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Abstract

Emotional bookkeeping is the process by which primates integrate the emotional effects of
social interactions to form internal representations of their affiliative relationships. The
dynamics and speed of this process, which comprises the formation, maintenance and fad-
ing out of affiliative relationships, are not clear. Empirical data suggest that affiliative rela-
tionships are slowly formed and do not easily fade out. The EMO-model, an agent-based
model designed to simulate the social life of primates capable of emotional bookkeeping,
was used to explore the effects of different types of internal relationship dynamics and
speeds of increase and decrease of relationship strength. In the original EMO-model the
internal dynamics involves a fast built-up of a relationship independent of its current quality,
alongside a relatively fast fading out of relationship quality. Here we explore the effect of this
original dynamics and an alternative dynamics more in line with empirical data, in combina-
tion with different speeds of internal relationship quality increase and decrease, on the differ-
entiation and stability of affiliative relationships. The alternative dynamics leads to more
differentiated and stable affiliative relationships than the original dynamics, especially when
the speed with which internal relationship quality increases is low and the speed with which
it decreases is intermediate. Consequently, individuals can groom different group members
with varying frequency and support a rich social life with stable preferred partners and atten-
tion to several others. In conclusion, differentiated and stable affiliative relationships are
especially formed when friends are not made too quickly and not forgotten too easily.

Introduction

Affiliative relationships play a key role in the lives of many group-living animals [1-3]. These
relationships are both expressed by grooming and sitting in close proximity as well as formed
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and maintained through these behaviours. Affiliative relationships, also called social bonds or
friendships [4,5], are found both among kin and non-kin partners [2,6-9] and can be main-
tained over extended periods of time [primates: 8,10-14; elephants: 15; and dolphins: 16-19].
Strong affiliative relationships provide benefits, such as better access to mating partners or
food resources, more effective territory defence and a lower risk of predation [3,20-22] and
increases reproductive success and longevity [22-26]. Especially in primates, the presence of
affiliative relationships has been recognized as a key component of the social organisation of
primate groups. Furthermore, both empirical and theoretical studies have shown that both
humans and many non-human primate species live in diversified social structures, typically
characterised by a smaller number of high-quality relationships and a larger number of low-
quality relationships [27-31]. However, how long-lasting affiliative relationships are formed,
maintained and fade out is unclear, especially regarding the role of the internal cognitive/emo-
tional processes.

In primates, several mechanisms have been proposed that lead to the formation of affiliative
relationships. In order of increasing cognitive/emotional requirements, they may result from
repeated chance encounters [32], from social symmetry such as age or dominance [33], from
emotional bookkeeping when the emotional impact of previous interactions guide future
interactions [10,34,35], and from calculated reciprocity [33] when memories of previous social
interactions lead to reciprocation. While emotional bookkeeping requires individual recogni-
tion of group members and the capacity to integrate interactions into a single emotional evalu-
ation of that group member, it does not require episodic-like memory [36]. Empirical data
suggest that in primates these requirements for emotional bookkeeping are met. Primates rec-
ognize the affiliative relationships between themselves and others [37] and relationships
among other individuals [37-41]. It seems clear that animals have at least some form of inter-
nal representation of their group members. In addition, Agent Based Models (ABM), such as
the EMO-model [42], indicate that the differentiated affiliative relationships (i.e. relationships
in which there is a categorical difference between high quality and low quality relationships) as
found in empirical studies in primates can result from emotional bookkeeping. Such differen-
tiated affiliative relationships will be found when individuals have friendships with some but
not with other group members. However, how exactly this internal bookkeeping process regu-
lates the formation of a relationship, its maintenance and its fading out is largely unknown.

Several studies suggest that the quality of an affiliative relationship may affect the physiolog-
ical state of individuals in an interaction. Indeed, Barbary macaques show increased physiolog-
ical stress levels when group members with whom they have a weak affiliative relationship
move into proximity [43]. Rhesus macaque heart rate responses to social interactions, that
reflect stress, are lower when approached by kin than by non-kin [44]. A study on wild chim-
panzees found that levels of oxytocin, a hormone linked to bond formation, are higher after
grooming with a preferred partner compared to after grooming with a less preferred partner
[45] and also after food sharing with a preferred partner relative to a less preferred partner
[46]. Since emotional bookkeeping is based on the emotional impact of social interactions,
these physiological differences related to differences in the quality of affiliative relationships
may therefore affect and reflect the dynamics of emotional bookkeeping.

In addition, there are studies that suggest that the stability of affiliative relationships
depends on relationship quality. In female baboons, relationships among most preferred part-
ners are more stable than relationships among less preferred partners, which are often chang-
ing from year to year [47,48]. In male chimpanzees both the quality of an affiliative
relationship and its stability are correlated with grooming symmetry [12]. However, bonobo
dyads with a strong affiliative relationship show less direct short-term reciprocity yet have a
more balanced relationship in the long-term than dyads with a weak social relationship [49].
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This indicates that the dynamics of strong and weak affiliative relationships differ and that the
emotional impact of an interaction depends on the current quality of the relationship. If strong
specific relationships provide clear fitness benefits, dynamics that are more beneficial to the
formation and maintenance of such relationships could evolve through natural selection.
Therefore, specific dynamics may have evolved depending on which type of relationship is
most valuable in terms of fitness.

These findings from empirical research concerning the dynamics of emotional bookkeep-
ing can be studied well using Agent Based Models (ABMs). An ABM is a well-established tool
to investigate the mechanisms that determine the structure of a complex system of interacting
actors [50,51]. Because these mechanisms are explicitly formulated in an ABM, the causation
of emerging patterns can be investigated extensively. An added advantage of ABMs is that they
do not require harming the welfare of any experimental animals. Several studies that used
ABMs found the formation of individual-specific reciprocal grooming relationships
[32,36,42,52]. In the EMO-model [36,42,53], all simulated individuals are capable of emotional
bookkeeping. The model individuals base their partner-specific valuation, called the ‘LIKE’
attitude, on received grooming. LIKE determines the likelihood of affiliative behaviour
towards this specific partner [36]. In this model reciprocal grooming relationships emerge
when grooming and LIKE within a dyad are mutually reinforced. This occurs only in a limited
part of the parameter space, when the actors are very selective when choosing a partner [42]
and when LIKE values faded out with intermediate speed [53]. Only in these parameter set-
tings did actors obtain a LIKE value that was differentiated between individuals, necessary for
differentiated affiliative relationships. Altogether, the dynamics of the original EMO-model
[53, Fig 1A] allows affiliative relationships to build up easily, yet is not very accommodating
for maintaining affiliative relationships, since they fade out quickly. In this paper, we explore
how these original EMO-model dynamics affect the establishment of affiliative relationships
compared to alternative dynamics.

In the EMO-model with the original dynamics of gaining and maintaining LIKE, the speed
at which LIKE increases is independent of the quality of the affiliative relationships (Fig 1A).
In addition, the original decrease dynamics of LIKE assume that strong affiliative relationships
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Fig 1. The increase and decrease of LIKE for the original and alternative dynamics for the different increase and

decrease speeds. The two figures on the left show three different increase speeds, from left to right: Fast, intermediate
and slow. The figures on the right show 6 different decrease speeds, from very fast on the left to very slow on the right.
The increase figures assume uninterrupted grooming and the decrease figures assume that no grooming occurs.

https://doi.org/10.1371/journal.pone.0249519.9001
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are less stable over time than weak social relationships (Fig 1B). In contrast, empirical studies
suggest that relationship quality may affect the dynamics of emotional bookkeeping in the
opposite direction, namely that increasing the emotional valuation requires relatively more
grooming for a very weak relationship (e.g. an unfamiliar individual) and that strong affiliative
relationships are more stable over time [5,43,45,46, see below]. This indicates that the original
dynamics of the EMO-model differs from those suggested by empirical work. Therefore, we
will explore the effect of alternative dynamics of formation and maintenance of LIKE that
reflect empirical findings. To this end, the increase and decrease of LIKE both follow a logistic
curve (Fig 1C and 1D). When the increase of LIKE during grooming follows a logistic curve,
the increase will be slow for affiliative relationships with a low LIKE value. This models the
potential negative influence of stress on the formation of social bonds [43]. Relationships with
a high LIKE value have a faster increase speed (cf. [45,46]), since these studies found higher
levels of oxytocin after interactions with preferred partners. Decrease of LIKE also follows a
logistic curve. This curve is characterised by a slow decrease of LIKE for relationships with a
high LIKE value and a fast decrease speed for relationships with an intermediate LIKE value.
This represents higher stability of strong affiliative relationships and the fact that less preferred
partners change more often over time (cf. [5]). While a range of different speeds at which
LIKE can decrease has been investigated [53], the EMO-model used a single (very fast)
increase speed. Because this original increase speed was chosen arbitrarily, this study also
investigated two slower increase speeds.

This study investigates in an agent-based model of emotional bookkeeping (the EMO-
model, [36]) how the formation and maintenance of long-lasting partner-specific affiliative
relationships (in the EMO-model represented by the ‘LIKE -attitude) is affected by the type of
dynamics determining how LIKE increases and decreases and by the speed with which LIKE
increases and decreases. To do this, the speed with which LIKE decreases and the level of part-
ner selectivity were systematically varied, following Evers et al. [53]. This was done for both
the type of dynamics used in the original EMO-model and the proposed alternative dynamics
as well as three different increase speeds of LIKE. To answer which temporal conditions are
necessary and sufficient for the formation of individualised affiliative relationships and their
maintenance over an extended period of time, the following questions were investigated. First,
what is the influence of dynamics and speed on the LIKE distribution and the differentiation
between high and low LIKE relationships. Second, how do dynamics and speed influence the
temporal stability of the LIKE distributions. Third, how do dynamics and speed influence the
parameter space that results in simulations with long lasting affiliative relationships.

Methods

The EMO-model is an agent-based model that, based on macaque behaviour, simulates agents
that possess the same behavioural rules while each individual agent has its own variable inter-
nal states [36]. These behavioural rules and internal states determine their actions and interac-
tions with other individuals in their environment. Internal states are in turn updated after
social interactions. The EMO-model has rules that dictate what an individual perceives, how
an individual moves relative to the other individuals in the environment and how it acts
toward other individuals. Individuals are able to perform affiliative (groom, affiliative signal)
and agonistic behaviour (attack, aggressive or submissive signal), besides being able to move
around (leave, approach, avoid, random walk). The internal states consist of emotional states
and partner specific emotional attitudes.

The three dimensions of the emotional state are arousal, anxiety and satisfaction. Arousal
determines the chance that an individual will select an active behaviour instead of resting
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behaviour. Satisfaction increases as a result of grooming, which will simultaneously increase the
partner-specific emotional valuation, or LIKE attitude. Individuals also have a fixed partner-
specific FEAR attitude that is determined by the difference in dominance in a dyad, consistent
with a stable dominance hierarchy. The environment of the EMO-model is purely social. The
behaviour of individuals, their emotional states and LIKE attitudes are all exclusively influenced
by interactions between individuals. Furthermore, LIKE attitudes are only influenced by affilia-
tive behaviour, not by agonistic interactions. Any possible influence of activities or emotional
states unrelated to social interactions (e.g. foraging, hunger) are not considered.

The EMO-model was adapted in NetLogo 5.3.1. The original model is described by Evers
et al. ([36,42]: provides a full description of the model) following the ODD protocol [54]. This
methods section includes a general description of the EMO-model and a detailed description
of LIKE attitudes. It describes in detail how LIKE attitudes change over time and how they are
affected by the original dynamics of the EMO-model (i.e. [36]) and the new alternative dynam-
ics that was inspired by empirical data on wild chimpanzees, baboons and macaques. Lastly,
the methods section will address the simulation experiments and statistical analysis.

General description

We simulated the movements and interactions of 20 primate-like model individuals, that are
characterised by several state variables. These variables concern ‘waiting time until next
action’, ‘attention to others’, ‘dynamic emotional states’, ‘dynamic emotional attitudes towards
others’ and ‘dominance strength’. The individuals do not vary in gender or age and kinship
relationships have not been specified.

Individuals differ in state variables that change dynamically over time, such as their sched-
uled time until a next action (myTIME), their scanning probability (myPscan) and the width
of their view angle (myVIEW_ANGLE). Furthermore, these individuals are defined by their
emotional state. The emotional state consists of arousal, anxiety and satisfaction (myAROU-
SAL, myANXIETY and mySATISFACTION; [36]) which change dynamically due to social
interactions. The changes in satisfaction are integrated into the partner-specific LIKE attitude
that therefore also changes dynamically. The partner-specific FEAR attitude is fixed and deter-
mined by an individual’s dominance strength. Individuals have a fixed dominance strength
ranging from 0.05 (3; for the lowest ranked individual) up to 1 (; for the highest ranked indi-
vidual) which represents a stable dominance hierarchy.

The model environment is a continuous two-dimensional grid (300 x 300 grid units). This
grid has a torus shape to exclude the influence of border effects. The length of one grid unit
represents 1 meter, and one time-step represents 1 minute. The model only simulates the
active part of an individual’s day and therefore a day is defined as 12 hours. A year is defined
as 350 days and a month as %th of a year (approximately 29 days). Simulations were run for
504000 time-steps (2 years) after a stabilization period. Because a higher LIKE-HISTORY
WEIGTH (LHW)), i.e. a slower decrease speed of LIKE, requires the model to run for a longer
time before LIKE attitudes stabilise, the stabilisation period prior to the 2-year data-recording
period was longer for higher LHW values (i.e. at least 6000 time steps and for high LHW val-
ues: 30 * LHW * minutes).

Increase and decrease speed of LIKE and partner selectivity

Both different speeds of increase (LINC) and decrease of LIKE (LHW cf. [53]) were studied as
well as various levels of partner selectivity (LPS).

To study variation in the increase speed of LIKE, a new parameter, LIKE-INCREASE
(LINC), was created. LINC varies the increase speed of LIKE. A ‘fast’ LINC corresponded with
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the increase speed used by Evers et al. [53] (i.e. 10 minutes of grooming is required to increase
LIKE from its minimum to its maximum value). An intermediate LINC was 3 times slower
than the fast LINC (i.e. it took 30 minutes of grooming) and a slow LINC was 6 times slower
than the fast LINC (i.e. it took 60 minutes of grooming). We study these different speeds of
increase with both the original dynamics and the alternative dynamics.

Using the original EMO-model [53], the decrease of LIKE (LHW) and LIKE-PARTNER
SELECTIVITY (LPS) were varied. LHW describes the period LIKE is retained at a level above
0.5 (starting at 1). LPS describes the extent to which LIKE influences the probability of an indi-
vidual choosing a specific other individual to groom, i.e. an individual’s selectivity. A higher
LPS, i.e. more selectivity in partner choice, will result in an individual more often choosing to
groom partners with a high LIKE value over partners with lower LIKE values. An LHW of 0
causes the LIKE to decrease very quickly (i.e. it decreases from the highest to the lowest value
within 50 minutes) and with an LHW of 21600 LIKE decreases slowly (i.e. LIKE will decrease
to half of its original value in 21600 MINUTES, or approximately one month). We study these
different speeds of decrease with both the original dynamics and the alternative dynamics.

LIKE and its dynamics

In this model, emotional bookkeeping is simulated by the capacity of individuals to increase
and maintain LIKE. LIKE values are an individual’s emotional valuation of a specific group
member. LIKE is dynamic and changes over time. The increase and decrease of LIKE were
both varied in two different ways: their dynamics, i.e. the original or alternative dynamics, and
their speeds.

First, this study will investigate two ‘dynamics’ of LIKE: the original dynamics (cf. [36]) and
alternative dynamics (Fig 1) that represent two different ways in which LIKE may increase or
decrease within the timeframe determined by LINC or LHW (compare Fig 1A-1D). The
increase of LIKE follows either a linear (original dynamics) or a logistic (alternative dynamics)
curve (see Table 1 for an overview of the different formulas used). If a linear curve is used, the
increase speed of LIKE is constant. Conversely, the increase speed of LIKE depends on the
value of LIKE itself if a logistic curve is used. Without grooming, LIKE is retained over time
either following an exponential curve (original dynamics) or a logistic curve (alternative
dynamics). The decrease speed of LIKE always depends on the value of LIKE itself, regardless
of which dynamics is used. An exponential decrease is characterised by rapidly decreasing
high LIKE values and relatively slowly decreasing low LIKE values. The crucial difference is
that for a logistic curve, the highest LIKE values and the lowest LIKE values increase and
decrease very slowly, while intermediate LIKE values change rapidly. While the logistic curve

Table 1. The different formulas that describe the increase and decrease of LIKE.

Increase speed (LINC) Decrease speed (LHW)
Linear LIKE(x) = a*x -
Exponential - LIKE(x) = 0.50%
Logistic LIKE(x) = LIKE(x) = 1 —

x is time in minutes, ‘k’ and ‘a’ are measures of the steepness of the curve.

The original dynamics uses a linear formula to calculate increase of LIKE and an exponential formula to calculate its
decrease. The alternative dynamics uses a logistic formula to calculate both increase and decrease of LIKE. Note that
the alternative formulas are inspired by empirical data. See S1 Table for the values of ‘’k’ and ‘a’ that were used for the
different increase and decrease speeds.

https://doi.org/10.1371/journal.pone.0249519.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0249519  April 2, 2021 6/20


https://doi.org/10.1371/journal.pone.0249519.t001
https://doi.org/10.1371/journal.pone.0249519

PLOS ONE

Emotional bookkeeping: Exploring the role of dynamics and speed in updating relationship quality

used in the alternative dynamics approaches 0 and 1, it never reaches either of them. To avoid
that LIKE is unbounded an arbitrary lower and upper limit were chosen (i.e. 0.01 and 0.99).

The original and alternative dynamics differ in the ease with which LIKE increases and
decreases and therefore models differ in how easy affiliative relationships are formed and
maintained. If the increase of LIKE follows a linear curve and decrease of LIKE follows an
exponential curve (original dynamics, as used by Evers et al. [36]), then the amount of groom-
ing necessary to form or strengthen a relationship is the same for all dyads in the group. Under
these conditions a stronger relationship requires more frequent grooming to maintain. If
increase and decrease of LIKE both follow a logistic curve (alternative dynamics), both the for-
mation and the maintenance of the relationship is impacted by the quality of the relationship.
Initial formation of a relationship is very slow, while it is relatively easy to improve an interme-
diate relationship (i.e. LIKE increases more rapidly once LIKE reaches above a certain thresh-
old) and to maintain a high-quality relationship.

Several simulation runs were performed that combined a linear increase (original dynam-
ics) with a logistic decrease (alternative dynamics) (dynamics 3), and a logistic increase (alter-
native dynamics) with an exponential decrease (original dynamics) (dynamics 4) to determine
whether the changes in the increase and decrease dynamics separately had an effect on the dif-
ferentiation of affiliative relationships.

A high LIKE score increases an individual’s probability of performing affiliative behaviour
towards a specific other individual. This influences the frequency with which these two indi-
viduals interact, which in turn determines whether or not a high LIKE attitude is maintained.
Because grooming rates and LIKE attitudes are directed from an actor to a receiver, they are
by definition not symmetrical within a dyad.

Simulation experiments

In this study, three different increase speeds (LINC), six different decrease speeds (LHW) and
4 different levels of partner selectivity (LPS) were systematically varied for two different
dynamics (see Table 2 for an overview of all parameter settings used in this study). This
resulted in a total of 144 simulation runs with different combinations of parameter settings.
For each of these combinations, two independent simulation runs were performed. The two
different simulation runs resulted in very similar distributions of LIKE, grooming and proxim-
ity. Results from the first simulation run are shown. In addition, to determine whether an
observed difference between the two dynamics is due to the changes in the dynamics of
increase or decrease, simulations were performed using dynamics 3 and dynamics 4 for two
different increase speeds (fast & slow), an intermediate decrease speed (LHW = 2880), and a
very high level of selectivity (0.99).

Table 2. Overview of parameter settings used in this study.

Dynamics original; alternative; dynamics 3; dynamics 4
LINC Fast (1/10); Intermediate (1/30); Slow (1/60)
LHW 0 or 25; 180; 720; 2880; 5400; 21600

LPS 0.5;0.9; 0.95; 0.99

LINC: The different levels of increase speed of LIKE (in LIKE/minutes of being groomed).

LHW: The number of minutes it takes for LIKE to decrease to half its value; LHW = 0 for the original dynamics,
corresponds to LHW = 25 for the alternative dynamics.

LPS: The general probability for affiliative behaviour as a function of the LIKE attitude.

https://doi.org/10.1371/journal.pone.0249519.t1002
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Analyses

To quantify the level of differentiation of LIKE values, we categorized the LIKE values
(averaged over the ‘second year’ of the recording period) in three groups: high LIKE values
(LIKE > = 0.75), intermediate LIKE values (0.25< LIKE< 0.75) and low LIKE values

(LIKE = < 0.25). For each group we counted the number of relationships. Subsequently, we
calculated an average LIKE value for these three groups separately. To investigate the stability
of LIKE over time, LIKE distributions at 5 points in time, separated by half a year, were used
(start of the recording period, half a year, one year, one and a half years and the end of the
recording period). To assess stability, an R* was calculated for each transition (i.e. between the
LIKE distribution at the start of the recording period and the LIKE distribution after half a
year, between half a year and one year, et cetera). The resulting four R values were averaged
and this averaged value was subsequently compared between the original and alternative
dynamics for 3 different increase speeds and LHW = 2880. Finally, the averaged R* of simula-
tion runs using 4 different levels of selectivity were compared for the alternative dynamics
with a slow increase speed and intermediate decrease speed (2880). Statistical analyses were
performed in R 3.2.3 [55].

Validation

No group-level properties are implemented in this model, which only contains rules dictating
individual behaviour. All group-level properties are emergent properties that are determined
by the interactions of the individuals in the model. The EMO-model was validated by compar-
ing results to empirical data on several species of free-living macaques (Macaca spp.; [36]).

Results
Distributions of LIKE

To determine which parameter settings resulted in differentiated high-LIKE and low-LIKE
relationships (i.e. strong and weak affiliative relationships), the dyadic LIKE values, the num-
ber of relationships categorised as high, intermediate and low quality, as well as the average
LIKE of these groups were visually assessed. Simulation runs with the original dynamics and
fast increase of LIKE replicated the outcomes found by Evers et al. [53], who used an older ver-
sion of NETLogo. For these original dynamics and fast increase combined with very fast
decrease speeds of LIKE (0 and 180), all dyads in the group have very low LIKE values (close to
0) (Fig 2A). These settings combined with very slow decrease speeds (5400 and 21600) result
in simulation runs in which every relationship has a high LIKE value (Fig 2A). The only set-
tings that give patterns similar to empirical observations of long-lasting partner-specific
grooming are an intermediate decrease speed (720) and a very high level of selectivity (0.99)
(Fig 2A). Since very slow decrease speeds, very fast decrease speed and low levels of selectivity
do not result in differentiation of high-LIKE and low-LIKE relationships, the comparison
between the original and alternative dynamics for the three different speeds of increase will be
shown for decrease speeds 720 and 2880 (both intermediate speeds of decrease) and partner
selectivity 0.99 and 0.95 (see S1 Fig for a complete overview of dyadic LIKE-values for all
parameter settings).

The alternative dynamics gives, combined with a fast increase speed, a pattern in affiliative
relationships that is similar to the original dynamics (Figs 2A, 2B, 3A and 3D). Still, the alter-
native dynamics results in relatively more differentiation between high-LIKE and low-LIKE
relationships, when compared to the original dynamics (i.e. high-LIKE relationships have
higher LIKE-values and low-LIKE relationships have lower LIKE values). This is illustrated by
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https://doi.org/10.1371/journal.pone.0249519.9002

the fact that the original dynamics result in a higher number of intermediate relationships
compared to the alternative dynamics, which is also true for different levels of partner selectiv-
ity (see S2 Fig). Furthermore, the difference between average LIKE values of intermediate

and high quality relationships is consistently larger when the alternative dynamics are used
(see S3 Fig).

The influence of a slower increase speed was assessed by comparing the three different
increase speeds. The original dynamics in combination with a fast increase speed results in dif-
ferentiated LIKE attitudes when the decrease speed is intermediate (LHW = 720). However,
when the original dynamics was combined with an intermediate or slow increase speed and a
slower intermediate decrease speed (LHW = 2880) this resulted in a more differentiated
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Fig 3. Dyadic LIKE values averaged over the “second year” of the recording period for two different levels of
partner selectivity (LPS) and two different decrease speeds (LHW) compared between the original and alternative
dynamics and three different increase speeds. On the y-axis individuals are ordered from low ranking (top row) to
high ranking (bottom row). On the x-axis individuals are ordered from low ranking (left) to high ranking (right). Each
square represents LIKE from one individual to another. LIKE ranges from 0.99 (black) to 0.01 (white).

https://doi.org/10.1371/journal.pone.0249519.9003

distribution (Figs 2C, 2E and 3A compared to 3F). A slower increase speed also relaxes the
requirement of very high partner selectivity: the pattern found for a slow increase speed, inter-
mediate decrease speed (LHW = 2880) and quite high partner selectivity (LPS = 0.95) also
shows differentiated LIKE patterns. Differentiated patterns were also found for the comparable
simulation runs with the alternative dynamics (Figs 2B, 2D, 2F and 3). Both the original and
the alternative dynamics, in combination with a slower increase speed, result in a simulation
run in which it takes more time to form a relationship. This leads to a LIKE distribution with a
smaller number of high LIKE relationships. Furthermore, using the alternative dynamics, rela-
tionships are formed even more slowly while high LIKE relationships are maintained over a
longer period of time. This results in fewer relationships that have intermediate relationship
quality and a larger difference in average LIKE between intermediate and high quality relation-
ships. Therefore, the differentiation caused by lowering the increase speed is much more pro-
nounced for the alternative than the original dynamics.

Therefore, while both the original and alternative dynamics result in differentiated LIKE
values in part of the partner selectivity (LPS) and speed of decrease (LHW) parameter space,
they differ in how pronounced this differentiation is, especially when the increase speed is low
(Figs 2 and 3). The original dynamics results in several relationships for each individual with
LIKE values that tend to form a gradient from higher LIKE to lower LIKE, with higher LIKE
values towards individuals that are closer in rank. The alternative dynamics in combination
with a slow increase speed results in a situation where most relationships either tend to be close
to 0 or close to 1. This difference between high-LIKE and low-LIKE relationships therefore is
closer to a categorical difference as opposed to a continuous range as is the case for the original
dynamics. While rank clearly plays a role, it cannot completely explain the distribution of LIKE.
There are several cases in which an individual has a high LIKE score towards an individual that
is not closest in rank, while having a lower LIKE score towards the individual that is closest in
rank. The more pronounced differences between high-LIKE and low-LIKE relationships caused
by the different dynamics are the result of grooming being distributed differently throughout
the group, as opposed to an absolute difference in amount of time spent grooming, in any run
in which most individuals have at least one high-LIKE relationship (54 Fig).
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Similarity between LIKE, grooming and proximity

To investigate which parameter settings resulted in stable partner-specific grooming and prox-
imity patterns, the same analysis that was used for the LIKE distributions was also performed
on dyadic grooming and proximity distributions. For the original dynamics, the similarity of
these patters has been established elsewhere [42, Fig 2]. Patterns of grooming, and less so prox-
imity, are similar to the patterns of LIKE using the alternative dynamics and an intermediate
increase speed (S5 Fig). This is also true for other parameter settings (see S6 and S7 Figs for an
overview of all dyadic grooming and proximity distributions, respectively). Therefore, groom-
ing and proximity also respond to changes in the dynamics, increase speed, decrease speed
and selectivity in a way similar to LIKE. Differences in proximity between dyads are less clear
than those for grooming and LIKE.

Combinations of the original and alternative dynamics

We explored whether the differences found between the original and alternative dynamics
were due to a difference in the way that LIKE increases or due to a difference in the way that
LIKE decreases. To this end, two additional dynamics were investigated, combining the origi-
nal increase dynamics with the alternative decrease dynamics (dynamics 3) and by combining
the alternative increase dynamics with the original decrease dynamics (dynamics 4). These
were compared to the original and the alternative dynamics (Fig 4). There is a visible differ-
ence when comparing the LIKE distributions that result from dynamics 3 and dynamics 4 to
the original and alternative dynamics, showing that neither the change to the increase nor the
change to the decrease of LIKE by itself causes the observed difference between the original
and alternative dynamics. Both dynamics 3 and 4 are characterised by a larger difference
between the highest and lowest LIKE values, since low LIKE values increase less quickly using
dynamics 4 and high LIKE values decrease less quickly using dynamics 3 compared to the orig-
inal dynamics. The two combined dynamics and the alternative dynamics, especially when

Original Dynamics 3 Dynamics 4 Alternative

Fast increase
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Fig 4. Dyadic LIKE values averaged over the “second year” of the recording period with a high level of partner
selectivity (LPS) and an intermediate decrease speed (LHW = 2880) compared between the original and
alternative dynamics as well as the two combined dynamics (dynamics 3 and dynamics 4) for two different
increase speeds. On the y-axis individuals are ordered from low ranking (top row) to high ranking (bottom row). On
the x-axis individuals are ordered from low ranking (left) to high ranking (right). Each square represents LIKE from
one individual to another. LIKE ranges from 0.99 (black) to 0.01 (white). The simulation runs shown for the original
dynamics and the alternative dynamics correspond to the two images on the right in Fig 3D and 3F.

https://doi.org/10.1371/journal.pone.0249519.9004
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combined with a slow increase speed, result in clear differentiation, with almost no relation-
ships of intermediate relationship quality (see S8 Fig). The distributions that result using
dynamics 3 and 4 seem to be clear intermediaries between the results of the alternative dynam-
ics and the original dynamics.

Stability of LIKE over time

To assess the stability of LIKE distributions over time, correlation scores were calculated
between LIKE distributions at 5 different points in time and subsequently averaged (Fig 5).
The average correlation for both the original and alternative dynamics in combination with a
fast increase speed of LIKE is very low (R* is 0.15 and 0.08, respectively; Fig 5A). The LIKE dis-
tribution is more stable when the increase speed is slower for both the original and alternative
dynamics (Fig 5B). However, the average correlation of alternative dynamics in combination
with a slow increase speed is more than twice as high as the average correlation of the original
dynamics (R” is respectively 0.89 and 0.39; Fig 5C).

Partner selectivity also has a strong influence on the stability of LIKE values (S9 Fig). A
lower level of selectivity results in less stable relationships. A slightly lower partner selectivity
(LPS = 0.9) will always result in a less stable LIKE distribution compared to the same parame-
ter settings with very high partner selectivity (LPS = 0.99). However, the distribution of LIKE
at lower selectively with the alternative dynamics is more stable than the distribution of LIKE
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Fig 5. Stability of LIKE values over time for the original and the alternative dynamics for intermediate decrease
speed (LHW = 2880), high partner selectivity (LPS = 0.99) and three different increase speeds. Each column shows
dyadic LIKE values at a different point in time, from the LIKE distribution at the start of the recording period (t = 0) to
the LIKE distribution at the end of the recording period (t = 2). An R? value was calculated between adjacent moments
in time and the 4 resulting R* values were averaged. The average R? is shown to the right of the 5 figures in each row.
In each level plot individuals are ordered from low ranking (top row) to high ranking (bottom row) on the y-axis and
from low ranking (left) to high ranking (right) on the x-axis. Each square represents LIKE from one individual to
another. LIKE ranges from 0.99 (black) to 0.01 (white). These simulation runs correspond to the two images on the
right in Fig 3D-3F.

https://doi.org/10.1371/journal.pone.0249519.9005
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with the original dynamics with high selectivity. This is also illustrated by a higher number of
intermediate quality relationships in the original than alternative dynamics (see S2 Fig). There-
fore, while the original dynamics require strong partner selectivity to form for stable relation-
ships, the alternative dynamics with a slow increase speed and intermediate decrease speed still
leads to stable relationships when partner selectivity is more relaxed.

Discussion

This study investigated the effect of two different types of dynamics in combination with different
speeds of change of an individual’s partner-specific valuation (LIKE) on the formation and main-
tenance of affiliative relationships, measured in the agent-based EMO-model that simulates pri-
mate behaviour. The original LIKE dynamics of the EMO-model resulted at group level in
gradually differentiated affiliative relationships and at dyadic level in some very good relation-
ships. The alternative dynamics resulted at group level in more differentiated and more stable
affiliative relationships. These alternative dynamics, inspired by empirical data [43-46], resulted
in more differentiated and more stable relationships. Differentiation and stability were higher for
both dynamics when LIKE increased slowly. Thus, the formation and differentiation of affiliative
relationships depend on the speed and manner of their increase during an affiliative interaction
(in particular grooming) as well as their decrease during episodes without grooming.

The dynamics of the increase and decrease of LIKE have a clear effect on the differentiation
of affiliative relationships, especially when the increase of LIKE is slow. The original dynamics
[36] was not designed to promote the establishment and maintenance of affiliative relation-
ships. In the original dynamics starting and strengthening of an affiliative relationship was
independent of its current quality, but high LIKE values quickly diminished unless maintained
through grooming interactions that followed each other quickly thanks to a very high partner
selectivity. Therefore, only in a very small part of the parameter space these dynamics resulted
in differentiated and long-term affiliative relationships [53]. The alternative dynamics was
based on empirical results that indicate that starting an affiliative relationship is relatively diffi-
cult and maintaining it relatively easy. These dynamics led at a low increase speed to highly dif-
ferentiated and very stable affiliative relationships, even when partner selectivity was less
strong. Therefore, the dynamics of increase and decrease of LIKE have a clear influence on the
distribution and stability of affiliative relationships in a group, and affect how differentiated
these relationships are.

In addition, the speed of increase and decrease of LIKE is important. At low speeds of
increase, relationships become more differentiated and stable. For both dynamics, the patterns
in the distributions of LIKE, grooming and proximity show that an intermediate decrease
speed and a high level of selectivity are both required for the formation of stable affiliative rela-
tionships. Moreover, this study shows that with a slower increase speed, a slower decrease
speed is also required for stable affiliative relationships to arise. If it takes more time to form a
social bond, the individuals have to remember these relationships longer as well if this relation-
ship is not to be ‘forgotten’. While partner selectivity needed to be as high as possible when
using the original dynamics, the alternative dynamics also results in stable and differentiated
LIKE distributions when partner selectivity is lower. Thus, perhaps rather counter intuitively,
when affiliative relationships are less easily formed, they are more stable.

The effect of different combinations of the original and alternative dynamics of increase
and decrease were explored. The results of the simulation runs that used a combination of the
alternative and the original dynamics were much more differentiated than those of the original
dynamics. Since both combined dynamics resulted in less intermediate quality relationships
than the original dynamics, both the alternative decrease dynamics (i.e. alternative dynamics
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and dynamics 3) as well as the alternative increase dynamics (i.e. alternative dynamics and
dynamics 4) contribute to forming differentiated relationships. Counterintuitively, the slower
initial increase speed of dynamics 4 leads to a larger number of high quality relationships com-
pared to the original dynamics. Combined with a slow increase speed, dynamics 3 results in
the highest number of high quality relationships of the 4 dynamics settings. This indicates that
both the dynamics of the decrease as well as of the increase of LIKE can play a significant role
in this process. Crucially, observed differences between dyads in grooming were the result of
individuals distributing their grooming differently and not simply due to a difference in abso-
lute grooming rates.

This finding that individuals should not appreciate the received grooming by someone else
too quickly in order for a long-term relationship to arise is in line with empirical studies that
inspired our alternative dynamics, both concerning stress and bonding (oxytocin). Apprecia-
tion of a new affiliative partner may be slow initially due to increased anxiety when approached
by an unfamiliar individual [43,44]. This slow increase is also suggested by studies in wild
chimpanzees. In chimpanzees, oxytocin concentrations following an affiliative interaction are
consistently higher for dyads that have a stronger affiliative relationship [45,46]. Thus, both
differentiated stress and bonding reactions that depend on the quality of an affiliative relation-
ship may be involved in emotional bookkeeping.

The finding that strong affiliative relationships are stable over long time periods also agrees
with empirical findings. Baboons tend to have few strong affiliative relationships that are stable
over a long period of time, while a larger number of weak affiliative relationships may change
from month to month [47,48]. The assumption implicit in the original LIKE dynamics, the
notion that a high-LIKE relationship would need more maintenance than a low-LIKE relation-
ship, therefore does not agree with these empirical findings. Both the outcome of the alterna-
tive dynamics and empirical data suggest that individuals do not constantly need to invest in
the maintenance of a strong bond.

The formation of affiliative relationships on the basis of grooming interactions is not
directly reflective of how, in the EMO-model, these interactions affect an individual’s internal
state, i.e. satisfaction. The original dynamics follows the proposed effect of grooming on satisfac-
tion: a linear increase due to a cumulative effect and a dose dependent decrease (an exponential
decrease; [36]). When the increase and decrease follow the speed of increase and decrease of sat-
isfaction in reaction to grooming, no high LIKE values are found [53; LHW = 180, Fig 2] and
affiliative relationships are not formed. Only at lower speeds of decrease does the original
dynamics yield long-term stable affiliative relationships. This implies that emotional bookkeep-
ing does not simply follow satisfaction of interactions, but that interactions must be transformed
into LIKE in a specific manner. This is also suggested by the current study, where not only the
speed of decrease, but also both the alternative dynamics and a slow increase speed impact the
formation of long-term stable LIKE distributions. Stable affiliative relationships are only formed
when the dynamics and speed ensure that multiple grooming interactions are combined and
their effect does not build up or fade away too quickly. This requires that such specific long-
term accumulation of the effect of dyadic grooming interactions has been selected. The fitness
benefits gained by strong affiliative relationships may lead to selection of favourable features,
such as the alternative dynamics, a slow speed of increase and an intermediate speed of decrease
retention. This also allows an individual to groom others than its most preferred partner or to
cease grooming the preferred partner for a period of time. Thus, the alternative dynamics and a
slow speed allow for a rich social life with preferred partners and attention to others.

Whether strongly differentiated and stable affiliative relationships are indeed found when
friends are not easily won but also not easily lost, remains to be established empirically. The
two main requirements that were identified by this study may be tested empirically. The
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concept that a slower formation of affiliative relationships should lead to more stable relation-
ships and more pronounced differences between high- and low-quality relationships may be
investigated within species as well as between different species. Within species, individuals that
are slower to approach newcomers may develop fewer, but stronger and more stable relation-
ships than individuals that easily contact newcomers, which would be in line with the idea that
introverts tend to have fewer but stronger relationships than extroverts [31]. Between species,
relationships are expected to be less differentiated in species where approaching newcomers is
easy than in those where it is tense. Testing these predictions may be achieved by measuring
their latency to interact with an unfamiliar individual. In addition, it can be investigated
whether strong relationships require more maintenance than weak ones, or that indeed they
are more easily maintained. For example, by investigating whether the strength of a relation-
ship is associated with the longest period of time without interactions within a dyad, or by
looking at the increase of stress (cf. [43,44]) or oxytocin (cf. [45,46]) that can be measured fol-
lowing an affiliative interaction in relation to the period without interactions. If an individual’s
oxytocin response is measured after interacting with a preferred and a less preferred individ-
ual, this would give a potential measure of the difference in the increase speed of the emotional
valuation. After not allowing the test subject to interact with either of these two partners for a
set period of time, the oxytocin response is measured again for both dyads. If the difference
between the strong and the weak relationship has become larger this would suggest that the
stronger relationship is more stable over time.

Conclusion

In conclusion, the dynamics and speed employed in emotional bookkeeping influence the ease
with which strong affiliative relationships are formed and maintained. The alternative dynam-
ics, implying difficulty to start or strengthen a new or weak relationship but ease to maintain a
strong relationship as inspired by empirical data, gave rise to more strongly differentiated and
more stable relationships over time compared to the original dynamics that was used in the
2015 paper by Evers et al [42]. Moreover, only when this process of emotional bookkeeping is
rather strictly employed will strong stable affiliative relationships arise. Since the dynamics
directly influences the quantity and quality of relationships in a group and since strong affilia-
tive relationships may provide fitness benefits, this study suggests that the dynamics hinted at
in empirical data has been selected to improve the formation of affiliative relationship through
emotional bookkeeping. While this study did not observe actual animals, the model gave clear
predictions that can be tested empirically. All in all, this modelling study shows that in a social
group of primates a clear differentiation between friends and non-friends will arise when
friends are not made too quickly and are remembered well.

Supporting information

S1 Fig. Dyadic LIKE values averaged over the “second year” of the recording period for
four different levels of selectivity (LPS) and six different decrease speeds (LHW). On the y-
axis individuals are ordered from low ranking (top row) to high ranking (bottom row). On the
x-axis individuals are ordered from low ranking (left) to high ranking (right). Each square rep-
resents LIKE from one individual to another. LIKE ranges from 0.99 (black) to 0.01 (white).
Figures a, b and ¢ show the original dynamics with a fast, intermediate and slow increase
speed respectively. Figures d, e and f show the alternative dynamics with a fast, intermediate
and slow increase speed respectively.

(PDF)
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$2 Fig. The number of relationships categorised as high, intermediate and low quality for
the original and alternative dynamics for the three increase speeds, four levels of partner
selectivity (LPS) and intermediate decrease speed (LHW = 2880). Each bar represents all
380 dyadic relationships in a single simulation run.

(PDF)

S3 Fig. The average LIKE value of relationships categorised as high, intermediate and low
quality for the original and alternative dynamics for the three increase and six decrease
speeds with very high partner selectivity (LPS = 0.99). The three different background col-
ours correspond to high quality relationships (LIKE > 0.75), intermediate quality relationships
(0.25 < LIKE < 0.75) and low quality relationships (LIKE < 0.25).

(PDF)

S4 Fig. The group average of grooming for 6 different LHWSs that were found in the 6 dif-
ferent combinations of dynamics and speed, i.e. the original dynamics and the alternative
dynamics each with three different increase speeds.

(PDF)

S§5 Fig. Dyadic LIKE values and dyadic grooming and proximity rates averaged over the
“second year” of the recording period with alternative dynamics and intermediate increase
speed, for two different levels of selectivity (LPS) and two different decrease speeds
(LHW). On the y-axis individuals are ordered from low ranking (top row) to high ranking
(bottom row). On the x-axis individuals are ordered from low ranking (left) to high ranking
(right). Each square represents LIKE (row 1), grooming (row 2) or proximity (row 3) from
one individual to another. LIKE ranges from 0.99 (black) to 0.01 (white). Grooming ranges
from 9.1 (black) to 0 (white). Proximity ranges from 0.58 (black) to 0 (white). The figures
show runs using the alternative dynamics and an intermediate increase speed. These simula-
tion runs correspond to the bottom two images in Fig 3B and 3E. See for the comparison
between dyadic grooming, proximity and LIKE-values with the original dynamics: [42, Fig 2].
(PDF)

S6 Fig. Dyadic grooming rates averaged over the “second year” of the recording period for
four different levels of selectivity (LPS) and six different decrease speeds (LHW). On the y-
axis individuals are ordered from low ranking (top row) to high ranking (bottom row). On the
x-axis individuals are ordered from low ranking (left) to high ranking (right). Each square rep-
resents grooming from one individual to another. Figures a, b and ¢ show the original dynam-
ics with a fast, intermediate and slow increase speed respectively. Figures d, e and f show the
alternative dynamics with a fast, intermediate and slow increase speed respectively. Grooming
ranges a: From 2.6 (black) to 0 (white); b: 3.4 to 0; ¢: 5.1 to 0; d: 2.6 to 05 : 9.1 to 0; f: 11.1 to 0.
(PDF)

S7 Fig. Dyadic proximity rates averaged over the “second year” of the recording period for
four different levels of selectivity (LPS) and six different decrease speeds (LHW). On the
y-axis individuals are ordered from low ranking (top row) to high ranking (bottom row). On
the x-axis individuals are ordered from low ranking (left) to high ranking (right). Each square
represents proximity from one individual to another. Figures a, b and ¢ show the original
dynamics with a fast, intermediate and slow increase speed respectively. Figures d, e and f
show the alternative dynamics with a fast, intermediate and slow increase speed respectively.
Proximity ranges from 0.4 (black) to 0 (white) in figures a, b and ¢: And from 0.58 to 0 in fig-
uresd, eand f.

(PDF)
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S8 Fig. The number of relationships categorised as high, intermediate and low quality for
the original dynamics, dynamics 3, dynamics 4 and the alternative dynamics for two
increase speeds (fast and slow), intermediate decrease speed (LHW = 2880) and very high
partner selectivity (LPS = 0.99). Each bar represents all 380 dyadic relationships in a single
simulation run.

(PDF)

S9 Fig. Stability of LIKE values over time for the alternative dynamics, intermediate
decrease speed (LHW = 2880) and four different levels of partner selectivity (LPS). Each
column shows dyadic LIKE values at a different point in time, from the LIKE distribution at
the start of the recording period (t = 0) to the LIKE distribution at the end of the recording
period (t = 2). An R? value was calculated between adjacent years and the 4 resulting R* values
were averaged. The average R” is shown to the right of the 5 figures in each row. On the y-axis
individuals are ordered from low ranking (top row) to high ranking (bottom row). On the x-
axis individuals are ordered from low ranking (left) to high ranking (right). Each square repre-
sents LIKE from one individual to another. LIKE ranges from 0.99 (black) to 0.01 (white).
Row 1 corresponds to the bottom row in Fig 5C and to the bottom right image in Fig 3F. Row
2 corresponds to the bottom left image in Fig 3F.

(PDF)

S1 Table. Levels of steepness used for the different increase and decrease speeds of LIKE.
(PDF)
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