 90.0% (18 out of 20) 0.0004*
47 ♂ 63.2% (12 out of 19) 0.3593 80.0% (16 out of 20) 0.0599*
48 ♂ 88.9% (16 out of 18) 0.0013* 90.0% (18 out of 20) 0.0004*
49 ♀ 95.0% (19 out of 20) < 0.0001* 95.0% (19 out of 20) < 0.0001*
58 ♀ 83.3% (15 out of 18) 0.0075* 75.0% (15 out of 20) 0.0414*
59 ♀ 85.0% (17 out of 20) 0.0026* 90.0% (18 out of 20) 0.0004*
61 ♀ 68.4% (13 out of 19) 0.1671 75.0% (15 out of 20) 0.0414*
62 ♂ 10.0% (8 out of 20) 0.5035 50.0% (10 out of 20) 1.1762
63 ♂ 80.0% (16 out of 20) 0.0118* 80.0% (16 out of 20) 0.0599*
64 ♀ 55.6% (10 out of 18) 0.8145 55.0% (11 out of 20) 0.8238
65 ♀ 85.0% (17 out of 20) 0.0026* 90.0% (18 out of 20) 0.0004*
67 ♂ 31.6% (6 out of 19) 0.1671 45.0% (9 out of 20) 0.8238
68 ♂ 88.9% (16 out of 18) 0.0013* 85.0% (17 out of 20) 0.0026*
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associations with side-bias and the smell of different places 
of the arena and of the food itself. However, we had to con-
sider the possibility that there were some other extraneous 
stimuli which could impact animals’ choice. Had it been 
so, the mice would show a preference for a certain visual 
stimulus at the exam phase, even under the circumstances 
of non-differential reinforcement during the training phase. 
Otherwise, mice would choose randomly.

We carried out Control Experiment 1 with a subset of 
13 new individuals, eight of which were caught in nature 
and five were reared in the laboratory. First, we checked 
whether these animals can learn to choose the rewarded vis-
ual stimuli. To do this, we performed two series of tests. In 
the first series 10 versus 5 was rewarded, and in the second 
one 6 versus 5, with the use of the same protocol as before. 
The third series was the Control per se, and the protocol 
differed. There were 2 and 8 elements on the pictures, that 
is, the stimuli were easily distinguishable. In contrast to all 
previews experiments, both boxes contained bait during both 
the first (pre-training) and the second (training) phases. So, 
any choice was rewarded. During the exams, as always, both 
boxes were empty. In total 796 exams were held.

The results were as following. In the first series (5 versus 
10) nine animals (69.2%) learned to choose the rewarded 
stimulus (10). In the second series 11 animals (84.5%) were 
successful, out of which nine were the same as in the first 
series. In the control per se experiment (the third series) all 
mice chose a box randomly (Table 4). In the first (5 versus 
10) and second (5 versus 6) Control-1 experiment series, the 
average share of correct choices for wild (78.6 ± 12.0%) and 
laboratory (85.0 ± 4.7%) mice was not significantly different 
(t test, temp. = 1.6; p > 0.05).

Control Experiment 2: spontaneous choice

To check whether mice possess the spontaneous preference 
for pictures with more elements, or vice versa, we performed 
Control experiment 2 in which pairs of stimuli were pre-
sented to animals randomly, without any reward: 3 versus 
5, 4 versus 6, 2 versus 7, 3 versus 8, 4 versus 8, 3 versus 6, 
4 versus 7, 2 versus 8, 3 versus 7, 6 versus 8, 6 versus 9, 
2 versus 6, and 4 versus 9. In total, 9 animals were tested, 
each one in 20 trials (Table 5). In total 180 trials were held. 
We tested the Hypothesis H0 (mice choose the stimulus 

Table 2   Exam outcomes: the 
number of correct choices made 
in Experiment 2 (“2 versus 3”); 
the last column shows the p 
value of 2-tailed binomial test

*The number of the correct choices significantly differs from chance level, p ≤ 0.01
‘×’—not tested because the animal died

Individuals Percentage of times the number 
3 was chosen (first series)

p Percentage of times the number 
2 was chosen (second series)

p

1 ♂ 81.3% (26 out of 32) 0.0005* 100.0% (14 out of 14) 0.0001*
11 ♂ 84.4% (27 out of 32) 0.0001* 92.9% (13 out of 14) 0.0018*
14 ♂ 78.1% (25 out of 32) 0.0021* 100.0% (14 out of 14) 0.0001*
16 ♂ 81.3% (26 out of 32) 0.0005* × ×
18 ♂ 75.0% (24 out of 32) 0.0070* × ×
21 ♀ 75.0% (24 out of 32) 0.0070* 92.9% (13 out of 14) 0.0018*
22 ♀ 50.0% (16 out of 32) 1.1399 85.7% (12 out of 14) 0.0129*
23 ♀ 81.3% (26 out of 32) 0.0005* 85.7% (12 out of 14) 0.0129*
24 ♀ 90.6% (29 out of 32) < 0.0001* 100.0% (14 out of 14) 0.0001*
27 ♂ 65.6% (21 out of 32) 0.1102 64.3% (9 out of 14) 0.4210
29 ♂ 76.0% (19 out of 25) 0.0146* 92.9% (13 out of 14) 0.0018*
46 ♀ 60.0% (12 out of 20) 0.5034 85.7% (12 out of 14) 0.0129*
47 ♂ 45.0% (9 out of 20) 0.8238 64.3% (9 out of 14) 0.4210
48 ♂ 75.0% (15 out of 20) 0.0414 85.7% (12 out of 14) 0.0129*
49 ♀ 25.0% (5 out of 20) 0.0414 42.9% (6 out of 14) 0.7905
58 ♀ 80.0% (16 out of 20) 0.0118* 92.9% (13 out of 14) 0.0018*
59 ♀ 90.0% (18 out of 20) 0.0004* 78.6% (11 out of 14) 0.0574
61 ♀ 70.0% (14 out of 20) 0.0577 71.4% (10 out of 14) 0.1796
62 ♂ 50.0% (10 out of 20) 1.1762 57.1% (8 out of 14) 0.7905
63 ♂ 90.0%(18 out of 20) 0.0004* 64.3% (9 out of 14) 0.4210
64 ♀ 85.0% (17 out of 20) 0.0026* 71.4% (10 out of 14) 0.1796
65 ♀ 60.0% (12 out of 20) 0.5034 71.4% (10 out of 14) 0.1796
67 ♂ 45.0% (9 out of 20) 0.8238 78.6% (11 out of 14) 0.0574
68 ♂ 80.0% (16 out of 20) 0.0118* 92.9% (13 out of 14) 0.0018*
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randomly) against H1 (the choice differs from the random 
one). All animals appeared to make a random choice.

Group‑level analysis

We analysed the data at the group level to check whether the 
total number of correct choices in the exams of all mice in 
each experiment differs from random. The results are shown 
in Table 6.

Discussion

In our experiments, more than half of the individuals learned 
not only to discriminate with high accuracy between quan-
tities at the ratio 1:2, but also between such quantities as 5 
versus 6 and 8 versus 9, making the correct choice in more 
than 90% of the exams. The results of two control experi-
ments enable us to assume that this was the differential 

reinforcement that influenced animals’ choice, and neither 
any extraneous stimuli nor a spontaneous preference for the 
bigger quantities played a role here. It is clear that striped 
field mice come to learn reasonably rapidly to discrimi-
nate between specific quantities at a level that is far beyond 
subitising.

One can consider two hypotheses about which clues mice 
use to distinguish between stimuli. The first hypothesis is 
that that the mice were using the number of items, and the 
second one is that the overall amount of black image is a pre-
dictor of which container should be selected. In experiment 
3-B (8 versus 9) the difference between total areas of black 
images was 11%, that is, both ratios between the number of 
items and the overall amounts of black figures were about 
9:8. This situation is comparable with the dramatic story of 
inducing experimental neurosis in dogs in the Pavlov’s lab. 
Shenger-Krestovnikova (1921) conditioned a dog to respond 
to a circle but not to an ellipse. Then, in a five-trial series, 
different ellipses were projected on the screen in a dark 

Table 3   Exam outcomes: the number of correct choices made in Experiments 3-A (“5 versus 6”) and 3-B (“8 versus 9”); given is the p value of 
2-tailed binomial test

*The number of the correct choices significantly differs from chance level, p ≤ 0.01
‘×’—not tested because the animal died, ‘–’—not tested because of an accident

Percentage of times 
the number 6 was 
chosen (the first series 
of Experiment 3 A)

p Percentage of times 
the number 5 was cho-
sen (the second series 
of Experiment 3 A)

p Percentage of times 
the number 9 was 
chosen (the first series 
of Experiment 3 B)

p Percentage of times 
the number 8 was cho-
sen (the second series 
of Experiment 3 B)

p

1 ♂ 100.0% (11 out of 11) 0.0010* 88.9% (40 out of 45) < 0.0001* (93.8% 15 out of 16) 0.0005* 100.0% (14 out of 14) 0.0001*
11 ♂ 100.0% (11 out of 11) 0.0010* 77.8% (35 out of 45) 0.0002* (93.8% 15 out of 16) 0.0005* 100.0% (14 out of 14) 0.0001*
14 ♂ 90.9% (10 out of 11) 0.0117* 91.1% (41 out of 45) < 0.0001* (87.5% 14 out of 16) 0.0042* 92.9% (13 out of 14) 0.0018*
16 ♂ 90.9% (10 out of 11) 0.0117* × × × × × ×
18 ♂ 100.0% (11 out of 11) 0.0010* 87.0% (20 out of 45) 0.0005* (81.3% 13 out of 16) 0.0213 × ×
21 ♀ 45.5% (5 out of 11) 1.2461 88.4% (38 out of 43) < 0.0001* (87.5% 14 out of 16) 0.0042* 92.9% (13 out of 14) 0.0018*
22 ♀ 36.4% (4 out of 11) 0.7539 90.7% (39 out of 43) < 0.0001* (81.3% 13 out of 16) 0.0213 92.9% (13 out of 14) 0.0018*
23 ♀ 90.9% (10 out of 11) 0.0117* 48.8% (21 out of 43) 1.0000 (87.5% 14 out of 16) 0.0042* 85.7% (12 out of 14) 0.0129*
24 ♀ 100.0% (11 out of 11) 0.0010* 88.9% (40 out of 45) < 0.0001* (93.8% 15 out of 16) 0.0005* 92.9% (13 out of 14) 0.0018*
27 ♂ 81.8% (9 out of 11) 0.0654 60.5% (26 out of 45) 0.2221 (93.8% 15 out of 16) 0.0005* 64.3% (9 out of 14) 0.1210
29 ♂ 45.5% (5 out of 11) 1.2461 88.9% (40 out of 45) < 0.0001* (75.0% 12 out of 16) 0.0768 92.9% (13 out of 14) 0.0018*
46 ♀ – – – 85.7% (12 out of 14) 0.0129*
47 ♂ – – – 64.3% (9 out of 14) 0.1210
48 ♂ – – – 85.7% (12 out of 14) 0.0129*
49 ♀ – – – 42.9% (6 out of 14) 0.7905
58 ♀ – – – 92.9% (13 out of 14) 0.0018*
59 ♀ – – – 78.6% (11 out of 14) 0.0574
61 ♀ – – – 78.6% (11 out of 14) 0.0574
62 ♂ – – – 57.1% (8 out of 14) 0.7905
63 ♂ – – – 71.4% (10 out of 14) 0.1796
64 ♀ – – – 71.4% (10 out of 14) 0.1796
65 ♀ – – – 78.6% (11 out of 14) 0.0574
67 ♂ – – – 78.6% (11 out of 14) 0.0574
68 ♂ – – – 92.9% (13 out of 14) 0.0018*
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room. The proportion of vertical to horizontal diameters of 
the ellipses were 2:1, 3:2, 4:3, 5:4, and 9:8. When a dog 
had to differentiate a circle from a 9:8 ellipse, its behaviour 
became disorganised: the dog whined, yelped, and became 
very excited. In our experiment, the mice coped with a simi-
lar task rather quickly without any agitation, although their 
task was not just to compare two geometric figures, but to 
sum up the total area of 8 items and 9 ones. However, with 
that dog story in mind, one can suggest that ‘counting’ the 
number of items is more accessible for mice than ‘measur-
ing’ their total areas. Studies on laboratory strains of mice 
and rats have shown that these animals view the world at 
extremely low resolution (for the reviews see: Huberman and 
Niell 2011; Djurdjevic et al. 2018). Even horses, with their 
wide visual field, were able to discriminate between circles 

that differed by up to 14% in size but not less (Tomonaga 
et al. 2015). We consider both hypotheses plausible, but in 
either case we can conclude that striped field mice exhibit 
precise relative-quantity judgement in our experiments.

We still do not have enough data to form an opinion about 
whether striped field mice possess one system or two sys-
tems for representing and judging quantity. However, the 
fact that mice in our experiments do not show privileged 
capacities for dealing with small numbers of items, just as 
capuchin monkeys showed no such privilege (Beran and Par-
rish 2016), suggests that there may be similarities between 
quantity representations in rodents and primates.

The fact that laboratory-reared naive mice performed 
well in all tasks enables us to suggest that their abilities 
to distinguish between numbers of visual stimuli with high 
accuracy can be attributed to their species-specific cognitive 
capacities and do not depend on their current experience in 
the wild.

We found striking individual variation in cognitive per-
formance among striped field mice. Out of 24 animals tested 
in the experiments 1–3, four individuals (N 1, 11, 14, 24) 
reached success in all of the tests but made some mistakes, 
four (N 47, 61, 62, 67) failed all of them, and four (N 1, 11, 
18, and 24) passed the exams in all six series without any 
mistakes. One of these advanced subjects (N 1) lived to be 
4 years old, which is extraordinary for mice. It is likely that 
the individual differences in cognitive performance found in 
our experiments reflect variations in the cognitive abilities 
in natural populations.

It is of particular interest in our study that, although 
we used sufficiently long intervals between series of 

Table 4   Exam outcomes: the number of correct choices made in Control 1 Experiment (“5 versus 10”, “5 versus 6” and “2 versus 8”); the last 
column shows the p value of a 2-tailed binomial test

Mice that have a three-digit number are wild-caught
*The number of the correct choices significantly different from chance level, p ≤ 0.01

Individuals Percentage of times the num-
ber 10 was chosen (first series)

p Percentage of times the number 
5 was chosen (second series)

p Percentage of times the num-
ber 2 was chosen (third series)

p

72 ♂ 90.0% (18 out of 20) 0.0004* 90.0% (18 out of 20) 0.0004* 70.0% (14 out of 20) 0.1153
81 ♀ 80.0% (16 out of 20) 0.0118* 80.0% (16 out of 20) 0.0118* 65.0% (13 out of 20) 0.2630
82 ♂ 85.0% (17 out of 20) 0.0026* 85.0% (17 out of 20) 0.0026* 60.0% (12 out of 20) 0.5034
91 ♂ 80.0% (16 out of 20) 0.0118* 80.0% (16 out of 20) 0.0118* 45.0% (9 out of 20) 0.8238
92 ♀ 90.0% (18 out of 20) 0.0004* 90.0% (18 out of 20) 0.0004* 55.0% (11 out of 20) 0.8238
343 ♀ 77.3% (17 out of 22) 0.0169 80.0% (16 out of 20) 0.0118* 70.0% (14 out of 20) 0.1153
344 ♀ 72.7% (16 out of 22) 0.0525 75.0% (15 out of 20) 0.0414 45.0% (9 out of 20) 0.8238
515 ♂ 81.8% (18 out of 22) 0.0043* 85.0% (17 out of 20) 0.0026* 65.0% (13 out of 20) 0.2632
552 ♂ 68.2% (15 out of 22) 0.1338 65.0% (13 out of 20) 0.2632 65.0% (13 out of 20) 0.2632
613 ♂ 86.4% (19 out of 22) 0.0009* 90.0% (18 out of 20) 0.0004* 60.0% (12 out of 20) 0.5034
649 ♂ 45.5% (10 out of 22) 0.8318 75.0% (15 out of 20) 0.0414 35.0% (7 out of 20) 0.2632
745 ♂ 86.4% (19 out of 22) 0.0009* 90.0% (18 out of 20) 0.0004* 30.0% (6 out of 20) 0.1153
748 ♂ 90.9% (20 out of 22) 0.0001* 90.0% (18 out of 20) 0.0004* 50.0% (10 out of 20) 1.1762

Table 5   The number of choices made in Control 2 experiment: the 
last column shows the p value of a 2-tailed binomial test

Individuals Percentage of times pictures with 
more elements were chosen

p

1 ♂ 75.0% (15 out of 20) 0.0414
11 ♂ 75.0% (15 out of 20) 0.0414
14 ♂ 40.0% (8 out of 20) 0.5034
18 ♂ 55.0% (11 out of 20) 0.8238
21 ♀ 50.0% (10 out of 20) 1.1762
22 ♀ 35.0% (7 out of 20) 0.2632
23 ♀ 45.0% (9 out of 20) 0.8238
24 ♀ 70.0% (14 out of 20) 0.1153
29 ♂ 40.0% (8 out of 20) 0.5034
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experiments, such as 12 months in one case and 18 months 
in another one, no deterioration of the accuracy was revealed 
in the subjects. We do not assume that our animals keep the 
memory about a task during an 18-, 12-, or even a 1-month 
period, the latter being the typical interval between series. 
However, in contrast to many studies carried out on labora-
tory mice (for a review see: Webster et al. 2014), our results 
demonstrate the lack of ageing effect in performing a cogni-
tively demanding task in the striped field mouse. Although 
in many laboratory studies cognitive performance is influ-
enced by age, sex, rearing conditions and previous experi-
ence (for a review see: Thornton and Lukas 2012), this was 
not found to be the case in our experiments.

The results obtained raise the question about the core 
system of spontaneous numerosity in rodents and its pos-
sible evolutionary roots. We speculate that high accuracy 
in differentiating large quantities is based on the adaptive 
ability of wild rodents to capture subtle changes in their 
environment. That the striped field mouse possesses high 
accuracy in distinguishing between large numbers of items 
at a level comparable with monkeys is possibly caused by 
peculiarities of their visual discrimination and neuronal 
organisation. Recent studies on laboratory mice and rats 
have revealed that, although the murine cortex is indeed 
performing similar computations to those in other species, 
these animals have severe limitations in visual processing, 
as well as in some types of large-scale orientation. Mice and 
rats have poor spatial resolution and they are non-foveal, 
and, as a result, they may rely on head movements more than 
eye movements to view specific portions of visual space. It 

remains unclear what types of higher order visual processing 
and cognitive decisions mice can perform (for a review see 
Huberman and Niell 2011). Recent findings on laboratory 
rats (Djurdjevic et al. 2018) indicate that rats are capable of 
advanced processing of shape information. It is worth not-
ing that subjects in this study displayed a high variability 
in visual object recognition, similar to striped field mice 
in our experiments. Variability in rats is accounted for by 
the diversity of rat perceptual strategies. Animals building 
richer perceptual templates achieve higher accuracy. The 
most advanced individuals discriminate a reference object 
from 11 distractors, which spanned a spectrum of image-
level similarity to the reference. It is likely that some rats 
can compensate for the limitations of their visual processing 
with cognitive abilities.

Peculiarities of perceptual and cognitive processing in 
wild rodents remains to be determined. It is known that 
laboratory strains of mice and rats can differ dramatically in 
terms of their visual ability. For example, rearing mice from 
birth in an enriched environment leads to a conspicuous 
acceleration of visual system development as ascertained 
at behavioural, electrophysiological, and molecular levels 
(Cancedda et al. 2004). One can suggest even more strik-
ing differences in information processing and behavioural 
responses in diverse rodent species. It has been recently 
revealed on African mole rats that the high number of fore-
brain neurons likely endows solitary species with improved 
cognitive abilities and increased behavioural flexibility com-
pared to social ones (Kverková et al. 2018) A. agrarius is a 
solitary living species inhabiting very changeable habitats 

Table 6   Exam outcomes: the 
number of correct choices made 
in the experiments; the last 
column shows the p value of the 
2-tailed binomial test

*The number of correct choices that significantly differ from the chance level, p ≤ 0.01

Experiment Number of 
mice

Total number of correct choices 
made in exams by all mice

Total number 
of exams

p

Experiment 1
 The first series 24 557 743 < 0.0001*
 The second series 24 386 480 < 0.0001*

Experiment 2
 The first series 24 434 605 < 0.0001*
 The second series 22 248 308 < 0.0001*

Experiment 3-A
 The first series 11 97 212 < 0.0001*
 The second series 10 340 420 < 0.0001*

Experiment 3-B
 The first series 10 140 160 < 0.0001*
 The second series 22 251 308 < 0.0001*

Control 1 Experiment
 The first series 13 219 276 < 0.0001*
 The second series 13 215 260 < 0.0001*
 The third series 13 143 260 0.1209

Control 2 Experiment 9 97 180 0.3326
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including urban environment, which may be cognitively 
demanding. We suggest that the striped field mouse may be 
a powerful model species for developing advanced cognitive 
tests for comparative studies of numerical competence in 
animals, as well as for understanding evolutionary roots of 
quantity processing.
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