www.nature.com/scientificreports

scientific reports

W) Check for updates
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between first-year students

at middle school: from cliques
to circles

Diego Escribano?, Victoria Doldan-Martelli%, Francisco J. Lapuente®*,
José A. Cuesta®1256 & Angel Sanchez %256

People organize their social relationships under a restriction on the number that a single individual
can maintain simultaneously (the so-called Dunbar’s number, ~150). Additionally, personal networks
show a characteristic layered structure where each layer corresponds to relationships of different
emotional closeness. This structure, referred to as Dunbar’s circles, has mostly been considered from
a static viewpoint, and their structure and evolution is largely unexplored. Here we study the issue
of the evolution of the structure of positive and negative relationships in early adolescence by using
data from students in their first year at middle school obtained from surveys conducted in class in
two different waves separated by several months. Our results show that, initially, students have a
lower number of total relationships but the majority are more intense and over time they report a
higher number of total relationships, but the more intense relationships appear in a lower proportion.
We have also found differences in the structure of communities at both temporal moments. While in
the first instance the communities that appeared are mixed, made up of both boys and girls, in the
second they changed so that they were separated primarily by gender. In addition, the size of each
community was stabilized around 15 people, which coincides with the size of the second Dunbar’s
circle, known as the sympathy group in social psychology. As a consequence, in groups with around
20 students of the same gender, they tend to split in two separate communities of about 10 each,
below the second Dunbar’s circle threshold. On the other hand, groups with more stable community
structure appear to go through the inverse process of friendship evolution, becoming more focused on
their best relationships. All these results suggest how the layered structure of the personal network,
as well as the community structure of the social network, emerge directly from the union of both
positive and negative relationships. Thus, we provide a new perspective about its temporal evolution
that may have relevant applications to improve school life and student performance.

Over the past twenty years!, research has accumulated evidence showing that the number and quality of our
social relationships play a key role in our happiness?, our mental and physical health®* and our social capital>®.
The organization of our friendships and acquaintances is also crucial to understand how contagious diseases
propagate and can be contained” . Similar effects arise also when considering information or opinion diffusion’
and social norm formation'’. Social network analysis, a discipline combining the insights of sociology and
complex systems and networks, is therefore instrumental to advance our knowledge of these phenomena'® 2.
In this regard, a key finding is that the average size of personal social networks is approximately 150'*'°, with
typical sizes varying in the range 78-250°. These networks actually consist of a series of layers that correspond
to relationships of different quality'>'”'%. The cumulative account of individuals up to a certain layer is what
is referred to in the literature as ‘circles. Circles exhibit distinct sizes (around 1.5, 5, 15, 50, and 150), i.e., each
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Questions regarding positive relationships

Question 1: Who are your friends inside the school?

Question 2: Considering your friends: Who do you have the closest relationship with?

Question 3: Finally, among your closest friends: who would you say are your best friends?

(We are referring to those people with whom you are “flesh and bone”).

Questions regarding negative relationships

Question 4: Which partners do you not like at all or do not have a good relationship with?

Question 5 : Considering the people you don't like at all: who do you dislike or have problems with?

Question 6 : Finally, considering the people you dislike: are there any people with whom you have a particularly bad or troubled relationship?

Table 1. Questionnaire for positive and negative relationships. Students could choose names among all other
students in their year, by clicking on each of the groups.

circle is roughly three times the size of the previous one. The different layers could be characterized as primary
partner(s), intimate, best and good friends and, finally, just friends, constituting the so called ‘active network’°.
Sociological research on strong and weak ties suggests that the 5-circle is in fact a support network'®, while the
15-circle is known in social psychology as a sympathy group, consisting of people whose death would cause
great distress'®. Recently, it has been shown? that the existence of circles and of a scaling ratio between them
is a consequence of the limitations of our cognitive capacity and of the different time devoted to friendships of
different emotional closeness.

While the above framework has proven itself both accurate and useful, there are two main issues that require
further research to better benefit from its application to social phenomena. First, the static picture of the layers
must be scaled to take into account temporal effects and its dynamical evolution?!. There are some studies incor-
porating the time dimension to the data collection process, either for short time-scales*>** or for longer ones*%>.
However, much more research is needed to characterize in detail the evolution of friendships and, in particular,
to shed light on the relevant mechanisms driving it. Second, the size and structure of personal networks is subject
to strong age effects'>2®%”. 20-year-old people usually have more friends than 60-year-old ones, mostly because
the elderly tend to have outside layers with lower numbers of friends?®. Middle age is characterized as a stability
period until a rapid declining in the number of friendships sets in*”>?. In turn, adolescents have very sensitive
networks, suffering dramatic modifications when changing homes® or starting college®.

In this paper, we study the issue of the evolution of friendships in early adolescence by using data from
high school students. In contrast to previous research?3>=3, here we focus on the existence and evolution of a
Dunbar’s circle structure in the students’ personal networks. To that end, we carried out two survey waves in
different moments of the academic year, so we could compare the resulting networks. In addition, we include
in our study not only positive relationships (friendships) but also negative ones (enmities). Due to the scarcity
of negative links, the existence of Dunbar-like circles could be assessed for positive relationships only. However,
a proper study of group or community-formation process in classes requires taking into account negative links
as well. Indeed, community detection algorithms based on positive links only typically split a network into sub-
graphs or modules characterized by high link density*. However, in a social group such as a school class, where
students interact daily for many hours, it seems only natural to consider the possibility that some students have
bad relationships with others. It is clear that this could distort the picture arising from looking only at the positive
relationships and, as a consequence, new community detection algorithms must be applied®”.

Results

Individuals and Dunbar’s circles. We studied a group of students from a high school in Madrid, IES Blas
de Otero, in the first year of secondary school (students between the ages of 12 and 13). Practically all students
are new to the high school, having finished primary school somewhere else in the preceding year. A few students
were taking first year again having failed the year before. Two data collection sessions were held respectively in
December 2018 (wave 1) and May 2019 (wave 2). 151 students (73 boys and 78 girls, cf. Supplementary Informa-
tion for more disaggregated numbers) and their families agreed to participate. The percentage of participation
was 97% in the first wave and 90% in the second wave.

Students were born in 2006 (75%), 2005 (23%) and 2004 (3%). Classes were organized in 5 groups and were
all enrolled at first year of ESO (mandatory secondary education, similar to middle school). Groups were labeled
with letters, from A to E. Groups A and B received most of their teaching in English (all subjects except Math,
Spanish and the chosen option between Religion and Ethical Values), whereas groups C through E were taught
in Spanish except in Arts and Physical Education, where classes took place in English.

Students were presented with a list of all other 150 participants and were asked a set of questions allowing
us to infer positive and negative relationships with three levels of intensity (cf. Table 1). For various reasons,
participants were not able to correctly discriminate between the two lower intensity levels, which were merged
into a single level. Therefore, both positive and negative relationships were classified into two levels of intensity,
which we will henceforth refer to as ‘friend’ and ‘best friend’ for positive relationships, and ‘enemy’ and ‘worst
enemy’ for negative relationships. Data on the original answers prior to merging categories can be found in the
Supplementary Information.
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Figure 1. Boxplot of the answers about friendships and very good friendships. Top, numbers of students
marked as “best friends” by students of each group (circle 1). Bottom, numbers of students marked as “friends”
by students of each group (circle 2). Left, results from wave 1. Right, results from wave 2. Line represents the
median, boxes the first and third quartiles, lines, the 95% confidence interval, and dots, outliers.

Our first result concerns the composition of the two circles of positive relationships and the comparison to the
expected Dunbar’s circle structure. As can be seen from Fig. 1, the basic structure of the first two circles appears,
with average sizes that vary considerably across groups. In wave 1, the global average over all participants in
the survey yields a mean size for the “best friends” circle (hereafter, circle 1) of 14.48 and for the “friends” circle
(hereafter, circle 2) of 27.01 which are clearly larger than the typical sizes reported for these two circles. In wave
2, these values become 11.27 and 28.47, respectively, still far from the expected values. There are several pos-
sible explanations for this finding. A first one is that students are still in an exploring phase, they have already
established several relationships with people they did not know from school, while keeping friends with other
students coming from their same school. Unfortunately, the onset of the Covid-19 pandemics prevented us from
continuing our historical series of waves when schools were put under lockdown, so we cannot say much more
about the evolution of friendships. Another possibility is that our questions are in fact not eliciting circles 1 and
2, but instead circles 2 and 3. In that case, the results would be more in line with the expected Dunbar’s circle
structure (albeit circle 3 might be not entirely elicited), but we cannot be sure whether students interpreted our
questions in that manner.

Another hypothesis that may explain the large observed values is that students treat relationships in their
group differently from those with other groups, thus devoting separate cognitive efforts to each set. For each
group, the majority of the relationships reported (67.22% in wave 1, 56.98% in wave 2) are with students in the
same group (cf. Fig. 2). It is interesting to note that students in the English groups (A and B) declare practically
no relationship with students in the Spanish groups (C, D, E) in wave 1, and only a few more in wave 2, and
vice-versa. This may have to do with their primary schools of origin, as English groups can only be joined by
students coming from English speaking primary schools and practically all of them come from just two such
schools. If we restrict ourselves to intra-group relationships, the average sizes of the circles become 8.79 and
15.64 in wave 1 and 6.47 and 15.56 (cf. Fig. 3), much closer to the typical values for the first Dunbar’s circles,
which would suggest that the hypothesis advanced at the beginning of the paragraph may have some truth to it.

As for reported negative relationships, their absolute number is much smaller than that of positive ones, with
average values of 4.82 for bad relationships and 2.07 for very bad ones (7.83 and 2.11 in wave 2; plots for negative
relationships are included in the Supplementary Information). Even if there are not that many negative links, it
is important to note that while the number of very bad relationships remains constant, there is a relatively large
increase of the number of bad relationships from wave 1 to wave 2.

Looking now at the time evolution between the two waves, Figs. 1 and 2 along with the data above suggest a
general trend in which the size of circle 1 decreases and the size of circle 2 remains constant or even increases.
To analyze this possibility in more detail, we resorted to the use of the parameter , which was introduced in
Ref. % as a summary of the circle structure of a given individual (cf. Methods below for more details). In a nut-
shell, © = log ((Cz — Cl)/Cl), C; being the number of relationships in circle i (see Methods). When & > 0 we
have a typical structure of the circles, with the number of friendships in each one increasing rapidly as we move
outside; a value pt ~ 0.7 arises when the scaling ratio between circle sizes is around 3, as frequently observed.
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Figure 2. Distribution of relationships among groups. Left: total number of students marked in wave 1,
separated by group of the student named. Right: same for wave 2. Top: circle 1. Bottom: circle 2. Colors indicate
the group where the students with whom the relationships are reported belong (color code on the right of the
figure).
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Figure 3. Boxplot of the answers about friendships and very good friendships restricted to the ego’s group. Top,
numbers of students marked as “best friends” by students of each group (circle 1). Bottom, numbers of students
marked as “friends” by students of each group (circle 2). Only relationships within the group are shown. Left,
results from wave 1. Right, results from wave 2. Line represents the median, boxes the first and third quartiles,
lines, the 95% confidence interval, and dots, outliers.
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Figure 4. Distribution of i values for all the participants in (a) December 2018 (wave 1), (b) May 2019 (wave 2)
and (c) increment in the value of u between wave 1 and wave 2. Data distribution fitted using a Kernel Density
Estimation (KDE). Vertical dotted line shows u=0.

Group Mean(SD) wave 1 | Mean (SD) wave 2 | Mean(SD) increment
A —0.633(0.932) 0.782 (0.807) 1.399 (1.248)

B 0.499 (0.940) 0.362 (0.951) —0.137 (1.222)

C —0.713(1.013) 0.788 (1.127) 1.515 (1.949)

D 0.352 (0.939) 0.560 (0.824) 0.208 (0.967)

E —0.573(1.232) 0.366 (0.750) 0.912 (1.588)

TOTAL | —0.150 (1.135) 0.540 (0.894) 0.663 (1.512)

Table 2. Mean and standard deviation (SD) values for the y parameter in December, May, and the increment
in the p value between December 2018 and May 2019.

On the contrary, when p < 0 most friendships are already in circle 1, with additional circles bringing in very
few additional people. We fitted the analytical expression from Ref. % to the reported numbers of friendships
in the two circles for each student, thus assigning them a specific value of u. Figure 4 shows the distribution
of the values of i in the two waves, and the distribution of their difference. It turns out that the average p in
wave 1 is positive only for groups B and D (cf. Table 2), while the increment in the value of i between waves is
positive in all cases except in group B. Further details about the changes of i can be found in the plots in the
Supplementary Information.

Figure 5 shows the distribution of individual differences in the value of u between waves, which is normally
distributed for all groups (Shapiro-Wilk test). A one-sample t-test showed that the mean for the y difference was
statistically different from 0 only for groups A, C and E. A one-way ANOVA test determined that there was a
statistically significant difference between groups (F(4, 117) = 6.674, p < 10™%). The Tukey HSD post hoc test
showed that group B was significantly different to groups A, C and E, while group D was significantly different
from groups A and C. Altogether, we can conclude that groups B, D and E, behave differently to groups A and
C. The high frequency of cases in which p decreases could indicate that these groups (B, D and E) have some
particular feature which, if it exists, is not related to the teaching language, as both English- and Spanish-speaking
show this behavior.

To gain further insight on this result, we resorted to consider the network of nominations received. Thus far,
we have looked at friendships from the perspective of ego, i.e., the nominating student, considering as friends or
best-friends all those they mentioned in the survey (outgoing links). The question we ask now is whether looking
at the network from the perspective of being nominated, i.e, of the incoming links, we observe something similar
to what we have noticed above. In this regard, it is interesting to note that in our results, 56.6% of the positive
relationships are reciprocated in wave 1, and 58.3% in wave 2 (in line with the fact that surveys produce only
approximately a 50% of reciprocated nominations®»*°). However, if we rewire the links in the network at random,
the reciprocity is much smaller (22.6%, CI: (21.4%; 23.8%) in the network of wave 1, 24.6%, CI (23.4%; 25.8%) in
wave 2; see Supplementary Information for details of the comparison with the reciprocity of randomly rewirings
of our networks), meaning that the observed reciprocity is large and that the network of incoming nominations
may exhibit properties similar to the outgoing ones. To carry out the analysis, we introduce the parameter p,
which plays the same role as 1 but using in-degrees instead of out-degrees. The results of this analysis confirm
the picture we have presented above, perhaps even more clearly (cf. figures in the Supplementary Information).
We can thus say that most students in groups A and C, and a majority of those in the rest of the groups, change
from having mostly best friends and only a few friends to a more standard circle structure with less best friends
and more friends. Finally, we have not carried out a similar study with negative relationships because the small
number of them prevents us from extracting meaningful values for i1 or p for enmities.
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Figure 5. Boxplot of the increment in the ;4 parameter between December 2018 (wave 1) and May 2019 (wave
2), for each group. The difference of ;1 is normally distributed for all groups (Shapiro-Wilk test). Groups A, C
and E show an increase in 1, whereas for the other two groups the increment is not statistically different from
zero (one-sample t-test).

Cl |[C2 |[C3 |C4

A 27 |2 0 0

B 28 |3 0 0

C 0 3 27 |0

D 0 10 {20 |0

E 0 0 2 29

Total 55 |18 |49 |29
Cl |[C2 |C3

A 28 |1 0

B 31 |0 0

C 0 8 22

D 2 10 |18

E 0 2 29

Total 61 |21 |69

Table 3. Distribution of the communities by group in wave 1 (left) and wave 2 (right).

Networks and community structure. Beyond the evolution they reflect at the level of individual stu-
dents, changes in 1 might be also reflecting structural changes in the social network. In order to assess this pos-
sibility, we have carried out a study of the structure of the groups by means of community analysis (see Methods
below for a discussion of how we implement the analysis taking into account that we have a signed, directed net-
work). We begin discussing the corresponding results by looking at the network at the global level, i.e., including
all the students and all their relationships in a single network. Figure 6 represents the global network obtained
from the two waves, with the nodes separated in communities. The plotting algorithm is ForceAtlas2®, which
yields itself a community analysis—as a matter of fact, the high correlation between colors and position in the
plot is an outcome of this algorithm and has not been externally imposed. This in turn means that the com-
munities found are quite robust. As can be seen from the data summarized in Table 3, in the network of wave 1
community C1 is formed by the students in the two English-speaking groups, whereas community C3 contains
groups C and D and community C4 contains group E; community C2 is formed by a minority of students from
almost every group, but mostly from D. The separation observed in the plot between community C1 and the rest
speaks of the deep separation between the two English-speaking groups and the three Spanish-speaking ones.
This division most likely originates from the fact that students that just entered the high school two months
prior to wave 1 still rely more on colleagues from the same primary school. Unfortunately, we do not have data
on their school of origin, which could help us understand why the Spanish-speaking groups end up separated
in two communities.

It is worth noting that the plot of the network in wave 2 looks more spatially extended than that of wave 1.
This is a consequence of the almost doubling in the number of bad relationships mentioned above while the
number of positive links remains more or less constant. However, at the level of the whole group negative links
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Figure 6. Network representation of all the social relations in wave 1 (top) and wave 2 (bottom). Nodes
belonging to each community are marked by color as indicated in the plot. Friendship links are drawn in green,
whereas enmity links are drawn in red.

do not seem to have a strong influence in the community structure. As can be seen from the figures in the Sup-
plementary Information, if the community analysis is carried out without the negative links, the only change is
in wave 1, where the community arising from group E is merged with community C2, formed by an assortment
of students from all Spanish-speaking groups. In wave 2 there is not any significant change in the number or
composition of the clusters. Therefore, we conclude that identity factors (English- vs Spanish-speaking, along
with school of origin) are what is most relevant at this level and negative links lead to small changes, if at all.

In wave 2, Fig. 6 shows that even if a whole academic course has passed, the separation between groups
speaking different languages still remains. However, the increase in the number of friends is visible in the fact
that the two communities are now somewhat closer. Interestingly, our algorithm detects one fewer community,
the reason being that now all Spanish-speaking groups appear in a single community, C3. C1 continues to be
the English-speaking part of the students, now including all but one of them, while C2 is a smaller community
formed by people of groups C and D. It is interesting to note that group D remains in the two waves split into
two communities, being the only one that is thus separated. It is very likely that there is something acting as a
dichotomizing criterion here, such as the school or the country of origin, but unfortunately we do not have the
data to assess the mechanism explaining this splitting. The table of the number of people that change between
communities in the Supplementary Information confirms that the movements of individuals between communi-
ties took place as we have just discussed. It can also be seen from the numerical data that while communities C1
and C3 have the gender distribution that they inherit from the constituent groups, with a 2:1 girl-to-boy ratio in
C1 and almost 1:1 in C3, C2 is practically a male only community, with 19 boys and 2 girls.

Having discussed the network as a whole, we now turn our attention to each group separately. For this study,
we consider only the links within the groups and discard the reported friendships with students in other groups.
The main feature observed at this level is a strong division by gender. For instance, consider group C (cf. Fig. 7
and tables in the Supplementary Information). The group is formed by 15 boys and 15 girls, and in wave 1 our
community algorithm returns two communities, one with 12 boys and 5 girls, and another one with 10 girls
and 3 boys. This division remains in wave 2, with only two students exchanging communities. However, when
the groups are less gender-balanced, the situation becomes more complicated. Take one of the English-speaking
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Figure 7. Network representation of all the social relations within each group in wave 1 (left) and wave 2
(center) along with the community structure of the network. The networks on the right also correspond to wave
2 (center) but, in order to facilitate comparison, nodes are laid out in the same position as in wave 1, whereas
links and color codes for communities correspond to wave 2. The shape of each node represents its gender:

triangles for girls and squares for boys.

groups, e.g. group A, with 20 girls and 9 boys. In wave 1, we find a community consisting of 11 girls and only
2 boys, whereas the other communities are better (or exactly) gender balanced. In wave 2, we again find three
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Figure 8. Community analysis of group B in wave 1 taking into account both positive and negative links (left)
and only positive links (right). Nodes belonging to each community are marked by color as indicated in the plot.
Friendship links are drawn in green, whereas enmity links are drawn in red. The shape of each node represents
its gender: triangles correspond with girls and squares with boys.

communities but now all of them are gender dominated: 12 girls and 0 boys, 3 girls and 8 boys, and 5 girls and
1 boy. As can be seen from the top panel of Fig. 7, the process has been quite complex, with a lot of students
exchanging communities: if we look for instance at community C1 in wave 1, of its 13 original members only 5
remain in it, with two groups of 4 moving to the other two communities. This reinforces our interpretation of an
evolution strongly dominated by gender homophily, but also suggests that the limits imposed by Dunbar’s circles
are destabilizing the process of forming a unique, large cluster composed only by same gender children, making
for a situation that is difficult to accommodate. The same is observed in the other groups, with the exception of
group D, which in comparison turns out to be remarkably stable. Its 10 boy-1 girl, 9 boy-1 girl, and 9 girls only
clusters almost do not not change between waves (again, with the exception of 3 students who exchange com-
munities). We stress here that our algorithm is agnostic with respect to the number of communities it should
produce, finding simply the best partition in terms of modularity (see Methods). Therefore, the fact that we never
observe a cluster with more than 13 persons of the same gender in spite of the gender homophily bias, along
with the intense dynamics of the communities, support the idea that other mechanisms, such as those behind
the formation of Dunbar’s circles, are at work here.

These findings about the community structure must also be contrasted with the different types of evolution
of the parameter p: in groups B and D, where the community structure is more stable, we observe that for a large
percentage of the group their value of i decreases, indicating that relationships with best friends (circle 1) are
becoming more relevant. Conversely, in the other groups i increases for practically all the students, in a man-
ner consistent with the exploration of new personal networks and the restructuring of the communities. Thus,
it appears that the evolution of ; might indeed be linked to structural properties of the groups. An important
caveat is in order here, namely that Dunbar’s circles refer to ego- or personal networks, the set of relationships
of one person, whereas communities pertain to the realm of social networks, the set of all relationships among a
set of people. Still, we believe that the connection we have suggested above makes sense in view of the fact that,
as stated above, our networks are highly reciprocal, turning the clusters into something closer to cliques. In the
limit of a perfect clique, everybody’s personal network would contain everybody else; with our percentage of
reciprocity, personal networks in a cluster still contain most of the rest of the group and thus the Dunbar limits
could have a say in their evolution.

There is an interesting analysis that reveals the key role played by the negative relationships, despite their
relative small number, at the scale of the group. Figure 8 shows an example of the differences in the community
structure of the network corresponding to group B in wave 1 with and without the negative links. We can see
how communities C1 and C2 would merge together almost perfectly if the negative links did not exist. Given
that the resulting community would contain 26 nodes compared to the 15 and 12 of the actual communities,
one wonders if the existence of negative links is tied to the natural size of the sympathy network, so that it would
be more likely for them to appear when the community exceeds its typical size. Another example of the same
phenomenon is shown in the Supplementary Information (notice that in none of the groups or waves the opposite
ever happens, i.e., there are never two communities in the network of only positive links that merge into one by
inclusion of negative links). We note that contrary to what happens at the level of the whole network, by looking
at relationships within single groups the results can not be understood in terms of us vs them or ingroup vs out-
group (or identity labels), thus leading to a more relevant role for the negative links. This suggestive hypothesis
deserves further scrutiny.

Finally, a natural question about a network with positive and negative links is whether it satisfies social bal-
ance. The theory of social balance*'™*, captured by the aphorism ‘my friend’s friend is my friend; posits that
triangles with an odd number of negative links create a cognitive dissonance that makes them unstable and prone
to be ‘resolved’ into a more balanced configuration (by changing the sign or removing one link). A perfectly
balanced network can be decomposed into two positive subnetworks joined by purely negative links*>**. Under
this strict definition of balance, no real network with positive and negative links is ever balanced—ours contain
many unbalanced triangles. However, one can relax this condition by introducing a null model against which
to test whether the number of unbalanced triangles can be considered relevant or not. The usual null model to
test social balance in a network is obtained by randomly permuting the links belonging to some triangle without
changing their signs. This test has been criticized though*, on the basis that positive and negative networks have
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Figure 9. Comparison between the observed number of balanced and unbalanced triangles and the results
obtained in the simulations. The red point represents the observed value and the violins correspond to the
simulations. Left: Results obtained for the wave 1. Right: same for wave 2. Top: Option a: a link is considered
negative only if the interaction between a pair of nodes is negative in both directions. Bottom: Option b: a link is
considered negative as soon as there is a single negative interaction between a pair of nodes.

very different properties—while the latter are essentially random, the former have structure. Thus, permuting
both kinds of links can alter the nature of the network and overestimate imbalance. A less biased null model can
be obtained if links are classified according to their embedding (number of triangles which they belong to) and
only links with the same embedding are permuted®.

Our networks contain links of two intensities, which calls for an extension of the theory of social balance.
However, negative links are too few to maintain such a distinction and still have statistical significance. Accord-
ingly, for testing social balance we have ignored the intensity of links. Also, our links are directional and not
always reciprocated. Even if they are, often the signs of the two directional links are different. We do not know
why this happens, but the number of opposite-sign directional links is not negligible. In view of this, we have
adopted two criteria to project our network onto a bidirectional network: (a) consider a negative link only if the
interaction between a pair of nodes is negative in both directions, or (b) assuming that the presence of a single
negative interaction between a pair of nodes is already an evidence of a conflict and also consider those cases
as negative links. The number of triangles with 0 through 3 negative links is very different in both cases (see
Table S11 of the Supplementary Information), but regardless of this, embedding-preserving permutations never
produce configurations with fewer unbalanced triangles than the empirical network—as a matter of fact, except
for very few cases, this number is actually larger (see Fig. 9). We then conclude that, even though the existence
of negative links creates lots of unbalanced triangles, the configuration in which they appear is compatible with
a very strong bias toward balance.

Discussion

In this paper, we have studied the evolution of positive and negative relationships among students in a high school
by looking at two waves of data collection separated by several months. In both surveys, we find evidence for a
circle structure for positive friendships, similar to the one proposed by Dunbar, although the typical numbers
for Dunbar’s circles are only found when looking at intra-group relationships. We suggest that this may come
from the fact that students think differently of their intra-group and their inter-group relations. Importantly,
and beyond the question of the circle sizes, our results show that when students have just arrived at the high
school, their relationships are intense and with a limited number of classmates, i.e., they have a structure which
resembles cliques involving typically 4-6 students. By the end of their first year in high school, the structure of
their relationships has experienced a large change, with fewer intense friendships and more friendships in general,
becoming more resemblant of a circle distribution. We have been able to precisely quantify this evolution by
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means of a parameter, (4, that is obtained by a fit to the students’ reported answer. We find a very small number
of reported negative relationships, which nevertheless increases from the first to the second wave.

As a way to gain further insight on the evolution of relationships, we have looked at the community structure
of the whole social network both at the level of the five groups considered together and at the group level. The
communities found from the analysis of the first wave are somewhat mixed, made up of both boys and girls,
but they evolve so that in the second wave they appear to be largely segregated by gender. At the group level, the
size of each community was stabilized around 12 people, which coincides with the size of the second Dunbar’s
circle, known as sympathy group in social psychology. As a consequence, in classes with around 20 students of
the same gender, their group split in two separate communities of about 10 each to stay below the second Dun-
bar’s circle. Interestingly, we have also observed that for this separation to arise in the community analysis it is
necessary to include the negative relationships; otherwise, the analysis yields a unique community formed by
almost all students of the same gender. Another relevant finding is that when the community structure is more
stable, relationships with best friends intensify, and there is an evolution opposite to the general one of cliques
relaxing to circles: more stable communities result in a decrease of the # parameter and in an intensification of
the focus on best friends (circle 1).

The existence of negative links puts the question of balance into play. The theory of social balance predicts
that triangles with an odd number of negative links create a cognitive dissonance that renders them unstable and
prone to disappear over time. Ideally, social networks should be free of unbalanced triangles. However, nega-
tive links are constantly being formed, so the question is not so much whether the network is free from those
triangles as to whether they appear in a number that is significantly below what a null model would yield for that
particular number of negative ties. We have run a recently proposed test whose null model takes into account
the different nature of the positive and negative subnetworks, and have found that in one million realizations of
the null model a network with fewer unbalanced triangles than the original network never shows up. This result
forces us to conclude that there seems to be a strong tendency to reduced imbalance in middle-school classrooms.

Aside from their relevance towards understanding how we organize our relationships and how they evolve
in time, which is particularly important in such a crucial age in development as early adolescence, we believe
our results have practical implications about the school social network and atmosphere. Thus, we have observed
that the co-existence of two working languages in the same high school leads to the splitting of the social net-
work of the school in two groups with very little communication or very few positive connections. To avoid
this, it would be important that the school direction would design some joint activities so that the students of
both groups would get to know each other. Another very relevant finding is the instability associated to gender
imbalance in the groups. In such a situation, the gender homophily typical of this age leads to tensions between
all students of the majority gender wanting to be in the same community and the fact that there are limits to the
number of friendships of a given intensity. In this case, we have seen that negative relationships appear that split
the majority gender community in two, which could lead to increased polarization of the group atmosphere.
Our results suggest that this is a problem that can be easily avoided by making gender balance a priority or else
by reducing the group size (which may not be possible, like in public schools in the Madrid region whose group
size is determined by the Regional Government). Another related measure would be to take this into account
when forming groups in subsequent academic years, by separating students belonging to such gender-segregated
communities in different classes to avoid perpetuating intra-group divisions. All these insights point to the fact
that, beyond its very appealing interest from the scientific viewpoint, this kind of social network analysis is an
efficient and easy to implement tool that can be used to foster a friendlier school environment which could also
have connections with students’ performance.

Methods

This study was approved by the Ethics Committee of Universidad Carlos III de Madrid, the institution respon-
sible for funding the project, and the surveys were subsequently carried out in accordance with the approved
guidelines. In particular, informed consent was obtained from both the participating students and their parents
or legal tutors.

Exploring social structure: the . parameter. We explored the social structure for each individual fol-
lowing the model presented in Ref.?’, which explains Dunbar’s circle structure as a result of allocating a finite
cognitive resource among a certain number of links. According to the model, if layer k has Ji links and an
associated cost si, for each individual, the ratio of the number of links between consecutive layers is given
by lit1/lk = eH1Askl | where |Asg| = |sk+1 — sk| is the costs increment between consecutive. The assumption
| Ask| = 1explains the constant proportionality between successive layers. We have considered only two inten-
sity levels of relationship: k = 1(‘best friend’ for positive and ‘worst enemy’ for negative relationships), and k = 2
(‘friend’ for positive and ‘enemy’ for negative relationships). Thus

lz Cz—Cl
=log|=)=log ==,
u = log (ll) Og( C ) (1)

C; being the number of links in clircle i. When a participant selects another student, a directed, weighted link is
created. Its weight can be —2, —1, 1, 2 depending on whether the reported relationship is “worst enemy”, “enemy”,
“friend”, “best friend”, respectively. In a few cases the same relation is reported simultaneously as “friend” and
“best friend” or as “enemy” or “worst enemy”. In those cases the weight corresponds to the most intense one.

In other few cases the relation is marked both, as positive and negative. To resolve this we have added the

Scientific Reports |

(2021) 11:11694 | https://doi.org/10.1038/s41598-021-90984-z nature portfolio



www.nature.com/scientificreports/

corresponding weights, removing the link if the resulting weight is zero. Once each link has a well-defined weight,
the calculation of  for positive (1) and negative (™) relationships is achieved using equation 1.

Community detection. To solve the problem of community detection we use the modularity optimization
method proposed by Newman *°, which allows us to determine how far is the studied network structure from a
random distribution of the links. More specifically, in order to incorporate all the information collected from the
student surveys, we make use of the most general definition of modularity Q, which considers the existence of
directed, weighted and signed links *’. That is
+ —
Q=" ot~ M o @

wt +|w™| wt + [w|

where wt and w™ represent the total strength of positive and negative relationships, respectively. The construction
of Q using both the positive (Q*) and negative (Q~) modularities implicitly involve the possibility of establishing
signed links independently. Therefore, the total modularity represents the equilibrium between the inclination
of positive relationships to build communities and the tendency of negative ones to break up them. For our
particular case of study, links in the network can only take values {—2, —1, 1,2} depending on the relationship
sign (enmity or friendship) and intensity.

The positive modularity Q" is defined as

+,out | +,in
1 w; w;
+ _ § + _ ! J el
Q"= 2wt ij " 2wt 5(C1G). 3)

where w; is the (i, j) element of the positive weighted adjacency matrix and w;~* and w;" are the outer and

inner positive strengths associated to each node. C; represents the community which individual i belongs to,
so the Kronecker delta §(C;, Cj) takes value 1 if both nodes share community and 0 otherwise. The negative
modularity Q™ is defined by an analogous expression to 3 but using the absolute values of the negative weights.

The optimization of modularity is a NP-hard problem, due to the number of possible combinations growing
exponentially with the number of individuals. For this reason, we use a combination of heuristic algorithms (rou-
tines extremal, louvain, reposition, spectral, tabu, and fast from the software package Radatools, https://deim.urv.
cat/~sergio.gomez/radatools.php) to find the best partition of the network into communities (the one which
maximizes Q in equation 2).

Received: 13 April 2021; Accepted: 19 May 2021
Published online: 03 June 2021

References
1. Dunbar, R. I. M. The anatomy of friendship. Trends Cog. Sci. 22, 32-51 (2017).
2. Demir, M. & Weitekamp, L. I am so happy cause today I found my friend: Friendship and personality as predictors of happiness.
J. Happiness Stud. 8, 181-211 (2007).
. Reblin, M. & Uchino, B. N. Social and emotional support and its implication for health. Curr. Opin. Psychiatry 21, 201-205 (2008).
. Smith, K. P. & Christakis, N. A. Social networks and health. Am. J. Sociol. 34, 405-429 (2008).
5. Dominguez, S. & Arford, T. It is all about who you know: social capital and health in low-income communities. Health Sociol. Rev.
19, 114-129 (2010).
6. Jackson, M. O., Rodriguez-Barraquer, T. & Tan, X. Social capital and social quilts: network patterns of favor exchange. Am. Econ.
Rev. 102, 1857-97 (2012).
7. Anderson, R. M. & May, R. M. Infectious Diseases of Humans: Dynamics and Control (Oxford University Press, 1991).
8. Read, J. M., Eames, K. T. & Edmunds, W. J. Dynamic social networks and the implications for the spread of infectious disease. J.
R. Soc. Interface 5, 1001-1007 (2008).
9. Lopez-Pintado, D. An overview of diffusion in complex networks. In: Complex Networks and Dynamics, Commendatore, P,
Matilla-Garcia, M., Varela, L.M., Cénovas, J.S. (Eds.), pp. 27-48. Springer (2016).
10. Jackson, M. O. The friendship paradox and systematic biases in perceptions and social norms. J. Polit. Econ. 127, 777-818 (2019).
11. Borgatti, S. P, Mehra, A., Brass, D. J. & Labianca, G. Network analysis in the social sciences. Science 323, 892-895 (2009).
12. McCarty, C., Lubbers, M., Vacca, R. & Molina, J. L. Conducting Personal Network Research: A Practical Guide (Guilford Press,
2019).
13. Hill, R. A. & Dunbar, R. I. M. Social network size in humans. Hum. Nat. 14, 53-72 (2003).
14. Roberts, S. B. G., Dunbar, R. I. M, Pollet, T. V. & Kuppens, T. Exploring variations in active network size: constraints and ego
characteristics. Soc. Netw. 31, 138-146 (2009).
15. MacCarron, P, Kaski, K. & Dunbar, R. I. M. Calling Dunbar’s numbers. Soc. Netw. 47, 151-155 (2016).
16. Dunbar, R. I. M. Structure and function in human and primate social networks: implications for diffusion, network stability and
health. Proc. R. Soc. A 476, 20200446 (2020).
17. Dunbar, R. I. M. & Spoors, M. Social networks, support cliques and kinship. Hum. Nat. 6, 273-290 (1995).
18. Sutcliffe, A. G., Dunbar, R. 1. M., Binder, ]. & Arrow, H. Relationships and the social brain: integrating psychological and evolution-
ary perspectives. Br. J. Psychol. 103, 149-168 (2012).
19. Buys, C.J. & Larsen, K. L. Human sympathy groups. Psychol. Rep. 45, 547-553 (1979).
20. Tamarit, I, Cuesta, J. A,, Dunbar, R. I. M. & Sanchez, A. Cognitive resource allocation determines the organization of personal
networks. Proc. Natl. Acad. Sci. USA 115, 8316-8321 (2018).
21. Holme, P. & Saramiki, J. Temporal networks. Phys. Rep. 519, 97-125 (2012).
22. Cattuto, C. et al. Dynamics of person-to-person interactions from distributed RFID sensor networks. PLOS ONE 5, (2010).
23. Stehlé, J. et al. High-resolution measurements of face-to-face contact patterns in a primary school. PLOS ONE 6, (2011).
24. Roberts, S. B. G. & Dunbar, R. I. M. The costs of family and friends: an 18-month longitudinal study of relationship maintenance
and decay. Evol. Hum. Behav. 32, 186-197 (2011).

NN

Scientific Reports |

(2021) 11:11694 | https://doi.org/10.1038/s41598-021-90984-z nature portfolio


https://deim.urv.cat/~sergio.gomez/radatools.php
https://deim.urv.cat/~sergio.gomez/radatools.php

www.nature.com/scientificreports/

25. Sekara, V., Stopczynski, A. & Lehmann, S. Fundamental structures of dynamic social networks. Proc. Natl. Acad. Sci. USA 113,
9977-9982 (2016).

26. Dunbar, R. I. M. Coevolution of neocortex size, group size and language in humans. Behav. Brain Sci. 16, 681-735 (1993).

27. Bhattacharya, K., Ghosh, A., Monsivais, D., Dunbar, R. I. M. & Kaski, K. Gender differences in social focus across the life cycle in
humans. R. Soc. Open Sci. 3, (2016).

28. Fung, H. H., Carstensen, L. L. & Lang, F. R. Age-related patterns in social networks among European Americans and African
Americans: implications for socioemotional selectivity across the life span. Int. J. Aging Human Dev. 52, 185-206 (2001).

29. Carstensen, L. L. Selectivity theory: social activity in life- span context. Annu. Rev. Gerontol. Geriatr. 11, 195-217 (1991).

30. South, S. J. & Haynie, D. L. Friendship networks of mobile adolescents. Soc. Forces 83, 315-350 (2004).

31. Roberts, S. B. G. & Dunbar, R. I. M. Managing relationship decay: network, gender, and contextual effects. Hum Nat. 26, 426-45
(2015).

32. Liu, M. & Chen, X. Friendship networks and social, school and psychological adjustment in Chinese Junior High School students.
Psychol. Schools 40, 5-17 (2003).

33. Gucly, H. et al. Social Contact Networks and Mixing among Students in K-12 Schools in Pittsburgh. PA. PLoS ONE 11, (2016).

34. Stadtfeld, C., Takacs, K. & Voros, A. The emergence and stability of groups in social networks. Soc. Netw. 60, 129-145 (2020).

35. Kucharski, A. J. et al. Structure and consistency of self-reported social contact networks in British secondary schools. PLOS ONE
13, (2018).

36. Fortunato, S. Community detection in graphs. Phys. Rep. 486, 75-174 (2010).

37. Granell, C., Gomez, S. & Arenas, A. Mesoscopic analysis of networks: Applications to exploratory analysis and data clustering.
Chaos 21, (2011).

38. Jacomy, M., Venturini, T., Heymann, S. & Bastian, M. ForceAtlas2, a Continuous Graph Layout Algorithm for Handy Network
Visualization Designed for the Gephi Software. PLoS ONE 9, (2014).

39. Almaatoug, A., L. Radaelli, L., Pentland, A., Shmueli, E. Are you your friends friend? poor perception of friendship ties limits the
ability to promote behavioral change. PloS ONE 11, e0151588 (2016).

40. Huitsing, G. et al. Univariate and multivariate models of positive and negative networks: Liking, disliking, and bully-victim rela-
tionships. Soc. Netw. 34, 645-657 (2012).

41. Heider, F. Attitudes and cognitive organization. J. Psychol. 21, 107-112 (1946).

42. Cartwright, D. & Harary, E. Structural balance: a generalization of Heider’s theory. Psychol. Rev. 63, 277-293 (1956).

43. Harary, F On the measurement of structural balance. Behav. Sci. 4, 316-323 (1959).

44. Taylor, H. E Balance in Small Groups (Van Nostrand Reinhold, 1970).

45. Feng, D., Altmeyer, R,, Stafford, D., Christakis, N. A. & Zhou, H. H. Testing for balance in social networks. J. Amer. Stat. Assoc.
1-19 (2020).

46. Newman, M.E.J. Analysis of weighted networks. Physical Review E 70, 056131(2004).

47. Goémez, S., Jensen, P. & Arenas, A. Analysis of community structure in networks of correlated data. Physical Review E 80,
016114(2009).

Acknowledgements

We are very thankful to Miguel Angel Villa, Pilar Pascual, Carmen Gonzalo and Silvia Ibafiez at IES Blas de Otero
for their invaluable help in carrying out the research and the informative discussions of the results. We are grateful
to the students participating in the study and their families for their collaboration. We are also thankful to Jests
Herrera for his help in carrying out the surveys and with the survey software. This research has been funded by
the Spanish Ministerio de Ciencia, Innovacién y Universidades-FEDER funds of the European Union support,
under project BASIC (PGC2018-098186-B-100) and by the Comunidad de Madrid under projects PRACTICO-
CM and CAVTIONS-CM-UC3M (the latter co-funded by Universidad Carlos III de Madrid).

Author contributions
J.A.C. and A.S. conceived the experiment(s), D.E., EJ.L., J.LA.C. and A.S. conducted the experiment(s), D.E.
and V.D.-M. analyzed the results, and all authors discussed the results and wrote and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-90984-z.

Correspondence and requests for materials should be addressed to A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:11694 | https://doi.org/10.1038/s41598-021-90984-z nature portfolio


https://doi.org/10.1038/s41598-021-90984-z
https://doi.org/10.1038/s41598-021-90984-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Evolution of social relationships between first-year students at middle school: from cliques to circles
	Results
	Individuals and Dunbar’s circles. 
	Networks and community structure. 

	Discussion
	Methods
	Exploring social structure: the  parameter. 
	Community detection. 

	References
	Acknowledgements


