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ABSTRACT

Throughout the evolution of primate and early hominid species, more complex social environ-
ments have been associated with increases in the size of the neocortex. However, despite the 
continuing increase in the social complexity of the human environment, evidence indicates 
that in recent millennia the human brain has not only stopped growing, but may have started 
to decrease in size. Several hypotheses have been suggested to explain this apparent decrease, 
including the collective intelligence hypothesis and the self-domestication hypothesis. Meth-
odological advances now allow for the detection of signals of selection in human genetic data, 
meaning selection pressure affecting human social complexity and structural characteristics 
of the human brain can be evaluated. Pleiotropy, a mechanism underlying several hypotheses 
explaining the evolution of brain size, can similarly be examined using genetic data. Such 
analyses may aid in our understanding of how the modern environment may affect the human 
brain in the long term. 
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INTRODUCTION

Researchers have wondered for decades how evolutionary processes have culminated in the 
large brains seen in primates and specifically humans. Based on earlier hypotheses and research, 
Barton and Dunbar (1997) described the ‘social brain hypothesis’ (SBH) (Dunbar, 1998) which 
put forward the hypothesis that ‘primates evolved large brains to cope with their unusually 
complex social lives’ (Dunbar, 2009). Functioning in these complex social systems might have 
led to increased survival odds either due to the increased protection from being hunted, or 
through increased access to food sources. At the time of its formulation, support for the social 
brain hypothesis stemmed from studies across primate species finding that group size is cor-
related specifically to the size of the neocortex (relative to other measures of brain size, such as 
total brain volume or medulla size) (Dunbar, 1998). Group size is considered a measure of the 
complexity of the social environment (‘social complexity’) (Bergman & Beehner, 2015; Dun-
bar, 2009; Kappeler et al., 2019a). The neocortex is mostly involved in higher-order processing 
functions such as cognition and learning. The large increase in relative size of the neocortex in 
primates is a strong indication of the importance of these functions, as brains are metabolically 
expensive and therefore the benefits in terms of reproductive success need to outweigh the cost 
of these increased metabolic requirements (Isler & van Schaik, 2006). 

One of the central ideas of the social brain hypothesis is the hypothesis that social complexity 
has been under selection pressure, strong enough and for a long enough duration to allow 
primates, including humans, to develop a uniquely large neocortex. However, the environ-
ment in which humans live has changed drastically from the environment where the closest 
living ancestor of humans and other primates lived, including the social characteristics of this 
environment. Has this environmental change affected the evolution of human brain, and if so, 
in what manner? 

In this review, we intend to highlight an aspect of human brain evolution that is relatively 
underexposed in scientific research. We will describe the results from research into this topic in 
the past decades, consistently finding strong (on an evolutionary scale) decreases in brain size 
over the past millennia, and summarize two prominent hypotheses offering potential explana-
tions for these findings. In the remainder of this review, we will focus on methods which can 
assist in a) further solidifying the evidence that selection is acting on brain size in a manner 
which will reduce brain size over time and b) discovering potential processes involved in these 
evolutionary processes. As a final point, we will describe how pleiotropic processes are central 
in hypotheses attempting to explain brain evolution and how they can potentially be involved 
in complicated evolutionary processes which require more specialized methods to detect. 
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RECENT EVOLUTIONARY DYNAMICS OF HUMAN 
BRAIN SIZE

Recently, DeSilva et al. (2021) published their analyses on hominid skull size using skull 
samples ranging from 10 million years ago up to very recent samples (Figure 1). They found 
that a slow increase from 10 million years ago changed to a sharp increase around 2.1 million 
years ago, slowing somewhat around 1.5 million years ago and then changing to a very strong 
decrease around 3,000 years ago. This decrease was many times greater than the increase was 
during the periods measured in this and previous studies. However, DeSilva et al. (2021) cau-
tion that their results should be interpreted conservatively, as the results from studies such as 
theirs are dependent on the characteristics of the sample used. 

One paper (Villmoare & Grabowski, 2022) showed that a reanalysis of the data from the paper 
by DeSilva and colleagues (2021) did not show a recent decrease in brain size. The authors 
bring up several valid points. First, they question the hypothesis set forward by DeSilva et 
al. (2021) that agriculture may have precipitated the decrease in brain size, as the results from 
the study by DeSilva et al. (2021) are based from samples across the world and the change 
to mostly agricultural food production occurred at different times across different regions. 
Therefore, the estimate of 3000 to 2000 years for the changepoint to the decrease in brain size 
does not overlap with the transition to agriculture for many samples in their data. Secondly, 
DeSilva et al. (2021) do not mention any p-values indicating the significance of their results, 
nor do they provide information why they did not or include other measures which could 
be used to determine to what extent their findings could have occurred by chance. The final 
criticism leveled is that the data is highly heteroscedastic as a result of the large difference in 
sample size between recent and older samples, with many more recent samples present. The 
solution offered by the authors is to reduce the number of samples significantly and averaging 

Figure 1. Examples of different findings regarding the change in brain size across the past ten million and 500000 
years. Cc = Cranial capacity. Data and figures used for the creation of this figure are: DeSilva et al. (2021)5 Figure 1 
and Table 1; Henneberg (1988)7 Table 3; Henneberg & Steyn (1993)8 Figure 1 (data consists only of male subjects); 
Liu et al. (2014)9 Table 2 and Table 3; and Villmoare & Grabowski (2022)6 Figure 2.
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the samples to create 100-year means. Both these actions result in a significant loss of informa-
tion, although they do reduce the heteroscedasticity. Based on their reanalysis, the authors 
conclude no significant change occurred in brain size across the past 300,000 years or the past 
30,000 years. 

However, several other papers from the past decades have also found decreases in human brain 
size (based on different measures of cranial volume) in more homogeneous samples. For ex-
ample, Henneberg (1988) found a significant decrease in both male and female cranial capacity 
using samples from Europe, North Africa and western Asia since the Mesolithic, which oc-
curred between 15,000 and 5,000 years ago. In a later study, Henneberg and Steyn (1993) find 
a similar decrease in cranial capacity for men and women using sub-Saharan samples starting 
around 17,000 years ago. In a more recent analysis, Liu et al. (2014) found a similar decrease 
in cranial capacity between a Neolithic sample (between 6200 and 5500 years old) from the 
Beiqian site in China and a sample of modern-day Chinese humans. 

Although the estimates for the duration of the decrease in human cranial capacity (and by 
association, brain size) vary significantly, many studies do appear to point at a decrease during 
recent evolution. However, even if the study criticizing the results from DeSilva et al. (2021) ar-
rived at a more accurate conclusion regarding the (lack of ) change in brain size across the past 
300,000 and 30,000 years, the change from a significant increase in brain size in ancestral 
human evolution to stagnation during recent evolution is still an important change, which 
does not appear to be reflected in a lack of change in social environment. The SBH implies 
a necessity of a large neocortex size in order to deal with complex social environments. As a 
result of the increase in size seen in many human societies, high numbers of social relations and 
interactions is a common occurrence. If humans require large neocortices to possess the cogni-
tive abilities to cope with complex social environments, why would brain size have stopped 
increasing or even be decreasing now, despite the social environment appearing as complex as 
or even more complex than ever in human evolutionary history?

Explaining potential decreases in brain size
Several researchers have attempted to offer explanations for the apparent decrease in human 
brain size occurring across recent millennia. Concomitant decreases in body mass or stature 
did not occur in a way which would explain the reduction in brain volume through allometric 
scaling (Hawks, 2011). Findings regarding decreases in brain size do not seem to be a local 
phenomenon, as evidence for decrease has been found in several different studies across several 
regions, including Europe, (Sub-Saharan) Africa, Asia and Australia (Brown, 1987; Henneberg, 
1998; Henneberg & Steyn, 1993; Henneberg, 2004; Liu et al., 2014).
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The authors from the study on ancient skulls from the Beiqian site in China and modern 
human skulls from Chinese individuals (Liu et al., 2014) found that although cranial capacity 
and several aspects of brain size had decreased throughout the Holocene, both the absolute 
frontal breadth and the relative frontal breadth compared to the total breadth of the brain had 
increased across the same period. The authors argued that the increase in size in the frontal lobe 
may be related to the importance of language (verbal and written) in the human environment, 
as the frontal lobe contains several regions with important functions for the understanding and 
use of language.

Associated with the possibility that language is causing the relative increase in frontal breadth 
in the samples in the study above, some researchers have argued that the cause of the decrease 
in cranial volume is that the cognitive benefits of a large brain no longer outweigh the energetic 
costs due to the development of a ‘collective intelligence’ in humans (DeSilva, 2021). The 
‘collective intelligence’ in this hypothesis can be described as a societal source of information 
which can be distributed amongst its members, reducing the cognitive requirements which 
would otherwise be necessary to maintain this information on an individual basis, and thereby 
allowing specialization. Practical implications of the collective intelligence hypothesis include 
the ideas that i) the decrease in cranial capacity results in reduced energetic requirements, 
ii) that a set of individuals with smaller cranial capacity can result in similar or improved 
reproductive fitness compared to single individuals with increased cranial capacity, and iii) 
that the reductions in cranial capacity are correlated with decreases in individual cognitive 
performance. Some evidence for the first and second points has been gathered through studies 
in animals (e.g. Kortschal et al., 2013) and simulation studies (e.g. Reséndiz-Behumea et al., 
2021). It might be possible to examine the third point by examining differences between hu-
mans in cranial capacity and cognitive performance, and particularly between different societ-
ies of humans, which allows for varying levels of behavioral specialization between individuals.

Another suggested hypothesis for the potential decrease in brain size is the self-domestication 
hypothesis (Bednarik, 2014). This hypothesis is based on observations in domesticated animals, 
who display a range of combined trait changes from wild animals, known as the domestica-
tion syndrome, which includes low aggression, flattened faces, smaller crania, reductions in 
tooth size and the retainment of youthful behavior after childhood (also called playfulness 
or neotenization), as well as other characteristics. Proponents of this hypothesis suggest that 
humans have protected themselves from natural selection by regulating access to resources 
and reproduction, thereby creating a situation where humans were selected not based on their 
adaptedness to the natural environment but on social traits and characteristics selected by 
humans, such as arbitrarily defined attractiveness. This then led to genetic changes which, 
through the presence of genes pleiotropic for the features selected for by humans and other 
features such as brain size, resulted in the domestication syndrome as described above. Testable 
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hypotheses of the self-domestication hypothesis include the existence of genes pleiotropic for 
the different characteristics associated with domestication syndrome, the presence of similar 
networks of pleiotropic genes in domesticated species on which the hypothesis is build, such 
as the farm fox, and the presence of signals of directional selection on these pleiotropic genes 
in both humans and other species for which domestication syndrome is considered present. 

MEASUREMENT OF SELECTION USING 
INTRASPECIES GENETIC VARIATION

Recent papers have demonstrated how methodological developments now allow for the 
evaluation of selection pressure, both long-term and recent, on the evolution of human traits 
using large samples of human data including genetic information. Although between-species 
comparisons are absolutely vital for studies of long-term selection, including differences and 
similarities between species, improvements in the ability to sequence the genomes of individu-
als as well as advances in our knowledge about the genome have led to the creation of statistical 
methodologies which can be used to detect signals of selection using the genetic data from large 
samples of individuals from a single species. Thanks to these scientific accomplishments, it is 
now possible to use these databases to uncover new insights about human evolution, including 
the recent evolution of the human brain.

Using results from genome-wide association studies to measure recent 
selection
One method of measuring contemporary reproductive success is to use Mendelian Randomiza-
tion (MR). MR uses genetic loci as instrumental variables to determine the presence of causal 
relations between two traits. As genetic variants are randomly assigned and not affected by 
biasing factors, the genetic variation underlying an exposure can be seen as random assignment 
to a condition of the exposure. By examining the relation between this genetic variation and 
the outcome, causal inferences can be made regarding this relation. 

One aspect of fitness is reproductive fitness, the number of mates and the offspring produced 
by an individual. MR can be used to relate exposures (such as brain size or social complexity) 
to the number of sexual partners and/or the number of children, allowing for an examination 
of the fitness effects of the exposures (Song et al., 2021). 

One characteristic of loci experiencing recent selection is that they tend to carry fewer singleton 
mutations (Field et al., 2016). This characteristic can be exploited to examine regions under 
selection using Singleton Density Score (SDS) analysis. SDS analysis can be used to infer 
recent selection up to about 2000-3000 years ago. By examining SDS of loci associated with 
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social complexity or brain size, it is possible to assess the effects of recent selection on these 
traits. 

A notable example of a study which used a large genetic database to study human evolution 
using (among others) MR and SDS analyses is the study by Song et al (2021), in which the 
authors examined selection pressure for 870 human traits across four different time scales 
(since human speciation, pan-Neolithic period, 2,000-3,000 years and modern), using sum-
mary statistics from genome-wide association study (GWAS) studies carried out in previous 
studies. An issue with this study is that the GWAS results used for the analyses were found in 
previous studies, which did not appear to anticipate that these results may be used for studies 
about selection pressure in the future. As a result, most likely all (or most) of these studies 
removed SNPs which deviated significantly from Hardy-Weinberg equilibrium (HWE), as 
this is considered a necessary test of genotyping quality. However, deviation from the Hardy-
Weinberg equilibrium may also occur in case of selection. Hence, the removal of SNPs that 
deviate from HWE may preclude the detection of signatures of selection. We have included a 
supplementary analysis at the end of this chapter to demonstrate the effect of recent selection 
on HWE. 

Another overview of methods of measuring selection using human genome-wide data is 
provided in the review by Guo et al (2018). They mention that selection could affect allele 
frequencies at focal loci as well as at linked loci and it may affect linkage disequilibrium at 
loci under selection. In loci under selection, minor allele frequencies and effect sizes could 
become correlated, as alleles of larger effects are expected to be more affected by selection. The 
authors also mention several methods to leverage between-population genotypic differences, 
for example by examining the relation between trait-related loci and the principal components 
resulting from the principal components analysis (PCA) which are usually carried out in 
GWAS datasets to reduce the effects of population stratification. If trait-associated loci explain 
a disproportionally large amount of variance in the principal components, they are more likely 
to be under natural selection, as genotypic differences between populations solely varying due 
to genetic drift should be random. 

DEFINING SOCIAL COMPLEXITY AS A 
CHARACTERISTIC OF THE INDIVIDUAL

The methods described above use variation in genetics and traits between individuals to 
gather new knowledge about the evolution of (human) traits. In order to use such methods 
to determine whether recent selection on social complexity is related to the decrease in brain 
size observed in humans, a useful step would be to create an individualized measure of social 
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complexity. Social complexity is typically discussed as a characteristic of societies or species, 
not of individuals (Dunbar, 1998; Bergman & Beehner, 2015; Kappeler, 2019; Kappeler et al., 
2019) and the research supporting the social brain hypothesis demonstrates that social com-
plexity is a useful measure to distinguish these groups. Kappeler (2019) provided a framework 
to homogenize social complexity measures across studies. While his goal was still to create 
a measure specific to social groups, the framework may be useful in creating a measure to 
distinguish different levels of social complexity across individuals. 

Kappeler (2019) divided the social system into four components: Social organization, social 
structure, the mating system and the care system. Social organization encompasses group size, 
group composition and kinship pattern, which can be measured in the individual by measur-
ing the living situation for each individual: does an individual live alone or with others, and 
if living together, how large is the group? Social structure on the other hand contains the 
content, quality and patterning of social interactions engaged in by individuals in a population. 
The quantity and quality of the relations in which an individual engages can be measured 
using self-report (e.g. questionnaires or interviews) or by objective methods, such as digital 
phenotyping. Another characteristic of social structure is communicative complexity, and this 
is similarly straightforward in its translation to individual subjects as the individuals’ commu-
nicative skills. The mating system measurements can be adjusted for individuals by examining 
whether an individual reproduces and with how many individuals. The final component, the 
care system, can be integrated in individual measurement by examining whether individuals 
engage in alloparenting, whether this occurs only for family or also for strangers, and whether 
an individual has children which are alloparented by family and/or strangers. The construction 
of a measure of social complexity by combining characteristics of social complexity as described 
here and applying it in a large sample while measuring genomic data will allow for the analysis 
of genomic signatures of evolution in social complexity similar to the one described for differ-
ent traits by Song et al. (2021) mentioned in section 3.1 of this review. 

PLEIOTROPY IN THE EVOLUTION OF THE HUMAN 
BRAIN

Most of the hypotheses explaining either the ancient increase in primate and human brain size 
or the recent decrease rely on some version of assumed pleiotropic effects (two or more traits 
sharing part of their genetic background). The social brain hypothesis assumes pleiotropic 
effects between social complexity and brain size, the self-domestication hypothesis relies on 
a large number of pleiotropic traits, such as aggression, brain size, tooth size and craniofacial 
features, and collective intelligence as an explanation for the recent reduction in brain size relies 
on pleiotropy between brain size and intelligence. 
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An important characteristic of pleiotropy to take into account in evolutionary research is how 
genetic correlations between traits affect selection and how selection can in turn affect these 
genetic correlations (Svensson et al., 2021). Pleiotropy can facilitate adaptation (the change in 
traits in response to selection) or hamper it, depending on the direction of multivariate selec-
tion and the direction of the correlation between the traits. In the direction of the correlation, 
covariance is highest, allowing fast adaptation through standing variation. However, in the op-
posite direction of the correlation, the covariance is low, which allows for only minor amounts 
of adaptation on standing variation (Figure 2). Mutations (and potentially epistatic effects) 
can extend the trait distributions beyond what is available at a given time, but advantageous 
mutations are expected to be rare (Eyre-Walker & Kneightley, 2007).

Besides the pleiotropy assumed by the various hypotheses related to the evolution of the human 
brain, another group of traits associated with both social behavior and the brain is neuropsy-
chiatric disorders (Porcelli et al., 2019). Many neuropsychiatric disorders are characterized by 
extreme variation in social behavior in humans. The overlap between neuropsychiatric disorders 
and social dysfunction has a genetic component (Bralten et al., 2021; Andreu-Bernabeu et al., 
2022), indicating that the social dysfunction at least in part determined by the same biological 
pathways which affect neuropsychiatric functioning. A genetic relation between social behavior 
(or more specifically aggression), neuropsychiatric disorders and the brain is also part of the 
self-domestication hypothesis (Bednarik et al., 2022). 

Figure 2. Adaptive response to multivariate selection on correlated traits. The green arrow represents multivariate 
selection in the direction of the genetic correlation, to which the population can adapt quickly as a result of high 
levels of genetic covariation. The red arrow indicates a direction of selection in the opposite direction of genetic 
covariance, which as a result has lower standing variation to serve as a basis for adaptation. 
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Previous studies have found that various neuropsychiatric disorders are associated with reduced 
fitness (reproduction and survival) (Bundy et al., 2011; Reininghaus et al., 2015; Mullins et 
al., 2017; Smith Dawalt et al., 2019). However, despite this evidence of selection, there is no 
evidence of neuropsychiatric disorders being selected out of the population, a paradox which 
has been described extensively in other papers (Keller & Miller, 2005; Sella & Barton, 2019) 
and is outside the scope of this discussion. 

This may be an indication that complex selective processes are involved in the evolution of 
neuropsychiatric disorders which can change how selection affects genetic and phenotypic 
variation. Due to the pleiotropic relation between neuropsychiatric disorders, social behavior 
and the brain, these complex processes should be kept in mind when examining recent evolu-
tion of social complexity and brain size. 

Pleiotropy can be examined using several methods which use either individual-level trait and 
genomic data or use only summary statistics of GWAS studies (Zhang et al., 2021). Fitness 
surfaces across multivariate trait such as discussed in Svensson et al. (2021) can be examined to 
get an idea on whether and how pleiotropy may have affected adaptation. 

CONCLUSION

The question of how the human brain has evolved to its current state has resulted in many 
scientific studies and many hypotheses. Despite this, the more recent and contemporary evolu-
tion of the human brain has gained relatively little attention, despite evidence that significant 
changes are occurring across the globe. With this review, we hope to create more interest in this 
subject and provide information about methodological resources that can be used to answer 
these questions. 

One reason that it is important to direct more scientific attention to contemporary evolution 
of the human brain is that the long-term effects of a brain size decrease such as suggested in the 
evidence provided in the first part of this paper are unpredictable and may have a significant 
impact over time. For example, the collective intelligence hypothesis implies that due to the 
lower necessity of individual intelligence, humans are becoming less intelligent individually. 
It is not known how such reduced individual intelligence would impact human societies over 
time. 

Some proponents of the self-domestication hypothesis suggest that the results of the brain size 
decrease observed may be severe (Bednarik et al., 2022). They argue that the decrease in brain 
size is associated with increases in the prevalence of certain neuropsychiatric disorders such 
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as depressive disorders and schizophrenia. They argue that although the changes which have 
occurred in the past millennia probably cannot be undone, we can change the future trajectory 
of the human brain by changing the human environment. 

As of yet, it is not possible to be certain what has led to the decreases in brain size and how 
this could potentially affect human functioning in the future. Due to the low levels of atten-
tion attracted by this subject, the level of evidence for both the collective intelligence and 
self-domestication hypotheses are still low, and the observed decrease in brain size may yet be 
explained in a very different manner. In the future, both the methods mentioned in this paper 
as well as other methods (such as experimental evolutionary research) can hopefully answer 
these questions and provide methods to address or subvert any potential detrimental effects of 
the recent and contemporary evolutionary trajectory of the human brain.

SUPPLEMENTARY ANALYSIS

To assess the impact of removing SNPs that deviate from HWE, we conducted a preliminary 
analysis on the UK Biobank genetic data. The UK Biobank contains biomedical data from over 
500000 adults from the UK, including genome-wide sequencing data for over 500000 of these 
subjects. We used PLINK 2 (version v2.00a3.1LM) for the analyses, which were carried out on 
the UK Biobank Research Analysis Platform. 

We corrected for population stratification by including only a homogenous set of individuals 
defined by Bycroft et al. (2018). We accounted for family structure by removing all individu-
als with 2nd degree familial relations in the dataset. For quality control, all individuals with 
discordant self-reported and genotypic sex were removed, SNPs with minor allele frequencies 
below 0.005 or missing rates over 0.05 were removed and individuals with missing variant rates 
of 0.1 or higher were removed from the sample. We analyzed deviation from HWE for each 
SNP per chromosome in order to determine the proportion of SNPs not conforming to HWE. 
In order to examine how selection may have affected deviations from HWE, we examined to 
what extent SNPs deviating from HWE were in linkage with other SNPs deviating from HWE. 
HWE-violating SNPs in significant linkage with other HWE-violating SNPs are especially 
likely to be under selection, as selection should have correlated effects on genotype frequencies 
in linked SNPs, while genotyping error should occur randomly. 

When we assessed how many variants would be removed based on a HWE p-value threshold 
of 1-e06, this analysis shows that across chromosomes anywhere from 6.67 to 9.76 percent 
of SNPs would be removed. Moreover, anywhere between 14.66 and 30.61 percent of SNPs 
violating HWE were in moderate linkage (r2 > 0.2) with other SNPs violating HWE, while 
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between 1.71 and 11.11 percent were in high linkage (r2 > 0.8) with other SNPs violating 
HWE (the complete data can be viewed in Table 1). Particularly interesting is chromosome 6”: 
“Particularly interesting is chromosome 6, which contains the major histocompatibility com-
plex which is known to be evolving rapidly due to strong natural selection (Liston et al., 2021). 
Plotting the SNPs deviating significantly from HWE on chromosome 6 while highlighting 
SNPs under LD shows a clear highly colored peak at the location of the MHC, between 29 
and 33 million base pairs (Figure 3B). This is a clear indication that many SNPs are removed 
due to violating HWE which are not genotyped erroneously but under selection. The MHC is 
also known to be involved in brain development (Elmer & McAllister, 2012; McAllister, 2014) 
and function (Nelson et al., 2013; Cebrián et al., 2014), as well as several neuropsychiatric 
disorders (Elmer & McAllister, 2012; Needleman & McAllister, 2012; Nelson et al., 2013; 
Cebrian et al., 2014; McAllister, 2014) which exacerbates the issue of not including these SNPs 
in GWAS studies examining neuropsychiatric disorders or neurobiological characteristics. No 
other chromosomes showed patterns as remarkable as chromosome 6, although some evidence 
of regions under selection could still be found looking at plots of other chromosomes (Figure 
3A). 

Figure 3. Evidence of selection among SNPs violating Hardy-Weinberg equilibrium (HWE). SNPs are colored 
by their maximum linkage with other SNPs violating HWE. SNPs violating HWE in linkage disequilibrium with 
other SNPs violating HWE are likely to be affected by selection and not genotyping error, as genotyping error 
should occur randomly while selection should have correlated effects on linked loci. Red boxes indicate regions with 
high numbers of SNPs violating HWE while in high linkage disequilibrium, hinting that these loci may be subject 
to selection pressure. HWE = Hardy-Weinberg equilibrium, LD = linkage disequilibrium.
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Table 1. Numbers and percentages of SNPs violating Hardy-Weinberg equilibrium in linkage disequilibrium cal-
culated for each chromosome. 

Chromosome # SNPs 
passing QC

# SNPs 
violating 
HWE

% SNPs 
violating 
HWE

# SNPs 
violating 
HWE and in 
high LD (R2 
> 0.8)

% SNPs 
violating 
HWE in 
high LD (R2 
> 0.8)

# SNPs 
violating 
HWE 
and in 
moderate 
LD (R2 > 
0.2)

% SNPs 
violating 
HWE in 
moderate 
LD (R2 > 
0.2)

1 50374 4140 8.22% 179 4.32% 803 19.40%

2 50785 3619 7. 13% 95 2.63% 653 18.04%

3 42685 2859 6.70% 92 3.22% 458 16.02%

4 40228 2927 7.28% 64 2.29% 493 16.84%

5 38491 2835 7.37% 68 2.40% 508 17.92%

6 44065 3267 7.41% 363 11.11% 1000 30.61%

7 34969 2707 7.74% 109 4.03% 529 19.54%

8 32973 2371 7.19% 59 2.49% 466 19.65%

9 27947 2060 7.37% 72 3.50% 348 16.98%

10 31613 2273 7.19% 84 3.70% 436 19.18%

11 31395 2306 7.35% 86 3.73% 451 19.56%

12 30062 2120 7.05% 65 3.07% 360 16.98%

13 21735 1501 6.91% 25 1.67% 228 15.19%

14 20501 1480 7.22% 44 2.97% 270 18.24%

15 19981 1436 7.19% 73 5.08% 293 20.40%

16 22484 1673 7.44% 68 4.06% 339 20.26%

17 20578 1500 7.29% 37 2.47% 262 17.47%

18 18930 1286 6.79% 22 1.71% 196 15.24%

19 17292 1675 9.76% 109 6.51% 377 22.51%

20 16566 1105 6.67% 19 1.72% 162 14.66%

21 9528 689 7.23% 23 3.34% 102 14.80%

22 10330 859 8.32% 26 3.03% 158 18.39%
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ABSTRACT

Social behavior is a common though variable trait across animal species. How much of the 
variation in social behavior is due to biological common mechanisms across animal species is 
unknown. In this study we examined to what extent human genetic variation in sociability is 
affected by pathways shared with Caenorhabditis elegans and whether any conserved sociability 
genes show enhanced levels of essential functions and interactivity. We found inconsistent 
evidence of increased conservation with more thorough analyses resulting in no evidence of 
increased conservation of human sociability genes. Conserved genes were highly interactive 
compared to nonconserved and random genes, while only a limited number of genetic interac-
tions were found to be conserved. No evidence was found for enrichment of social phenotypes 
in C. elegans orthologs of human sociability genes while evidence for associations with essential 
functions were limited. The gene ACVR2A appears to play a role in social behavior in both 
humans and C. elegans, making it an interesting gene for further study.
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INTRODUCTION

Social or collective behavior is a trait observed across many species, from collective behaviors 
in single-celled slime moulds (Reid & Latty, 2016) to the complex social behaviors observed in 
primates and (by extension) humans (Roberts & Roberts, 2016). Some aspects of social behav-
ior serve functions with obvious benefits to reproductive fitness, such as finding and courting 
potential mates and caring for children in order to ensure survival of offspring. However, 
several species also engage in social behaviors with less obvious effects on reproductive fitness or 
that may even seem detrimental. For example, the nematode Caenorhabditis elegans engages in 
a form of social feeding where the individual nematodes clump together around a food source 
(Thomas, 1998). As another example, bonobos, the closest living relatives to humans, share 
food with strangers even when there is no apparent benefit to themselves (Tan & Hare, 2013).

Although social behavior is evident in many species, the quantity of social contact engaged 
in by individuals from different species and the complexity of the social structures created by 
those individuals vary to a strong degree. Some species are mostly solitary and engage in social 
behavior mostly when it directly increases fitness, such as for feeding, mating or parenting (for 
example pumas (Elbroch et al., 2017) and koalas (Ellis et al., 2009)) while some other species 
spend most or all of their lives in social groups, such as chimpanzees and bonobos (Gruber & 
Clay, 2016) as well as several species of eusocial insects (Robinson et al., 1997). 

The consistent variability in social behavior between species indicates that genetic variation 
in social behavior exists and has been under natural selection across speciation. In primates, 
which display strong variations in the extent to which they engage in social behaviors with kin 
and strange animals, interspecies variation in social behavior has been linked to variation in 
brain size, leading to the hypothesis that the large brain sizes observed in some primates (such 
as humans) are the result of long-term selection on social complexity (the ability to cognitively 
handle high numbers of complex social relationships) (Dunbar, 2009). 

On the other hand, the fact that social behavior is common across species indicates some 
shared genetic basis across species. Evidence for such a shared basis of social behavior between 
humans and other species has been provided by experimental studies using genetic manipula-
tions in model animals. Genes associated with extreme variations in social behavior in humans 
can be altered in model animals in order to examine whether these genes affect social behavior 
in these animals in a similar manner. For example, a gene known to be involved in the extreme 
sociability of individuals with Williams Syndrome (a deletion on a section of chromosome 
7), GTF2I, similarly increases social behavior towards strangers in mice when gene function 
is disrupted (Sakurai et al., 2010) and structural gene variants in this gene are associated with 
the stereotypical hypersociability seen in domesticated dogs (vonHoldt et al., 2017). Several 
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successful mouse models (such as Shank3 and Foxp2) have been created based on human muta-
tions associated with autism spectrum disorders, which are characterized in part by aberrant 
social behavior (Crawley, 2022). 

Although cross-species studies has elucidated important aspect of the evolution of social be-
havior across species, much is still unknown about the evolution of the molecular substrates 
underlying such behavior. While many species display some form of social behavior at the very 
least in the pursuit of procreation, this does not necessarily mean that the genetic background 
underlying such behavior is similar between species, especially those far removed from each 
other. However, three recent studies have provided some evidence that might point to the 
conservation of molecular mechanisms underlying social behavior across far removed species. 
In three separates studies, Kasap et al. (2018), Franklin and Dwyer (2020) and Sall et al. 
(2021) found evidence that putative risk genes for schizophrenia, bipolar disorder and major 
depressive disorder were highly conserved between C. elegans and humans, indicating that the 
molecular basis for these disorders may have been present even in the last common ancestor 
of humans and C. elegans. In these studies, they found that these genes were associated with 
essential functions for reproductive fitness (survival and reproduction) and had heightened 
levels of interactivity, which may both explain why these genes are so highly conserved despite 
variation in these genes being associated with deleterious effects in humans.

 These findings could indicate that similar processes have affected genes related to social behav-
ior, as these disorders are commonly associated with social dysfunction (Lahera et al., 2015; 
Tatay-Manteiga et al., 2018; Grant et al., 2001; Saris et al., 2022; Kupferberg et al., 2016) 
and genetic studies hint at shared molecular substrates (Álvaro Andreu-Bernabeu et al., 2022; 
Bralten et al., 2021). 

In this study, we will examine to what extent genes associated with human variability in socia-
bility are conserved between humans and C. elegans. We expect conservation to be heightened 
for sociability genes compared to the total human protein-coding genome, similar to the 
findings for neuropsychiatric disorders. We will then examine whether any conserved genes 
constitute a shared genetic basis for sociability between humans and C. elegans. Finally, we 
will examine whether conserved genes are enriched for lethal and sterile phenotypes in C. 
elegans and whether conserved genes show enhanced interactivity compared to non-conserved 
sociability genes to examine potential causes of the long-term conservation. 
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METHOD

Data collection
Seventy-six genes related to sociability were extracted from the sociability GWAS performed 
by Bralten et al. (2021). Seven of these were excluded from further analysis, either because 
they were not included in the current Ensembl (Cunningham et al., 2022) database (3 genes) 
or because they did not code for any proteins, indicating they could not be analyzed using 
the methods planned for this study. This resulted in a total of 69 sociability genes which were 
included in the following analyses. 

Ortholog detection
A stepwise approach was taken to determine whether genes were conserved. The first step was 
to search for established orthologues in the Ensembl database (Cunningham et al., 2022). The 
second step was to search for established orthologs in the WormBase database (WormBase 
version WS285, http://www.wormbase.org; Davis et al., 2022). Finally, if no ortholog was 
found in the first steps, BLASTP was used (in WormBase) to determine whether the largest 
transcript of each gene had a clear functional counterpart in C. elegans. The total overview of 
the genes with their respective orthologues and the method through they were discovered, see 
Supplementary Table 1. 

In order to determine whether BLASTP results of similar proteins could indeed be considered 
functional counterparts, BLASTP hits were evaluated against criteria based on those by Kasap 
et al. (2018) and based on the discussion by Pearson (2013). Transcripts were considered 
functional counterparts if 1) they did not differ over 100 amino acids in length; 2) the E-value 
of the hit was below 10-4; 3) the identity was at least 20% for a segment of at least 50 amino 
acids in length and 4) for at least three species with established orthologs of the human gene, 
the same C. elegans gene was also a hit using BLASTP. 

Statistical analyses
All analyses were carried out in R using RStudio (R version 4.2.1, RStudio version 2022.07.2). 
The number of orthologs were compared with data from previous efforts to study the level of 
conservation found across the human genome. In a large effort to determine orthologs between 
human and C. elegans genes, Kim et al. (2018) found that approximately 52.6% (10678 out of 
20310 genes) of the human protein-coding genome had recognized orthologs in C. elegans at 
that time. We used Fisher’s exact test to examine whether the differences between the propor-
tion of human genes with C. elegans orthologs according to Ortholist II (Kim et al., 2018) and 
the proportion of human protein-coding sociability genes with a C. elegans ortholog. The genes 
from the sociability set were removed from the total human gene set to create independent 
gene sets.
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However, as the determination of homologs in the study by Kim et al. (2018) was not directly 
comparable to the methods used in this study, we also compared the sociability set to ten 
random sets of human genes created using the Molbiotools Random Sequence Generator 
(https://molbiotools.com/randomsequencegenerator.php) with the same number of genes as 
the sociability set. The random human gene sets created for the analysis of the level conser-
vation and the interactivity can be found in Supplementary Table 2. The comparisons were 
planned to be carried out using chi-squared tests unless any expected counts in the contingency 
table are below 10, in which case Fisher’s exact test will be utilized. In addition, the z-score 
of the sociability set was compared to the distribution of all sets (random and sociability) to 
determine whether the sociability set is an outlier.

The function of conserved genes was examined in C. elegans using the WormBase Worm 
Phenotype Ontology database (Schindelman et al., 2011) to determine whether a) conserved 
sociability genes constitute a shared genetic basis for sociability between humans and C. elegans 
and b) whether conserved sociability genes may have been conserved as a result of functions 
essential to fitness. A type of social behavior which has been previously studied in C. elegans 
is social feeding. Social feeding can be measured by the aggregation of the nematodes or by 
‘bordering’, a behavior typical of social feeding animals whereby the animals feeds from the 
edges of a bacterial lawn (the food source). The WormBase Phenotype Ontology dataset 
includes four phenotypes related to social feeding: social feeding, solitary feeding, bordering 
and non-bordering. We used WormMine (http://intermine.wormbase.org/tools/wormmine/
begin.do) to query the C. elegans genes in the WormBase dataset for these phenotypes and we 
examined the presence of social phenotypes in C. elegans orthologs of human sociability genes 
to determine whether these genes constitute a shared genetic basis of sociability. 

In order to determine whether human sociability genes were conserved between humans and 
C. elegans as a result of essential functions, we repeated the above analysis but instead queried 
WormBase for the five phenotypes related to fitness: ‘lethal’, ‘embryonic lethal’, ‘larval lethal’, 
‘sterile’ and ‘sterile progeny’. For each phenotype, a subset was retrieved from the data for C. 
elegans orthologs of human sociability genes which were associated with the phenotype. We 
then compared the proportion of each of these phenotypes in the orthologues of the human 
sociability genes with the proportion of these phenotypes in the total set of 19985 C. elegans 
protein-coding genes available in the WormBase dataset (Davis et al., 2022) to determine 
whether the conserved genes are more likely to have any of these essential functions in C. 
elegans. The analyses were performed using chi-squared tests of independence if all expected 
cell counts were above 10 or Fisher’s exact test if this was not the case. 

As a final step we wanted to examine whether certain sociability genes might be conserved 
between C. elegans and humans as a result of having particularly high numbers of interactions 
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with other genes. Interactions were examined using GeneMania (Wade-Farley et al., 2010). 
The ‘max resultant gene’ setting, which determines how many genes from outside the gene 
sets could be used to create interactions was set to 0, as well as the ‘max resultant attributes’. 
We created two human gene sets, one with the conserved sociability genes and one with the 
non-conserved sociability genes, in order to examine whether sociability genes in general or 
conserved sociability genes specifically showed increased levels of interactions. We compared 
the gene sets each to the ten random gene sets created for the comparison regarding the level 
of conservation, where the sets were split two sets to conform to the sizes of the conserved 
and non-conserved sets. In order to perform a second check whether any potential increased 
interactivity between sociability genes is a result of the genes being involved in the same phe-
notype, we performed the analysis a second time, changing the ‘max resultant gene’ setting 
to 20. In this manner, highly interactive genes from the random sets would be detected even 
if these interactions were found outside of the random genes with which they are assigned. 
Statistical tests will be performed using ANOVA models. If assumptions of the ANOVA model 
are violated, generalized linear models with appropriate model specifications will be used. 

The Molbiotools Random Sequence generator does not include an option to create random sets 
for C. elegans. In order to be able to compare the interactions found in human sociability genes 
with those found in the C. elegans orthologs, we downloaded the full set of C. elegans protein-
coding genes from WormBase and sampled 10 random sets, each of the same size as the set of 
C. elegans sociability orthologs. The random gene sets can be found in Supplementary Table 3. 
In order to create an approximately fair comparison, we grouped the orthologs per human gene 
for which they were homologous, because C. elegans genes which were homologous to the same 
human gene were highly interactive amongst themselves. We then counted the interaction with 
other gene groups. In total, this led to 49 gene groups (one for each human gene minus one, 
as two human genes shared the same C. elegans ortholog). Statistical comparisons are carried 
out similar to those for human genes. Finally, we examined whether any interactions between 
genes were conserved between humans and C. elegans. 

RESULTS

Conservation
Thirty-five out of 69 human protein-coding sociability genes (51%) had a registered C. elegans 
ortholog in the Ensembl database. The search for orthologs of human sociability genes in C. 
elegans using WormBase led to the addition of 13 out of the remaining 35 genes, leading to a 
total of 48 out of 69 sociability genes (70%) with a known ortholog. The search for functional 
counterparts using BLASTP led to the discovery of 2 orthologs in C. elegans, resulting in a total 
of 50 out of 69 (72%) conserved sociability genes in C. elegans. Two human sociability genes 



32

C
h

ap
te

r 
2

were orthologs of the same C. elegans gene. As a result of one-to-many and many-to-many 
orthologs, the list of 50 conserved human sociability genes resulted in 70 C. elegans sociability 
orthologs, of which 4 were pseudogenes, which were not included in subsequent analyses, 
while the remaining 66 genes were protein coding genes. Based on the comparison with the 
Kim et al. (2018) data, the proportion of C. elegans orthologs appears significantly increased 
in the set of human sociability genes compared to the total human protein-coding gene set 
(excluding the sociability genes) (X2 = 10.20, p = 0.001). However, the comparison to the ten 
random sets showed zero pairwise differences between the sociability set and the random set 
(see Table 1 for the full results). The sociability set had a z-score of 0.49, indicating that there is 
no evidence that the sociability score deviates from the norm in regards to level of conservation.

None of the examined social phenotypes showed a significant increase in the C. elegans or-
thologs of human sociability genes. In fact, only one of the C. elegans orthologs of the human 
sociability genes, daf-1 (which is an ortholog of the human gene ACV2RA), was associated 
with any of the four social behavior phenotypes examined. However, the WormBase catalogue 
showed a dearth of the social behavior phenotypes in general, with no results based on RNAi 
studies for solitary feeding and no results in any type of study for the non-bordering phenotype. 
Therefore, this result may simply point to a lack of research into social phenotypes in C. elegans. 

The results of the analysis regarding the presence of essential phenotypes among C. elegans 
orthologs of human sociability genes are covered in Table 2. Several C. elegans orthologs of 
human sociability genes were associated with one of the essential phenotypes. All essential 
phenotypes had expected cell counts below ten, therefore all analysis were carried out using 
Fisher’s exact test. Using the full set of 66 protein-coding orthologs, none of the phenotypes 
showed enrichment in orthologs of human sociability genes. 

Table 1. Pairwise chi-squared tests comparing gene conservation in random sets to conservation in the sociability 
set. 

Set # Conserved (%) X2 p-value

1 44 (63.77%) 0.83 0.361

2 51 (73.91%) 0 1

3 53 (76.81%) 0.15 0.696

4 47 (68.12%) 0.14 0.710

5 41 (59.42%) 2.07 0.151

6 49 (71.01%) 0 1

7 50 (72.46%) 0 1

8 51 (73.91%) 0 1

9 44 (63.77%) 0.83 0.361

10 50 (72.46%) 0 1

Sociability 50 (72.46%) - -
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One human sociability gene which may have affected the results of the analysis about essential 
phenotypes is OR5B17. WormBase indicates that this gene is an orthologue of a group of 13 
genes from the srsx family, 9 of which are protein-coding. The srsx gene family is one of the 
families of highly divergent chemoreceptor gene families in C. elegans (Robertson & Thomas, 
2006). We therefore also carried out the analysis excluding the srsx genes which did not have 
any information available, removing all srsx genes from the data. This does remove one gene 
with lethal and sterile phenotypes from the data (srsx-39), but it also removes 8 genes with no 
essential phenotypes. Although most of the results do not change based on this adjustment, 
the enrichment of lethal genes in C. elegans orthologs of human sociability genes became 
significant (Odds ratio = 0.42, 95% CI = [0.22 - 0.91], p = 0.018). 

The random human gene sets created for the analysis of the level of interaction can be found 
in Supplementary Table 2. The 50 conserved sociability genes were compared with ten sets of 
50 random human genes each and the 19 non-conserved genes were similarly compared with 
ten sets of 19 random genes as the total possible number of interactions is constrained by the 
total number of genes, therefore comparing sets of 19 to sets of 50 genes would lead to biased 
results. 

Levene’s test for equality of variances showed that for both the conserved (F = 12.12, p < .001) 
and non-conserved (F = 2.98, p = .002) groups of sets, the sets varied significantly in their 
variances. As a result, generalized linear models using Poisson distributions were considered. 
However, significant overdispersion (difference between mean and variance) was observed for 
the conserved set and its comparison sets (dispersion = 1.76, p < .001), which violates the 
assumptions of the Poisson model. This was not the case for the non-conserved set and its 

Table 2. Enrichment of essential phenotypes in C. elegans orthologs of human sociability genes, including and 
excluding the srsx gene family. OR = Odds Ratio; CI = Confidence Interval.

Includes srsx gene 
family

Phenotype Proportion in total 
protein-coding 
genome

Proportion in 
sociability orthologs

OR (95% CI) p-value

Yes Lethal 0.09 0.17 0.51 [0.26 – 1.08] .507

Embryonic lethal 0.15 0.21 0.66 [0.36 – 1.29] .168

Larval lethal 0.04 0.05 0.90 [0.29 – 4.49 0753

Sterile 0.12 0.18 0.62 [0.33 – 1.28] .131

Sterile progeny 0.04 0.02 2.42 [0.42 – 97.11] .733

No Lethal 0.09 0.19 0.42 [0.22 – 0.91] .018*

Embryonic lethal 0.15 0.25 0.54 [0.29-1.08] .061

Larval lethal 0.04 0.05 0.77 [0.25-3.86] .509

Sterile 0.12 0.21 0.51 [0.27 – 1.08] .063

Sterile progeny 0.04 0.02 2.08 [0.36 – 83.87] .724



34

C
h

ap
te

r 
2

comparison sets (dispersion = 1.09, p = .151). Instead, a quasipoisson model was used which 
estimates the variance instead of assuming equal mean and variance. This method will be used 
for the non-conserved set and associated random sets as well. 

The conserved set had significantly more interactions between genes compared to each random 
set separately (Figure 1A through D and Figure 2). The non-conserved set had the fewest total 
number of interactions and significantly fewer interactions compared to 7 of the random sets. 
In C. elegans, orthologs of human social complexity were significantly more interactive com-
pared to random gene sets (Figure 1E & Figure 1F). Allowing for the inclusion of maximum 
20 genes outside the gene set did not change the results in a significant way, the conserved set 
was still significantly more interactive compared to all associated random sets while the non-
conserved set was now significantly less interactive compared to 5 of the associated random 
sets (Supplementary Figure 1). Very few of the interactions found in the human data were also 
found in the C. elegans data. Only 9 out of 133 human sociability gene interactions were also 
found in C. elegans orthologs of these genes, whereas for C. elegans this was 9 out of 44. The 
interactions found across species are displayed in Table 3.

Table 3. Interactions discovered both between human sociability genes and between their orthologs in C. elegans. 
Square brackets indicate that this human gene has several C. elegans orthologs. 1jmjd-1.1 and jmjd-1.2 are both 
orthologs of PHF2.

Human gene 1 Human gene 2 C. elegans gene 1 C. elegans gene 2

ACVR2A GBE1 daf-1 T04A8.7

APLNR DRD2 npr-33 ser-5

ARNTL SIM1 aha-1 hif-1

ARNTL SIPA1L1 aha-1 F53A10.2

FBXL17 UBE3B fbxl-1 oxi-1

GRIK2 NRXN1 glr-1 nrx-1

ISL-1 LPXN lim-7 pxl-1

PARVA SMNTL pat-6 T15B12.1

PHF2 SSRP1 jmjd-1.1 & jmjd-1.21 athp-1
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Figure 1. Interaction analyses showed increased interactivity between human sociability genes conserved between 
humans and C. elegans. A) Total interactions between conserved sociability genes and random sets of 50 human 
genes; B) Total interactions between non-conserved sociability genes and random sets of 19 human genes; C) In-
teractions per gene for conserved sociability genes and random sets of 50 human genes; D) Interactions per gene 
for non-conserved sociability genes and random sets of 19 human genes; E) Total interactions between C. elegans 
orthologs of human sociability genes and random sets of 49 C. elegans genes; F) Interactions per gene for C. elegans 
orthologs of human sociability genes and random sets of 49 C. elegans genes. * = p < .05
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Figure 2. Network images from sociability gene sets (A for conserved genes and C for non-conserved genes) and 
random gene sets of the same size (B and D) as the conserved (A) and non-conserved (C) sociability gene sets. 
Random sets 8 (B) and 12 (D) were used for visual comparison as their total number of interactions was the mode 
across all gene sets of their respective sizes. 
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DISCUSSION

In this study, we examined to what extent genes associated with variation in human sociability 
are conserved between humans and C. elegans. Using two different analyses, we found evidence 
both in favor of and in contradiction with the expectation that human sociability genes would 
show heightened conservation between humans and C. elegans. As the analysis using data from 
Kim et al. (2018) relies on a comparison between differently constructed sets of homologs, we 
consider the comparison with the random sets more reliable and therefore regard these findings 
as evidence against heightened conservation of human sociability genes in C. elegans. These 
findings also highlight the importance in choice of methods for such studies, as suboptimal 
methods can lead to inaccurate results. 

We found only one gene associated with social behavior in both humans and C. elegans, spe-
cifically ACVR2A. Unlike the studies on neuropsychiatric disorders, we found no evidence of 
enrichment for lethal or sterile phenotypes in the C. elegans orthologs of the human sociability 
genes.

Similar to the findings regarding neuropsychiatric disorders in previous studies, we found that 
conserved genes showed increased interactivity, while non-conserved genes actually showed 
reduced interactivity compared to random sets. Although most of the interactions between 
human sociability genes were not present in their homologs, we did find several conserved 
interactions, potentially indicating ancient molecular pathways which may form part of the 
basis of human sociability. 

Limitations 
During our examination of social behavior phenotypes associated with the C. elegans orthologs 
of human sociability genes it came to light that very few C. elegans genes have known as-
sociations with any social behavior phenotype. Although several studies have examined some 
effect of genetic variation on social feeding behavior in C. elegans according to the WormBase 
database, very few looked at more than a limited number of genes. Therefore, it is as of yet 
unclear whether the limited number of genes known to be related to social behavior in the 
WormBase database is the result of a dearth of research or actually an indication that the C. 
elegans social behavior is regulated by a limited number of genes. More research into social 
behavior in C. elegans is required to examine the genetic basis of social behavior in C. elegans 
and to determine the presence and extent of a common genetic basis for social behavior among 
humans and C. elegans.

Also, while we did attempt to create fair comparisons by creating random sets of protein coding 
genes, this method still has limitations which may have affected the results. First, ten sets of 
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69 might be too low a number to get an accurate view of the level of conservation considering 
the size of the human protein coding genome. However, manual scoring of all human genes 
with C. elegans homologs based on our operationalization would have been untenable. This 
could potentially be addressed in the future by comparing genetic conservation data based on 
common operationalizations used as in a database of homologs of the total human protein 
coding genome. 

Discussion
In this study, we found no or limited evidence of heightened conservation of human sociability 
genes in C. elegans. Also, we did not find evidence that the conservation of sociability genes 
in C. elegans may have been the result of lethal or sterile phenotypes as was found in the 
examinations of conservations of human genes for neuropsychiatric disorders. One potential 
explanation for the unexpected results might be the methodological variation between this 
study and the studies previously performed regarding the conservation of genes associated with 
schizophrenia (Kasap et al., 2018), bipolar disorder (Franklin & Dwyer, 2020) and major de-
pressive disorder (Sall et al., 2021). While these studies searched for homologs using methods 
similar to those used in this study, their comparisons were similar to the one we carried out 
where the conservation in the sociability set was compared to that found in a previous study, 
as they used various earlier studies on gene conservation between humans and C. elegans to 
examine to what extent the conservation in their gene set differed from the total. However, as 
these studies used different methods to determine homologs, these comparisons may be biased 
and result in an increased likelihood to find significant results. The second method used in this 
study, utilizing random gene sets for the comparison may constitute a fairer comparison. A 
similar explanation could explain the difference between our study and the studies mentioned 
above in the difference in essential phenotypes occurrence between gene sets and the total 
genome. Considering we used the same database to gather data for both the sociability set and 
the total protein-coding genome, this comparison may be considered more equal than compar-
ing the data from WormBase to data from other studies. It may be the case that the enrichment 
for essential phenotypes found in the previous studies regarding the neuropsychiatric disorders 
might be reduced or disappear when they would be compared to the WormBase data. On the 
other hand, it could be the case that this difference underlies true variation in the nature of 
genes orthologous to human sociability genes and those orthologous to human genes associ-
ated with neuropsychiatric disorders. It may be that genes associated with variation in the risk 
of neuropsychiatric disorders have larger effects on reproductive fitness compared to genes 
associated with reduced sociability, resulting in stronger constraints on the conservation of the 
former and therefore more likelihood that variation serves some essential function.

On the other hand, we did find evidence that human sociability genes conserved between 
humans and C. elegans were more interactive both within the set as well as when taking into 
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account interactions outside the set, compared to random human protein-coding genes and 
compared to non-conserved human sociability genes, indicating that the increased interactivity 
was not a result of the fact that the genes were related to a single phenotype but specifically 
to the conserved nature of the genes. This is to be expected; highly interactive genes are more 
likely to be involved in important biological processes and therefore also more likely to be 
conserved (Brown & Jurisica, 2007). However, our examination of the overlap in genetic inter-
actions between humans and C. elegans indicates that although the individual genes are highly 
conserved, the interactions themselves are rarely conserved between C. elegans and humans. 
It appears that these interactive networks do not represent biological functions important for 
fitness in both humans as well as C. elegans. 

One human gene which appears of particular interest based on our study is the activin receptor 
type 2-A (ACVR2A). This gene, which is conserved between humans and C. elegans, is the only 
gene which was found to have functions related to social behavior in both humans as well 
as in C. elegans. It was also found to be highly interactive (in fact, the most interactive gene 
among the conserved sociability genes), interacting with 16 out of 49 (33%) of other con-
served sociability genes. Previous animal studies have demonstrated an important function of 
ACVR2A in regulating fertility and sexual behavior (Matzuk et al., 1995; Wreford et al., 2001; 
Ma et al., 2005). In C. elegans, the two orthologues of human ACVR2A, daf-1 and sma-6, have 
previously been implicated in egg laying behavior (Larsen et al., 1995), brood size (Maduzzia 
et al., 2005) and sperm recruitment (McKnight et al., 2014), indicating that these orthologues 
affect reproductive fitness in C. elegans as well as in other model animals. In humans, ACVR2A 
is also known to be associated with human reproduction, for example through regulation of 
follicular development and oocyte maturation (Wang et al., 2022). These may indicate that 
the gene is conserved between humans and C. elegans as a result of very basic functions in 
reproduction, explaining its relevance to fitness. ACVR2A may constitute a common basis 
for social behavior across species and could therefore be an interesting target for studies of 
social behavior using animal models (although the relation between ACVR2A and reproductive 
health may hamper the use of the orthologues of this gene as a good model). It may also be 
interesting to examine how gene-gene interactions affect the function of the ACVR2A gene, 
both at a pathway level and at a behavioral level, to examine how intricate networks of genes 
can together affect complex phenotypes such as social behavior. Finally, future studies could 
examine biological differences between conserved and non-conserved human sociability genes 
in order to examine how different biological pathways affected social behavior evolved across 
time and how this relates to the evolution of other individual or environmental characteristics. 
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Supplementary Table 1: Human protein coding sociability genes and C. elegans orthologs

Gene
Ensembl 
ortholog

Wormbase ortholog
(non-BLAST)

Wormbase BLASTP 
counterpart

Ortholog used for
subsequent analyses

Ortholog
present

ANKRD7 X X X X 0

BTBD18 X X X X 0

CNTF X X X X 0

DTX4 X X X X 0

EDN1 X X X X 0

FAM111A X X X X 0

FAM222A X X X X 0

MBD5 X X X X 0

NINJ1 X X X X 0

ORC4 X X X X 0

P2RX3 X X X X 0

PLET1 X X X X 0

PRDM13 X X X X 0

PTH X X X X 0

SELENOH X X X X 0

SLC43A1 X X X X 0

SMIM13 X X X X 0

TNKS1BP1 X X X X 0

ZFP91 X X X X 0

ARNTL aha-1  X Not performed aha-1  1

TTC12 unc-45 & sti-1 X Not performed unc-45 & sti-1 1

ACVR2A daf-1 & sma-6 daf-4 Not performed daf-1 & sma-6 1

ADTRP C37E2.10 C37E2.2 Not performed C37E2.10 1

APLNR X
npr-15, npr-31 & 
npr-33 Not performed npr-15, npr-31 & npr-33 1

ASCC3 Y54E2A.4 Y54E2A.4 Not performed Y54E2A.4 1

BCO2 X bcmo-1 & bcmo-2 Not performed bcmo-1 & bcmo-2 1

CFTR cft-1 cft-1 Not performed cft-1 1

CLP1 clpf-1 clpf-1 Not performed clpf-1 1

CTNND1 jac-1 jac-1 Not performed jac-1 1

CTTNBP2 X C49H3.6 Not performed C49H3.6 1

DRD2 ser-5 dop-3 Not performed ser-5 1

ELAVL2 X exc-7 Not performed exc-7 1

FAR1 fard-1 fard-1 Not performed fard-1 1

FBXL17 fbxl-1 X Not performed fbxl-1 1

GBE1 T04A8.7 T04A8.7 Not performed T04A8.7 1



45

E
vo

lu
ti

on
ar

y 
or

ig
in

s 
of

 h
u

m
an

 s
oc

ia
l 

be
h

av
io

r

Supplementary Table 1: Human protein coding sociability genes and C. elegans orthologs (continued)

Gene
Ensembl 
ortholog

Wormbase ortholog
(non-BLAST)

Wormbase BLASTP
counterpart

Ortholog used for
subsequent analyses

Ortholog
present

GLYATL1 T10B10.4 T10B10.4 Not performed T10B10.4 1

GLYATL2 T10B10.4 T10B10.4 Not performed T10B10.4 1

GRIK2 glr-1 glr3 & glr-5 Not performed glr-1 1

HIATL1 (aka 
MFSD14B) T25D3.4 T25D3.4 Not performed T25D3.4 1

HIVEP1 X sma-9 Not performed sma-9 1

ISL1 lim-7 lim-7 Not performed lim-7 1

KCTD10 D2045.8 X Not performed D2045.8 1

LPXN pxl-1 pxl-1 Not performed pxl-1 1

MAN2A1 aman-2 aman-2 Not performed aman-2 1

MED19 mdt-19  mdt-19  Not performed mdt-19  1

MMAB mmab-1  mmab-1  Not performed mmab-1  1

MVK mvk-1 mvk-1 Not performed mvk-1 1

MYO1H X X hum-5 hum-5 1

NAA38 natc-3 natc-3 Not performed natc-3 1

NRXN1 X nrx-1 Not performed nrx-1 1

OR5AK2 X X ckr-2 ckr-2 1

OR5B17 X
srsx-27 through 
srsx-39 Not performed [srsx-27 through srsx-39] 1

PARVA pat-6 pat-6 Not performed pat-6 1

PATL1 patr-1 patr-1 Not performed patr-1 1

PHACTR1 F26H9.2 F26H9.2 Not performed F26H9.2 1

PHF2
jmjd-1.1, jmjd-
1.2 & jhdm-1 jmjd-1.2 Not performed jmjd-1.1, jmjd-1.2 & jhdm-1 1

SERPING1 X
srp-2, srp-6 & 
srp-7 Not performed srp-2, srp-6 & srp-7 1

SIM1 hif-1 hlh-34 Not performed hif-1 1

SIPA1L1 F53A10.2 sipa-1 Not performed F53A10.2 1

SMTNL1 X T15B12.1 Not performed T15B12.1 1

SSRP1 athp-1 hmg-3 & hmg-4 Not performed athp-1 1

TIMM10 tin-10 tin-10 Not performed tin-10 1

TMPRSS5 X try-1 Not performed try-1 1

TMX2 C35D10.10 C35D10.10 Not performed C35D10.10 1

UBE3B oxi-1 oxi-1 Not performed oxi-1 1

YPEL4 M04B2.4 F37A8.5 Not performed M04B2.4 1

ZBTB16 X zfp-2 Not performed zfp-2 1

ZDHHC5 X dhhc-8 Not performed dhhc-8 1

ZNF484 X znf-782 Not performed znf-782 1
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Supplementary Figure 1

Supplementry Figure 1. Interactivity between conserved sociability genes, nonconserved sociability genes and ran-
dom gene sets allowing 20 resultant genes to be included in GeneMania. A) Total interactions between conserved 
sociability genes and random sets of 50 human genes; B) Total interactions between nonconserved sociability genes 
and random sets of 19 human genes; C) Interactions per gene for conserved sociability genes and random sets of 
50 human genes; D) Interactions per gene for nonconserved sociability genes and random sets of 19 human genes. 
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ABSTRACT

The social brain hypothesis (SBH) is a popular hypothesis explaining the evolution of large 
brains in primates through selection on social complexity. Novel methods using genetic infor-
mation from a single species to examine evidence of evolution have created interesting oppor-
tunities to evaluate hypotheses such as the SBH. However, these methods rely on information 
regarding phenotypic variation within species, while such data regarding social complexity 
is lacking. We used data from the UK Biobank to create measures of social complexity and 
examined how these relate to grey matter volume and cognition. Associations were found 
between social complexity and total grey matter volume as well as regional grey matter volumes 
in the cerebellum, pallidum and inferior lateral occipital cortex. Social cognition was broadly 
associated with cognition, although the number of friends and family visits showed inverse 
associations compared to the other measures. These findings add to the knowledge of the 
neurobiological and cognitive background of social complexity and provide a basis for future 
studies examining social complexity in the context of the SBH in humans.
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INTRODUCTION

The human brain has undergone significant expansion since before the divergence between 
humans and other primates (Montgomery et al., 2010). The evolutionary factors driving this 
expansion are still up for debate, although some well-supported hypotheses have surfaced 
across the past decades. One example of such a hypothesis is the social brain hypothesis (SBH), 
synthesized from previous work and hypotheses by Barton and Dunbar (1997). The main idea 
of the SBH is that the large brains (and particularly the large neocortices) found in primates 
are a result of selection pressure for the ability to cope with their highly complex social environ-
ments (Dunbar, 2009).Complex social lives are hypothesized to be an evolutionary advantage 
either because it reduced risk of predation and/or increased foraging success, although evidence 
for the association between group size (a common operationalization of complex sociality) 
and predation risk are more strongly substantiated (Dunbar, 2009). Benefits of complex 
sociality in terms of fitness then translated to increases in brain size as the cognitive demands 
of increasingly complex social environments required high levels of cognitive skills necessary 
for maintaining large amounts of complicated social relationships (Dunbar, 2009; Shultz & 
Dunbar, 2007; Shultz & Dunbar, 2012).

While traditional methods of examining evolution relied on phylogenetic comparisons between 
species with varying levels of the trait of interest, in recent years new methods have arisen 
which allow for the examination of evolution using genetic data from a single species, such as 
singleton density scores (Field, 2016). Song et al. (2021) recently combined established and 
new single-species genetic methods to create estimates of how traits evolved throughout human 
evolution. Such methods raise the possibility of examining how traits such as social complexity 
have been affected by selection and other evolutionary processes from before human speciation 
(for an example using genetic risk for major depressive disorder see Sall et al., 2021) up to 
more recent evolutionary history as can be analyzed using the singleton density method by 
Field (2016). However, an important requirement for such studies is that first, high-quality 
genetic studies are performed to determine what genes contribute to the genetic background 
of social complexity.

In turn, such studies rely on the availability of a clear and operationalizable definition of social 
complexity. However, both theoretical definitions and methodological operationalizations 
of ‘social complexity’ vary. From an early moment, group size was a common measure used 
in studies examining the social brain hypothesis (e.g. Barton, 1996; Dunbar, 1992; Dunbar, 
1998). However, several criticisms have been leveled at the idea that the association between 
brain size and social complexity is merely a quantitative relation between group size and brain 
size. Dunbar and Shultz (2007) found that while in primates a quantitative association might 
be an adequate description of the association between social complexity and brain size, in other 
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animal species the association might take a more qualitative form. Freeberg et al. (2012) argue 
that the size of the social grouping need not necessarily indicate complex social behavior and 
uses the example of a large group of ungulates which move together but do not have any real 
interaction with many of the individuals in the group. In the past decade, several researchers 
have attempted to create a definition of social complexity which lends itself for use across 
species in order to facilitate the ability to compare future studies of social complexity. Such 
attempts to define social complexity may also be useful for the creation of social complexity 
measures in single-species studies. Harmonizing the measures used in between-species and 
within-species studies may facilitate the comparison of the results from such varying studies. 
In the next paragraph, we will discuss several proposed definitions and how these can relate to 
within-species studies of social complexity. 

Definitions of (individualized) social complexity
Freeberg et al. (2012) have provided a broad description of a complex social environment as 
“those [social systems] in which individuals frequently interact in many different contexts with 
many different individuals, and often repeatedly interact with many of the same individuals 
over time”. While this definition is useful, operationalization is hampered somewhat by the 
vagueness of the terms “frequently” and “many”. Bergman and Beehner (2015) mention that 
while the definition by Freeberg et al. (2012) has the advantage of encouraging objective mea-
surement, a definition of social complexity should incorporate the association with cognition 
as this association is one of the most important tenets of the social brain hypothesis, while not 
all measures of the social environment are necessarily related to cognition. Based on this, they 
define social complexity as the number of differentiated relationships an individual has. One 
clear distinction between the definitions of Freeberg et al. (2012) and Bergman and Beehner 
(2015) is that while the definition by Freeberg et al. (2012) clearly focusses on the social 
complexity of the social system, the definition by Bergman and Beehner (2015) specifically 
mentions the individual, indicating that such social complexity can vary within a species. 

A more thorough discussion on the measurement of social complexity specifically was provided 
by Kappeler (2019). Kappeler (2019) mentions the definition of Bergman and Beehner (2015) 
but acknowledges that the definition is not very specific about how to operationalize ‘differen-
tiated relationships’ across species and that it might be difficult to examine it in similar ways 
across species. In order to create a more consistent and operationalizable definition for the study 
of social complexity across species, based on previous work in the field Kappeler (2019) created 
a framework for social complexity consisting of four components: social organization, social 
structure, mating system and care system. Social organization consists of aspects such as group 
size, group composition and kinship pattern, social structure describes variation in the content, 
quality and patterning of social relationships, the mating system regards mating patterns and 
reproductive skew and the care system is simply about who takes caretaking roles in regards to 
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offspring (parents and/or alloparents). Although the framework provides good handholds for 
how individualized measurements of social complexity could be designed and Kappeler (2019) 
mentions that intraspecific variation in social complexity is significant and understudied, the 
focus of the discussion is mostly on interspecific variation. However, Aureli & Schino (2019) 
discuss how social structure and social organization affect the individual and how this is related 
to variation in cognitive skills. Social structure is relevant in individuals as variation between 
and within relationships require the ability to differentiate between individuals and determine 
which behavioral strategy is ideal for each at a specific time. Social organization affects indi-
viduals through the cohesion of social relationships and through the composition of social 
groups, affecting the number and characteristics of conspecifics an individual can interact with. 
These definitions and discussions are a valuable resource for researchers attempting to create 
their own measures of social complexity. 

Associations between social complexity, cognition and brain size
The SBH posits the idea that certain between-species differences in social complexity are related 
to between-species variation in brain size, at least in primates (Dunbar, 1992; Barton, 1996; 
Dunbar, 1998) although evidence has also been found in other species (e.g. ground squirrels, 
Matějů et al., 2016). One previous study has already shown that in humans, ‘sociability’ is 
associated with grey matter volumes in several brain regions expected to be involved in social 
behavior (Horváth et al., 2011). However, this study was quite small (25 subjects) and didn’t 
attempt to measure social complexity specifically, although their measure of sociability did 
include measures which could be used to measure social complexity such as a subject’s number 
of friends and the amount of time spent with them. This study did demonstrate that the as-
sociations hypothesized by the SBH may also be applicable to human interindividual variation. 

The association between brain size and social complexity is supposedly mediated by the cogni-
tive requirements of high social complexity, which implies both an association between certain 
cognitive skills and social complexity as well as between brain size and those specific cognitive 
skills (Dunbar, 2009; Shultz & Dunbar, 2012). An association between social complexity 
and cognition is imperative when studying the social brain hypothesis (Bergman & Beehner, 
2015). Therefore, an important evaluative method for measures of social complexity is to what 
extent they relate to cognition. 

The main cognitive skill supposed to be involved in social complexity is theory of mind (ToM; 
also referred to as mentalizing) (Dunbar, 2009; Shultz & Dunbar, 2012), the ability to recog-
nize the intentions and emotions of other individuals. ToM is a higher-order cognitive function 
which depends on several lower-order cognitive skills, such as attention (Fahie & Symons, 
2003; Lin et al., 2010; Mary et al., 2016), memory (Davis & Pratt, 2007; Ciaramelli et al., 
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2013; Laillier et al., 2019) and processing speed (Charlton et al., 2009; Ayesa-Arriola et al., 
2016; Laillier et al., 2019). 

In the current study we will attempt to create an individualized measure of social complexity 
using data available in the UK Biobank as an example for potential future studies examining 
the genetic background of social complexity in the context of human evolutin. In order to 
examine whether the associations between brain size, social complexity and cognition are re-
tained and may affect evolution in modern humans, we will examine whether such associations 
exist between our measure of social complexity, various measures of grey matter size across the 
brain and cognitive measures available in the UK Biobank. 

METHOD

Subjects
The data was provided by the UK Biobank, a large population cohort from the United King-
dom including over 500000 adults measured across a large number of phenotypes (Bycroft 
et al., 2018). A complete overview of the data collection performed by the UK Biobank can 
be found on the UK Biobank website (https://www.ukbiobank.ac.uk/enable-your-research/
about-our-data) and the UK Biobank showcase (https://biobank.ndph.ox.ac.uk/showcase/). 
The data collection was approved by the National Research Ethics Service Committee North 
West Multi-Centre Haydock and informed consent was required from all participants. Only 
subjects who participated in the first wave of MRI data acquisition (N = 42802) could be 
included in the analyses regarding the association between social complexity and (regional) 
grey matter volumes. In order to control for potential biasing factors, subjects were excluded if 
they had a BMI below 15 or above 40, if they reported having severe tinnitus, if they suffered 
from narcolepsy, if they had suffered a stroke, if they had been diagnosed with brain cancer, if 
they were blind, if they were deaf or if they were unable to walk. Subjects were also excluded 
if they were reported to have any disease or disorder affecting the central nervous system (for 
specific ICD-10 codes, see supplementary materials). 

Social complexity scores
We created three measures which capture aspects of social complexity as defined by Kappeler 
(2019). The first measure was created by combining the number of leisure locations visited by 
the subject (minimum 0, maximum 6), the employment status (1 if employed, 0 otherwise) of 
the subject and the student status of the subject status (1 if student, 0 otherwise) into a variable 
we termed ‘number of social contexts’ (minimum 0, maximum 8). This was based on the idea 
that individuals who attend more locations with access to social contact likely spend more time 
engaging in social contact and with more variation in contacts compared to individuals with 
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fewer of such locations. The employment and student status of the subject were included as 
the work environment and study environment typically also include contact with colleagues or 
fellow students (although this does not have to be the case, in the case of self-employed subjects 
or subjects following their studies online, for example). In the rest of this paper we will term 
this variable ‘number of social contexts’. 

As a second measure of social structure, we included the amount of time spent with family and 
friends. This was a measure implemented as is in the UK Biobank. The categories provided to 
the subjects were ‘No friends/family outside household’ (scored as 0), ‘Never or almost never’ 
(scored as 0), ‘Once every few months’ (scored as 1), ‘About once a month’ (scored as 2), ‘About 
once a week’ (scored as 3), ‘2-4 times a week’ (scored as 4) and ‘Almost daily’ (scored as 5). 

Finally, we included a measure of Kappeler’s (2019) ‘social organization’. The key feature 
of social organization is the living situation of individuals of a species. This aspect of social 
complexity can be viewed as the aspect of social complexity typically used by studies using 
‘group size’ as an operationalization of social complexity. In order to create a similar measure 
in the UK Biobank, we used the number of individuals living in the household of the subject 
as a measure of social organization. However, as the measure was extremely skewed with very 
few individuals having household sizes over 6, we created a score between 0 and 5 indicating 
the number of individuals sharing a living situation with the subject, with 5 indicating that the 
subject lived with 5 or more others. 

We also created a composite measure for which each separate measure was standardized to a 
range of 0 to 1. The scores were then added to create the composite score, resulting in a score 
ranging between minimum 0 and maximum 3. Although a composite score is less likely to 
show how exactly different aspects of social complexity relate to brain size, it might better 
represent differences between individuals as separate scores might be more likely suffer from 
coincidentally high scores. For example, someone might live with individuals outside the direct 
family unit involuntarily and therefore score highly on the living situation variable, but if they 
do not also voluntarily spend time with friends or family and in social contexts outside the 
house, they would still score relatively low on the composite score. 

As the UK Biobank data consists of several measurements for most individuals, we had to 
make a decision which measurement was used for the analyses. For the separate measures, we 
used the data gathered during the third instance, which was when the MRI measurements 
were performed. If the data were not available for that timepoint, we used the second instance 
data, or the first if neither the third nor second instance had the required data for the subject. 
The fourth instance occurred after the MRI measurement, and was only used if data was not 
available for the first three instances; only very few subjects had data for this instance. For the 
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composite measure, we created the composite score for each instance which had data for each 
separate measure and then chose the maximum as a subject would need the cognitive skills to 
cope with the most socially complex situation they choose to be in while lower scores could 
reflect potentially involuntary or temporary changes to the social environment of the subject. 
Both the separate social complexity measures as well as the composite measure were normalized 
and demeaned for use in the MRI analysis.

Cognition
The UK Biobank contains multiple measures of cognitive skills. A full overview of the cognitive 
domains measured and the tests used can be found in Table 1. The names for the cognitive 
domains are adapted from Fawns-Ritchie et al. (2020). Cognitive tests used by the UK Biobank 
are not standardized and at the time of administration had not been tested for psychometric 
quality. Since then, psychometric quality of the UK Biobank cognitive tests has been assessed 
in several studies (Lyall et al., 2016; Fawns-Ritchie et al., 2020; Ciobanu et al., 2023).Psycho-
metric quality in terms of internal consistency, short-term test-retest reliability and concurrent 
validity of the UK Biobank cognitive tests have been found to be reasonable to good in general 
(Lyall et al., 2016; Fawns-Ritchie, 2020), although the long-term test-retest reliability of some 
of the tests may not be ideal (Lyall et al., 2016). 

MRI imaging
The imaging protocol followed by the UK Biobank can be found at https://www.fmrib.ox.ac.
uk/ukbiobank/protocol/. We included 66 imaging-derived phenotypes (IDPs), including 
total grey matter volume and regional grey matter volumes. A full list of all included IDPs 
is included in the Supplementary Table 1. All IDPs were demeaned before inclusion in the 
statistical analyses. 

Table 1. Cognitive domains measured (adapted from Fawns-Ritchie et al., 2020) and the tests used by the UK 
Biobank. 

Cognitive domain UK Biobank test name

Visual declarative memory Pairs matching test

Processing speed Reaction time test

Prospective memory Prospective memory test

Symbol digit substitution

Verbal and numerical reasoning Fluid intelligence test

Executive function Trail making test

Tower rearranging test

Verbal declarative memory Paired associate learning test

Non-verbal reasoning Matrix pattern completion
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Statistical analyses
We used linear regression to examine the association between social complexity and MRI-
derived regional and total grey matter volumes. We performed these analyses twice, once with 
the separate social complexity measures as predictors and once with the composite social com-
plexity measure as predictor. Predictors were demeaned and normalized to create predictors 
with mean 0 and with a range of 1. The demeaned IDPs were used as outcome variables. Due 
to the large number of statistical tests for the IDPs, we used a Bonferroni correction based on 
the number of IDPs for the linear regressions examining associations between social complexity 
and grey matter volume. The new alpha values for the associations between the IDPs and the 
social complexity measures therefore became 0.05/66 = 0.0008. P-values are reported adjusted 
for the correction. 

We examined demographic variables and BMI to examine whether they were associated with 
social complexity to determine whether they should be included as covariate. The variables 
assessed were sex, age, income, education, ethnicity and BMI. Besides demographic covariates 
and BMI we also controlled for head size and for the associations between social complexity 
and regional grey matter volumes, for total grey matter volume.

Associations between social complexity variables and cognition were assessed using Pearson 
correlations, with the exception of the associations between the social complexity measures 
and prospective memory, as prospective memory was assessed using a categorical measure. For 
prospective memory, an ANOVA was used. Post-hoc comparisons were made using Tukey’s 
studentized pair-wise t-test. As the number of cognitive measures does result in several com-
parisons, the alpha value for the determination of significance was adjusted using a Bonferroni 
correction. The adjusted alpha value for the cognition-social complexity association is 0.005. 

RESULTS

Social complexity measure distributions
Visual representations of the distributions of the social complexity measures can be found in 
Figure 1. All three separate measures had skewed distributions, especially social context score 
and household number scores. However, the composite social complexity scores did conform 
to a normal distribution. 

We examined associations between the social complexity measures and demographic variables 
to determine which demographic variables should be included in the linear regressions assess-
ing the associations between social complexity and grey matter volume in order to reduce the 
potential for biasing factors. We included analyses for age, sex, ethnicity, education, income 
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and additionally body mass index. Th e full results are displayed in Supplementary Table 2. 
Social contexts score was signifi cantly associated with each of the demographic variables and 
BMI (p-values all <0.001). Household number score was associated with all demographic 
variables (p-values all <0.001) but not with BMI. Friend and family visits score was associated 
with all demographic variables as well as BMI (p-values range <0.001 – 0.005). Due to the 
associations between the demographic variables and BMI with the social complexity variables, 
all demographic variables plus BMI were included as covariates. Age squared was also included 
in order to account for nonlinear associations between age and grey matter volume. 

Figure 1. Distributions of separate social complexity measures and composite social complexity measure before 
normalization and demeaning. Red dashed lines indicate the means of the respective distributions.
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Social complexity and grey matter volumes
After the Bonferroni correction, the total number of individuals with data for both grey matter 
volumes and social complexity was N = 29703. Total grey matter was significantly associated 
with the composite social complexity score (b = 0.02, F (1, 25928) = 27.68, p (adjusted) < 
0.001), but not with the separate social complexity measures. The right side of the inferior lat-
eral occipital cortex was associated with the friends and family visits social complexity variable 
(b = 0.02, F (1, 25922) = 13.42, p (adjusted) = 0.013), as was the right hemispheric side of the 
pallidum (b = -0.02, F (1, 25921) = 15.10, p (adjusted) = 0.007). The data showed a very out-
lying data point (see figure 2), however removing the datapoint did not change the results so we 
have reported the results with the datapoint included. The cerebellum lobules VIIIa (right side 
only, b = 0.02, F (1, 25924) = 14.45, p (adjusted) = 0.007) and VIIIb (right side: b = 0.02, F 
(1, 25924)= 12.04, p (adjusted) = 0.033; left side: b = 0.03, F (1, 25924) = 19.59, p (adjusted) 
< 0.001) as well as the cerebral crus I (right side: b = 0.03, F (1, 25924)= 26.07, p (adjusted) 
< 0.001; left side: b = 0.02, F (1, 25924) = 17.39, p (adjusted) = 0.002) were significantly 
associated with the composite social complexity measure. Scatterplots with regression lines 
for the significant results can be found in Figure 1. Plots showing the regression between the 
social complexity variables and the predicted results are included in Supplementary Figure 1. 
Similar plots using the predicted values (which take into account the covariates) are presented 
in Supplementary Figure 1. None of the other regional volumes were significantly associated 
with the social complexity measures after the Bonferroni correction. The full overview of the 
results including coefficients can be found in Supplementary Table 1.

Social complexity and cognition
The analyses regarding the associations between the various social complexity measures and 
cognitive skills reveal consistent associations between the social complexity measures and vari-
ous cognitive abilities. The correlation coefficients (or in the case of prospective memory the 
F- statistic) and p-values are reported in Table 2. The number of social contexts, the size of 
the household and the composite social complexity score were all significantly associated with 
each of the cognitive measures in the same direction, indicating a positive association between 
cognition and social complexity. Friends and family visits was significantly associated with 
processing speed, verbal and numerical reasoning, executive functioning as measured by the 
tower rearranging task and non-verbal reasoning. However, each of these associations was in 
the opposite direction from the other three measures. Results from the ANOVA post-hoc tests 
for the prospective memory analysis can be viewed in Table 3. 
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A through F show associations between the IDPs and the composite social complexity score, plots G and H show 
associations between IDPs and the number of friend and family visits. Blue lines show the regression lines. 
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DISCUSSION

The goal of this study was to create measures capable of measuring individual variation in social 
complexity between human subjects and to examine whether such measures would be usable 
in studies examining recent selection on social complexity in relation to the SBH. We found 
that indeed our measures of social complexity captured significant variety, although the social 
context score and household number score were highly skewed with most individuals falling in 
the lower scores. However, the distribution of the composite social complexity score resembles 
a normal distribution with individuals spanning all potential scores. 

The analyses examining the associations between social complexity and total and regional grey 
matter volumes resulted in several interesting findings. First, as could be expected if the concur-

Table 2. Results of the analyses regarding associations between social complexity measures and cognitive skills. 

Social context score Household number Friends/family visits Composite social
complexity

Visual declarative 
memory

r = -0.04, p < .001* r = -0.05, p < .001* r = 0.01, p = 0.158 r = -0.04, p < .001*

Processing speed r = -0.09, p < .001* r = -0.12, p < .001* r = 0.05, p < .001* r = -0.09, p < .001*

Prospective memory1 F (2, 27971) = 47.98, 
p < .001*

F (2, 27960) = 28.18, 
p < .001*

F (2, 27965) = 0.01, 
p < .992

F (2, 27954) = 45.01, 
p < .001*

Verbal and numerical 
reasoning

r = 0.08, p < .001* r = 0.03, p < .001* r = -0.04, p < .001* r = 0.03, p < .001*

Executive functioning: 
Tower rearranging

r = 0.07, p < .001* r = 0.08, p < .001* r = -0.03, p < .001* r = 0.07, p < .001*

Executive functioning: 
Trail making 1

r = -0.11, p < .001* r = -0.10, p < .001* r = 0.02, p = 0.009 r = -0.11, p < .001*

Executive functioning: 
Trail making 2

r = -0.04, p < .001* r = -0.04, p < .001* r = 0.02, p = 0.016 r = -0.03, p < .001*

Verbal declarative 
memory

r = 0.13, p < .001* r = 0.07, p < .001* r < 0.01, p = 0.804 r = 0.10, p < .001*

Non-verbal reasoning r = 0.12, p < .001* r = 0.09, p < .001* r = -0.06, p < .001* r = 0.07, p < .001*

Table 3. Results of the post-hoc analysis for the ANOVA assessing the association between social complexity and 
prospective memory. * = Significant at the p=0.005 level. 

Social context
score

Household
number

Friends/family
visits

Composite social
complexity

Correct on second attempt – 
Correct on first attempt

D = -0.02, p < .001* D = -0.03, p < .001* N.S. D = -0.01, p < .001*

Incorrect/skipped - Correct on 
first attempt

D = -0.04, p < .001* D = -0.04, p < .001* N.S. D = -0.03, p < .001*

Incorrect/skipped - Correct on 
second attempt

D = -0.02, p = 0.005* D = -0.01, p = 0.623 N.S. D = -0.01, p = 0.006
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rent selection on social complexity and brain size hypothesized in the social brain hypothesis 
indeed resulted in pleiotropy between the two variables, the composite social complexity 
measure was associated with the total grey matter volume. This was not the case for the separate 
social complexity measures, however. One possibility is that, as described by Kappeler (2019), 
social complexity is a complicated trait which can be divided into several subdomains, and 
scoring high on a single of the subdomains does not necessarily indicate high social complexity 
if scores on the other characteristic are low. For example, someone might not always have the 
ability to decide with how many people they live (in case of financial difficulty, people can for 
example choose to have roommates out of necessity) and in that case high household number 
size scores do not necessarily reflect high social complexity, while scoring relatively high on 
household size, social locations visited and the number of visits with friends and family do 
likely reflect a genuine increase in social complexity. 

Besides total grey matter, associations between regional values and the composite social com-
plexity score shows a potential involvement of the cerebellum in social complexity. Particularly, 
lobules in the inferior posterior lobes of the cerebellum (VIIIa and VIIIb) appear involved in 
social complexity. Many previous studies in humans and non-human animals have pointed 
to a role of the cerebellum in social cognition and social behavior (e.g. Carta et al., 2019; 
Heleven et al., 2019; Hoche et al., 2016; Metoki et al., 2022; Van Overwalle et al., 2019). 
In a meta-analysis of 350 studies, Van Overwalle et al. (2013) found that the cerebellum is 
implicated in social cognition with high consistency across studies. Reductions in grey mat-
ter in lobules VIIIa and VIIIb have been found to be associated with symptoms of autism 
spectrum disorder (Stoodley, 2014), which is characterized by social and sensory dysfunction. 
The cerebellar crus I has been found to be transdiagnostically associated with social cognition 
(Brady et al., 2020) and is grey matter abnormalities in this region are also associated with 
autism spectrum disorder (D’Mello et al., 2015). Our analyses provide further evidence of 
the role of the cerebellum in social functions. While papers treating the SBH typically focus 
on the evolution of the neocortex, the association between social complexity and grey matter 
volumes in the cerebellum (particularly the inferior posterior cerebellum) found in this study 
may make it more interesting for future studies to also examine whether co-evolution between 
social complexity and the cerebellum could have taken place. 

The number of visits with friends and family also showed associations with regional grey 
matter volumes, specifically in the right inferior lateral occipital cortex and the right side of 
the pallidum. The lateral occipital cortex has been found to be involved in the face percep-
tion network (Nagy et al, 2012). The inferior occipital gyrus, which is a part of the inferior 
lateral occipital cortex, has also been found to play a role in face-evoked potentials (Jacques et 
al., 2019), suggesting a role between face perception and the social structure aspect of social 
complexity as described by Kappeler (2019). The inferior lateral occipital cortex also appears 
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to be involved in determining spatial relations between social stimuli (Abassi & Papeo, 2019). 
These findings indicate that perception may play an important role in interindividual variation 
in social complexity in humans. Social perceptual abilities are known to play an important role 
in ToM (Meinhardt-Injac et al., 2018), which is supposed to be one of the social cognitive 
abilities which developed throughout evolution according to the SBH. This may explain why 
our findings point to a role of the inferior lateral occipital cortex in human variation in social 
complexity. 

Previous findings regarding the involvement of the pallidum in social functions are less clear, 
although some evidence has been presented. Lim and Young (2004) found that in monoga-
mous prairie voles, the pallidum is part of a circuit involved in pair bonding. Pair bonding has 
been hypothesized to be the basis for non-reproductive relationships (Dunbar, 2009), which 
might explain why we find an involvement of the pallidum in social complexity, specifically in 
the frequency of visits with friends and family. Secondly, the pallidum plays an important role 
in the default mode network (DMN) (Klaassen et al., 2021), which is known to be involved 
in social cognition (Fareri et al., 2020; Mars et al., 2012; Wen et al., 2020). However, while 
we found a positive association between grey matter volume in the pallidum and the num-
ber of friend/family visits, other studies have found opposite associations between pallidum 
volume and social behavior, even finding associations between pallidum volume and social 
anhedonia (Wang et al., 2014). However, the results from the study regarding anhedonia found 
an effect specifically for the pallidum in the left hemisphere, while the association between 
social complexity and pallidum volume in this study was specific to the right hemisphere. This 
indicates that perhaps lateralization is relevant for the role of the pallidum in social cognition 
and behavior. As it stands, the underlying mechanisms of the association between the pallidum 
volume and social complexity found in this study are unclear and will require further research. 

The lateralization mentioned in the previous paragraph is an interesting finding of our analyses 
in general, as for all but two of the associations regarding regional grey matter volumes, signifi-
cant effects were only found for the right hemisphere. Previous studies have provided evidence 
of a lateralization of social functions in the right ride of the brain in humans (Hewetson et 
al., 2021; Rajimehr et al. (2022) as well as in other animals (Giljov et al., 2018; Salva et al., 
2012). Our findings add to the literature documenting a right hemispheric dominance in social 
functions. It may be interesting in the future to examine whether the extent of lateralization of 
social functions itself might have evolved as part of selection on social complexity, as the extent 
of lateralization might be related to cognitive functioning (Gotts et al., 2013). 

Unexpectedly, the associations between social complexity and regional grey matter volumes 
found in this study were mostly situated in the more ‘ancient’ parts of the brain, with the 
exception of the inferior lateral occipital cortex. This is unlike the majority of the findings 
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supporting the SBH, which typically point at the disproportionally expanded neocortex as the 
main aspect of brain evolution related to selection for high social complexity. Due to the novel 
nature of our measures, it is unclear whether this is a result of our measures not capturing the 
variation in social complexity aimed at by the cross-species studies, whether this is associated 
by a genuine change in how interindividual variation in social complexity is related to brain 
size or whether perhaps another explanation can account for our findings. However, it might 
be interesting for future studies to examine the (recent) evolution of the size of the basal ganglia 
and cerebellum in relation to selection on social complexity. 

As could be expected based on the SBH, social complexity was consistently associated with 
cognition across the different cognitive tests. In fact, the consistency of the associations 
exceeded expectations, as the measures were not directly associated with social cognition 
and although general cognitive skills are likely important for social cognition, the indirect 
association with social complexity could have led to low or nondetectable associations. This 
was not the case however. The consistent associations between cognition and social complexity 
found in our study provide an indication that modern human variation in social complexity 
is indeed associated with cognitive skill. However, associations between social complexity and 
cognition were small, indicating that the variation in cognitive skills between humans may 
only determine variation in social complexity to a minor extent. If this is the case, selection on 
social complexity might result in only very small or no evolutionary change in cognitive skills. 
However, the associations could also have been small due to suboptimal measurement of social 
complexity (see below). Another reason why correlations might be smaller than expected is the 
indirect association between general cognitive skills and social complexity, as these should be 
mediated through social cognitive skills. Future studies could examine whether using direct 
measurements of social cognition result in higher correlations with social complexity. While 
the existence of a neurobiological overlap between social complexity and cognition in humans 
is outside of the scope of this study, a previous study has found that in rodents, cognition and 
sociality show considerable overlap in the neurobiological substrates underlying these domains 
(Lanooij et al., 2023). This could be an interesting avenue for further research regarding social 
complexity. 

Surprisingly, the number of visits with friends and family showed an inverse relation with 
cognition compared to both the number of social contexts and household size (as well as the 
composite measure), with reduced cognitive abilities in those with higher frequency of visits 
with friends and family. Although the reason for this is unclear, as the frequency of visits with 
friends and family appears a relatively straightforward translation of traditional measures of so-
cial complexity such as group size or ‘number of differentiated relationships’, we can speculate 
that perhaps individuals with reduced cognitive abilities receive more attention from friends 
and family as a form of care. Another option is that perhaps individuals with reduced cognitive 
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functioning are less accurate in their reporting of their social activities, as has been reported in 
individuals with Alzheimer’s disease and schizophrenia (Jongs et al., 2022). These findings do 
however call into question the quality of this self-report measure of the frequency friends and 
family visits as a measure of social complexity, particularly in the context of the SBH. It also 
casts doubt on the association between the pallidum and the inferior lateral occipital cortex 
and social complexity, as grey matter volumes in these regions were solely associated with this 
particular measure of social complexity. 

An important limitation for this study was the novelty of the measures and the lack of options 
to validate them against existing measures of social complexity. This is unfortunately hard to 
overcome, as few studies at this point in time have examined social complexity specifically in 
terms of interindividual variation in humans. However, future studies could perform such 
validations by comparing the measures of social complexity used in this study to measures of 
other aspects of social behavior, such as the Social Functioning Scale (Birchwood et al., 1990). 
Similarly, the reliability of these novel measures has yet to be established. 

Secondly, the analyses regarding cognition and social complexity could have been biased by the 
self-reported nature of the variables underlying the social complexity measures. Previous work 
on self-reported social complexity has shown that neuropsychiatric disorders affecting cogni-
tion such as schizophrenia and Alzheimer’s disease could also cause inaccurate self-report of 
social behavior (Jongs et al., 2022). It is unknown whether this extends to normal variation in 
cognition, but if this is the case, it might have created artificial associations between cognition 
and social complexity.

Future studies can address these limitations and further the exploration of (recent) human 
evolution in the context of the SBH. Potential issues with the measurement can be addressed 
by carrying out studies examining the psychometric qualities of interindividual human social 
complexity as well as determine the ideal method to measure social complexity (e.g., objec-
tive vs self-report). One type of methodology which is promising for the measurement of 
social behavior in an objective manner is passive digital phenotyping. Algorithms using data 
from smartphones or (wearable) sensors can be used to detect behavioral variation between 
individuals, for example using GPS (Jagesar, 2021; Muurling et al., 2022). Such methods may 
also perform better in subject who might not be able to accurately report their behavior as a 
result of cognitive issues (Jongs et al., 2022). As mentioned, to determine whether interhuman 
variation in social complexity resembles interspecies variation in social complexity between pri-
mates and the association with social cognition, studies should be carried out which specifically 
examine this association, for examples by studying theory of mind. The associations between 
regional brain volumes and social complexity found in this study should be further examined 
to determine how the pallidum, cerebellum and inferior lateral occipital cortex volumes are 
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relevant to social complexity. Finally, examining the genetic background of social complexity is 
necessary to be able to perform future studies examining (recent) selection on social complexity 
using methods such as those utilized in Song et al. (2021). 

In this study we performed a first examination of how the evolutionary associations between 
social complexity, cognition and brain size are applicable to individual human variation. We 
found highly consistent associations between cognition and social complexity and some as-
sociations between brain size and social complexity. This is a promising first step in creating 
measures of social complexity which can be used in future studies to examine recent human 
evolution related to social complexity. 
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Supplementary Figure 1

Supplementary Figure 1. Associations between predicted total and regional grey volumes retrieved from the linear 
models. Plots A through F show associations between the IDPs and the composite social complexity score, plots G 
and H show associations between IDPs and the number of friend and family visits. Blue lines show the regression 
lines. 
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ABSTRACT

Background: Literature on digital phenotyping is rapidly expanding with the development of 
smartphone applications for active and passive monitoring of human behaviour. Much of the 
interest in the field goes out to their promising potential to capture clinically relevant outcome 
measures. This is understandable given the excitement around the measurement potential of 
this novel set of tools. However, as for all novel research tools, it is crucial that all method-
ological aspects are carefully evaluated. Regarding smartphone-based passive monitoring, a 
particular challenge relates to the ability to maintain stable application performance as well as 
completeness and accuracy of data collected. This is important because these raw data are the 
basis from which any behavioural outcome measure is derived. Hence, establishing adequate 
practices for the collection and use of raw data is an essential first step required towards the 
reliability of scientific output generated downstream. 

Objective: To explore aspects of passive sensing data collection and data quality by comparing 
smartphone based behavioural data with alternative methods for the measurement of mobility, 
calling behaviour, foreground app usage and Wi-Fi access point sensing.

Methods: The study is conducted using BEHAPP, a mobile passive monitoring platform. First, 
we outline the design and development challenges of such platforms. Second, we compare 
between three different methods of measuring human behaviour: BEHAPP, self-reports and 
independent GPS tracking from 22 participants over a period of ten consecutive days.

Results: In general levels of agreement for location data and foreground app usage points were 
adequate. Wi-Fi access points did not match well between BEHAPP and the questionnaire.A 
more thorough examination of the Wi-Fi data showed large differences in the number of ac-
cess points at single locations. The mobility features showed large differences regarding the 
measurement of trajectories between the measurement modalities. Missing data affected all 
data types to some extent, and gaps in data shows that not all measurements were gathered as 
programmed. 

Discussion: The results elucidate several important aspects of data collection and quality to 
optimize the reliability of scientific results using passive sensing methodologies. The agreement 
between methods indicates that mobile passive monitoring has the potential to measure real-
time and real-world behaviour. The missingness of data from different modalities highlights 
the importance of data quality control measures. Passive smartphone monitoring offers both 
additional benefits such as real-time longitudinal and high-resolution data, expanding our 
opportunities to measure human behaviour for research and, potentially, clinical applications.
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INTRODUCTION

Digital phenotyping is a scientific field which is rapidly amassing large amounts of scientific 
studies. A definition of digital phenotyping was offered by Torous et al. (2016), specifically as 
“moment-by-moment quantification of the individual-level human phenotype in situ using 
data from smartphones and other personal digital devices”. In other words, digital phenotyping 
refers to the continuous (“moment-by-moment”) measurement of phenotypes of individuals 
using smartphones or other types of personal digital devices. Passive smartphone behavioural 
monitoring is one specific type of digital phenotyping which uses sensors and logs from the 
smartphone without active input, which can be distinguished from other methods which 
rely on additional digital devices such as wearables or require active input from the user (for 
example, through digitally delivered surveys). 

Digital phenotyping has several advantages over traditional methods such as surveys or clinical 
examinations, which explain why the field is expanding at its current pace. First, the continu-
ous nature of data collection, not limited to fixed moments such as is the case with surveys and 
clinical measurements, allows for a more complete image of the behaviour of the participant 
over a prolonged period of time, which is less likely to be affected momentary circumstances at 
the moment of measurement itself (although longer lasting circumstances, such as vacations, 
might still affect continuous measurement). Secondly, digital phenotyping methodologies take 
place in real world conditions, providing a more accurate overview of the daily lives of subjects. 
These first two advantages of digital phenotyping can be summarized as their ability to generate 
real-time and real-world data. Thirdly, one particular method of digital phenotyping relies 
on passive monitoring, which means that no active input from the subject is required. This 
particular approach has additional advantages in that it is objective, reduces input biases or 
errors such as social desirability bias, recall bias or malingering. One example which shows 
possible advantages is the study by Toepoel et al. (2020), where data gathered through passive 
GPS measurements improved the detection of short travelling instances. 

The passive aspect also reduces the burden on both subjects and researchers, as they are not 
required to spend time performing the measurement. In his treatise on the possibilities of 
and challenges for digital phenotyping, Insel (2018) describes how the mentioned benefits 
of digital phenotyping tools can change the approach to mental health research and practice, 
for example by allowing early detection of many different types of disorders by long-term 
monitoring of high-risk groups and by making possible the prevention of relapse for those 
already in care. The paper by Sugle (2016) demonstrates how smartphone-based measurement 
can have a positive effect on the participation rates in hard-to-reach populations and can assist 
in detecting rare and/or temporary occurrences.
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The number of studies in the field of digital phenotyping is increasing fast. Where a Google 
Scholar search using the search terms ‘digital phenotyping’ limited to 2016, the year Torous 
et al. (2016) provided their definition, yields 3780 results, the same search for the year 2020 
yields 10200. Several of these studies have already provided interesting results. For example, 
Berrouiguet et al. (2018) demonstrate in a sample of 5 patients with mood disorders that 
data passively gathered from smartphones using GPS can be used to detect changes in mobil-
ity patterns, which would require either large amounts of questionnaires to record or would 
require subjects to recall their behaviour during long periods of time. Doryab et al. (2019) 
use a smartphone application and a wearable sensor to measure a range of variables including 
communication and phone usage, activity and mobility and sleeping behaviours to predict 
loneliness. With only minimal burden for researchers and subjects, the data from 160 subjects 
measured for 16 weeks could be used to predict loneliness with 88.4% accuracy. As a final 
example, Barnett et al. (2018) analysed long-term measurements of 15 patients suffering from 
schizophrenia using an algorithm which can detect behavioural changes over time and found 
that for those experiencing relapse, the rate of behavioural changes increased by 71% in the 
two weeks leading up to the relapse. More examples can be found for example in Torous et al. 
(2021), who provide a very comprehensive overview of many different ways in which digital 
phenotyping methods can be used in mental health research. 

Digital phenotyping, including passive monitoring, has opened the door for longitudinal real-
world and real-time measurements of large numbers of variables and is saleable to large sized 
cohorts. Considering the high stakes involved in the assessment of mental health, data quality 
is essential. In this regard, it is somewhat surprising that research on data quality aspects of 
digital phenotyping methods is scarce. In fact, none of the three studies cited above mention 
data quality assessment, and only one specifies how missing GPS data was addressed (Barnett 
et al. (2018)). Recently, Bähr et al. (2020) has specifically examined data quality of GPS data 
collected through smartphone sensors, and demonstrate proneness of this method for missing 
data and invalid coordinates. Their results demonstrate that many different causes of GPS data 
errors exist, suggesting the importance of data quality assessment for any research relying on 
smartphone-based (GPS) data collection. 

Furthermore, there are broader factors are at play which may negatively affect the data collec-
tion and quality. First, mobile operating systems such as Android and iOS change continu-
ously. Adjustments to regulations regarding privacy and battery consumption limit developers 
in their ability to access certain data sources or require them to explicitly specify the resolution, 
frequency and continuity at which they need access to these data sources. Examples of limita-
tions are restrictions regarding access to sensors such as the accelerometer and microphone 
(Android Pie (9.0): Behavior Changes, 2019) and imposed limits to the frequency at which loca-
tion updates are delivered to any third party app (Android Oreo (8.0): Behavior Changes, 2020), 
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specifically when apps are running in the background of a device (see Supplementary table 1 
for a full overview of Android platform changes with an impact on data collection and data 
accuracy). Measures that specifically target background apps are particularly difficult because, 
inherent to passive monitoring of behaviour, they require unobtrusive and backgrounded opera-
tion of mobile applications. Regarding iOS, strict restrictions are in place limiting the types of 
data available for passive sensing, reducing the number of behaviours which can be measured.

Second, in line with the aforementioned, smartphone manufacturers often implement strate-
gies to conserve battery consumption leading to diminished sample frequencies or, in some 
cases, complete inactivation of the app. These measures even cause app failures amongst apps 
that are fully supported by Google such as coronavirus tracing apps (Hofmans, 2020). Third 
and last, user error can also cause problems with data collection and quality. Specific to sensors 
or sensor applications, participants may unintentionally cause the data to be inaccurate or 
incomplete while the data collection continues, making it difficult for the researchers to assess 
the extent of data loss. For example, data loss can occur because users accidentally retract data 
access permission for a specific sensor modality mid-study or fail to keep the device on their 
person. 

With regard to traditional survey research, previous studies have examined the predictors of 
data quality and quantity and ways to address these appropriately (e.g. Shin et al (2011), 
Mavletova (2013), & Meterko et al. (2018)), and some of the insights derived from this field 
are likely informative for digital phenotyping methods. For example, Amaya et al. (2020) 
described a so-called “total survey error framework” to categorize error types in large scale data 
gathered from third parties (data gathered by other entities than the researchers analysing the 
data, such as data gathered by governments). Although this type of data has some differences 
compared to digital phenotyping data, the steps from the point of data gathering onwards are 
comparable. Therefore, several of the error types mentioned in this paper may also occur in 
digital phenotyping, suggesting the relevance of evaluating such data errors in studies relying 
on digital phenotyping. 

The goal of this study is to examine the data quantity and quality of three methods compared 
to each other: a passive smartphone monitoring application called BEHAPP, a questionnaire 
and an independent GPS sensor. We want to examine the agreement between the methods in 
order to assess their advantages, disadvantages and interchangeability for the measurement of 
behaviour. 
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ABOUT BEHAPP

The data for this study was collected using BEHAPP, a smartphone based behavioural monitor-
ing platform implemented in multiple scientific studies (Jagesar et al. 2021). 

BEHAPP shares the same goal of collecting objective, real-world passive monitoring data with 
existing and emerging platforms such as Health by MindStrong (Insel, 2017), Beiwe (Torous 
et al., 2016), eB2 (Berrouiguet et al., 2018), NIIMA (Aledavood et al., 2017) and the AWARE 
framework (Ferreira et al., 2015). With four years of service BEHAPP is host to multiple studies 
with data collected (or ongoing data collection). The service is designed for scale, security and 
ease of use following the software as a service (SaaS) paradigm (Ma, 2007). Capable of hosting 
multiple studies, the responsibility of managing participants is delegated to study managers 
through the use of an administrative interface. The mobile application, which currently is 
Android only, guides the participant through a short onboarding process after which the app is 
activated and retreats to the background of the device for the set duration of the study.

Mobile app data collection
BEHAPP’s primary mode of data collection is a mobile app specifically built for the Android 
platform. The app taps into various data sources of a participant’s smartphone, selected based 
on their putative relevance to a participant’s social behaviour in terms of smartphone behaviours 
and mobility. Smartphone behaviours covers activities in which participants interact with the 
smartphone or others through the smartphone and is captured by monitoring the frequency 
and duration app usage events. 

Mobility is concerned with data expressive of how a participant moves around physically, such 
as GPS-based location data, but also Wi-Fi access point data. In our current study, we specifi-
cally examined collected raw data relevant to both smartphone behaviour and mobility, and 
meaningful features computed from this raw data from the following (and most commonly 
used) data sources mined by BEHAPP.

Location and mobility data based on GPS
Real-time location data is requested by the mobile application to record the mobility of a 
participant. BEHAPP implements the FusedLocationProvider which is a subsystem of An-
droid responsible for handling the collection and dissemination of location data on Android 
based smartphones (Simple, Battery-Efficient Location API for Android, n.d.). The app requests 
an update from the FusedLocationProvider every 30 seconds or if the displacement of the 
smartphone is over 30 metres. However, the FusedLocationProvider only delivers a location 
point if the battery is sufficient, if a method of measuring location (GPS, Wi-Fi or cellular) is 
available and if the measurement does not return missing values for the latitude and longitude. 
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The app records geographical coordinates (latitude / longitude), speed, altitude and accuracy 
measures for each data point. The temporal resolution and accuracy of location data streams 
depend on factors such as battery savings measures and GPS satellite visibility, and thus may 
vary over time.

Wi-Fi Access Points
Wi-Fi access points (AP’s) are fixed internet connected points that enable devices such as 
smartphones to connect to the internet. The data is collected by scanning for AP’s in the 
vicinity of the device, this is done on a fixed interval of approximately ten minutes. Sensitive 
identifiers such as the BSSID / MAC address are obfuscated using a technique known as one-
way-hashing, which uses a cryptographic method to encode the information provided meaning 
that if anyone with malicious intent gains entry to the database somehow the data does not 
convey meaningful and traceable information, thereby safeguarding privacy while preserving 
unicity. Considering the amount of Wi-Fi access points is dependent on the amount of Wi-Fi 
access point generating devices (such as modems) in an area, we examine it as a measurement 
of the social ‘density’ of the environment. 

Foreground app usage
The use of mobile applications is monitored in real-time recording the name of the app and 
the duration of use in seconds. The data provides a broad perspective on device usage as well 
as in-depth app usage patterns on the level of app categories such as ‘communication’ and 
‘entertainments’ apps and specific apps such as ‘WhatsApp’, ‘Facebook’ and ‘YouTube’.

Security & privacy
BEHAPP is built with security in mind at each layer of the service. A defense in depth strategy 
combined with the principle of least privileges are applied to realize a redundant security struc-
ture minimizing the overall attack surface. The strategy is based on four pillars: 1) Data is to 
be handled in an encrypted state at all times; 2) Data may not be permanently stored in servers 
that can be reached over public networks; 3) Upon receiving data the data may only flow in 
one direction. From publicly connected servers to servers in private networks; 4) Every study 
has a separate database for which specific access controls can be set, this is further enforced by 
a segmented encryption hierarchy. On an organizational level, every researcher with sensitive 
data access is required to attend a privacy and security briefing outlining responsible use of 
their access credentials, hardware and participant data. The briefing is based on an information 
security policy requiring signed endorsement by every researcher.
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METHODS

In order to examine how characteristics of data collection and outcomes are affected by the 
method of data collection, we conducted a study in which BEHAPP data were compared against 
data from independent, parallel sources informative on the same type of behaviours under study, 
i.e. activities regarding calling, texting, app usage, and patterns of location and mobility. 

We used three independent, parallel sources for our study: 1) BEHAPP, 2) a GPS tracking 
device, 3) a questionnaire with questions regarding the participants’ behaviour on the ninth 
day of participation. The questionnaire (see Appendix II) contains two subsets of questions. 

The first subset is a diary, which prompts each participant to report the number of available Wi-Fi 
access points visible on their phone and to open an application and specify which app was opened. 
The diary probes each participant three times during day nine of the study, with a minimum time 
interval of three hours between probes. The second subset of the questionnaire consists of ques-
tions about other behaviours during day nine of the study, such as calling and texting behaviour. 

Study design
The study consisted of two phases. In the first, data collection phase participants were included 
on-site and assisted with installation of the BEHAPP app configured to collect data over a 
period of ten days. At the same time, each participant was provided the Tractive GPS tracker 
along with user instructions. Participants were provided with charging equipment for the 
tracker and instructed to keep the GPS device (and their smartphone) with them for ten 
consecutive days. Additionally, participants were asked to fill in a questionnaire on the ninth 
day of the study, probing for specific behaviours during that day (Appendix II). Next in the 
second phase of the study we analysed the resulting data from the BEHAPP app, the GPS 
tracker and the questionnaire, with the aim to examine the degree of agreement between the 
three independent data sources.

Participants
Students from the University of Groningen were approached with the request to participate in 
this study. Other participants included employees of the Groningen Institute for Evolution-
ary Life Sciences (GELIFES), PhD students from several departments of the University of 
Groningen and acquaintances of the authors. Participants were provided with a form providing 
information on the study and asked for informed consent. 

The BEHAPP application was installed on their own phone. In total, 22 participants were 
recruited for this study, of whom 54.5% were male. Device manufacturers were relatively 
equally distributed over participants with Samsung having a majority share.
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Ethics
Data collection for this study did not require approval from the concerned institutional ethics 
review boards. Written informed consent was provided by all subjects.

Instrumentation
We used an independent GPS tracker from Tractive, n.d. (Tractive Classic, Pasching, Austria) 
as a control data source for location data. Tractive products are targeted towards pet owners 
to be able to examine the location and past locations of their pets. The Tractive Classic GPS 
tracker weighs 35 grams and measures at 51x41x15 (height x width x depth) mm (Tractive 
Realtime GPS Tracking, n.d.).

Measures
The first step in the analysis was to examine the extent of the data gathered by examining the 
number of days in which BEHAPP data was recorded by the participants’ smartphones. After 
this, we started the comparison between the BEHAPP data and the data from the concurrent 
methods. We created specific measures for each of the data sources in comparison to BEHAPP 
data
1) For our questionnaire data we defined the measures ‘number of measurements agree-

ment in foreground app usage’ and ‘number of measurements agreement in Wi-Fi access 
points observed’. Regarding the first, we determined the extent of overlap between the 
activities self-reported by participants through the activity diaries, and the data collected 
by BEHAPP. To this end, we examined whether the apps recorded by participants in the 
diary part of the questionnaire coincided with the activated apps identified by BEHAPP at 
the recorded times. We used these features for different reasons. First, the average hourly 
sampling frequency gives an indication of the information density of the method in ques-
tion. The features regarding places visited and time spent at home gives an indication of 
the variability of the environment of the subject. Finally, the total number of trajectories, 
time spent at stationary and perimeter of operation give an indication of the mobility of 
the subject. 

2) Finally, we attempted to replicate part of the analysis of Bähr et al. (2020) by examining 
gaps in data over. As our location data is not gathered at continuous rates but the Wi-Fi 
data is, we used the Wi-Fi interval to determine gaps. We examined the presence gaps of at 
least 30 (3 times the interval of 10 minutes) minutes in the Wi-Fi data and the total data.

1Unfortunately, the overlap in Wi-Fi categories was not noticed in time, meaning the data does contain the overlap. 
However, only two BEHAPP measurement of 5 Wi-Fi APs occurred. The participants scored it as 5-10 and the 
measurements have been treated as correct.
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RESULTS

Of the 22 participants that were recruited for this study three participants did not fi ll in the 
questionnaire, bringing the questionnaire data total at 19 participants. Of those 19, one par-
ticipant omitted the third measurement of Wi-Fi points and app usage on the questionnaire. 

Number of days with BEHAPP data
19 out of 22 participants had BEHAPP data for at least 10 unique days (the maximum was 11 
unique days, as the study duration of ten days always started somewhere during the fi rst day, 
so 11 unique days were measured). Participants 1, 9 and 11 had nine, four and fi ve unique 
days of BEHAPP data respectively. Each of these participants had data following the days with 
missing data. Th e days with missing data appeared randomly distributed and did not follow 
any consistent pattern across participants.

App usage
Table 1 shows the percentage of agreement between the self-reported foreground app usage and 
the same as recorded by BEHAPP. Average agreement on app usage was 65%. However, the 
spread is large with nine participants showing total (100%) agreement, whereas three partici-
pants’ (participant numbers 9, 15 and 19) data showed no agreement. In one case (participant 
12) there was no app data recorded at all. Average agreement excluding participant 12 was 69%. 

Figure 1: Visualization of the ‘places visited’ features. Th is fi gure shows that the features ‘unique places visited’ and 
‘places visited exactly once’ are subsets of respectively ‘places visited’ and ‘unique places visited’.

Table 1: Agreement app-usage based on BEHAPP vs based on self-report. 

No agreement 1 measurement in 
agreement

2 measurements in 
agreement

3 measurements in 
agreement

Frequency 4* 2 4 9

* Participant 12 had no app data recorded by BEHAPP 
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Wi-Fi Access Point scans
Wi-Fi Access Point data also shows a wide range of agreement between BEHAPP and the 
participants’ questionnaire data (Table 2). Four participants showed total agreement and 
seven participants showed zero agreement. Mean agreement is 42%. One participant had no 
BEHAPP-recorded Wi-Fi data at all (participant 9) and one of the participants (participant 
19) had no BEHAPP-recorded Wi-Fi data on the day of the questionnaire. Average agreement 
excluding participants 9 and 19 was 47%. 

Compared to the questionnaire, BEHAPP found higher values in 25 cases, lower values in 3 
cases and equal values in 20 cases. 

The agreement in general was quite poor. Participants 4, 10, 15, 17 and 21 in particular stood 
out. Despite complete and consistent data from both the questionnaire and BEHAPP, the 
agreement between both modalities was null. This prompted further investigation into the 
level of variation of Wi-Fi access points measured on one location, under the assumption that 
automatically reported Wi-Fi access points are likely (relatively) stable over time at a given 
location. However, contrary to our expectations, the number of available Wi-Fi access points 
recorded by BEHAPP on fixed geographical points varied largely over time, with a large vari-
ability of the spread of data between participants (Figure 2). Also contrary to our expectations, 
the number of access points found per scan was much higher than expected, which may also 
have affected the results of the comparison between the questionnaire and the application data, 
as BEHAPP often showed higher measurements compared to the questionnaire. 

Table 2: Agreement Wi-Fi access point quantity based on BEHAPP vs based on self-report. 

No agreement 1 out of 3 measurement in 
agreement

2 out of 3 measurements in 
agreement

100% agreement**

Frequency 7* 4 4 4

* Participants 9 and 19 had no Wi-Fi data recorded by BEHAPP on the day of the questionnaire
** Not all participants had three measurements in both the BEHAPP data and the questionnaire, however, they may still have full 
agreement in the numbers reported by BEHAPP and the questionnaire. None of the participants had 1 out of 2 measurements 
agreement, which is why the category is not included in the table. 
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Sleep activity
Th e day nine questionnaire also included questions about when participants went to sleep 
the preceding night and when they woke up. As sleep is a period during which in theory the 
smartphone is not activated by the participant, we examined whether calls, apps and location 
trajectories were present in the BEHAPP data during the recorded sleeping period. Participants 
5 and 21 were removed from this examination, as their recorded sleep times were very long 
(18.5 hours and 21.5 hours respectively) and for a large part during the day. In accordance 
with expectations, no calls or displacements were detected for any participants during their 
recorded sleeping period. However, several participants displayed app usage in the very fi rst 
hour after the recorded sleeping time and in the very fi rst hour prior to the recorded waking 
up time. In Figure 3, the yellow bars show the total amount of app usage during the recorded 
sleep time, with the orange bars displaying the same after removal of the fi rst and last hour of 
the reported sleep.

GPS location data
Two participants had either insuffi  cient BEHAPP (participant 9) or insuffi  cient independent 
GPS tracking (participant 22) location data points and were thus excluded from the analysis 
of location data-based features. Of the 21 remaining participants, one person had fewer than 
ten unique days of independent GPS tracking location data (participant 13). In the BEHAPP 
data two participants had fewer than ten unique days of location data. Specifi cally, participants 
1 and 11 had six and four unique days of data respectively. Location data measurement fre-
quency diff ered between BEHAPP and the independent GPS tracker, with BEHAPP generally 

Figure 2: Variation in BEHAPP-reported number of Wi-Fi access points recorded at diff erent times across loca-
tions. Th is fi gure shows the diff erences in amounts of Wi-Fi access points found across the places visited by the 
participants. Th e line within the boxes is the mean, the box contains all values within the interquartile range (the 
middle fi fty percent) and the whiskers span between the fi rst points within 1.5 times the IQR lower than the fi rst 
quartile point up to the last point within 1.5 times the IQR higher than the third quartile point. Th e circles indicate 
outliers. 
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recording more location data points per hour compared to the independent tracker (see Figure 
4). Th e GPS tracker gathered data quite equally across participants while BEHAPP location 
sample frequency varied more between participants. When a participant remains stationary, 
the BEHAPP application gathers data somewhat sparsely, on average about 9.39 times per 
hour. When movement is noticed, location sampling is increased drastically, to on average 
163.66 times per hour. Th e exact sample frequency may vary and is determined by the Android 

Figure 3: App (red), call (light blue), trajectory (dark blue), self-reported sleep (yellow) and adjusted self-reported 
sleep with the fi rst and last hour removed (orange) plotted between 12 PM of the eighth day and 12 PM of the 
ninth day of the study. Th is graph illustrates the overlap time between self-reported sleep and activities suggesting 
wakefulness, and the improved fi t of the data after removal of the fi rst and last hours of reported sleep (orange).
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operating system and specifi c manufacturer settings. In contrast, during moments when move-
ment is minimal, Tractive based GPS trackers gather location data samples on average about 
2.55 times per hour, with only small deviations from this interval. When signifi cant movement 
is noticed relative to the original location, the GPS tracker increases the sampling frequency up 
to a maximum sample frequency of once every two minutes (mean hourly sampling frequency 
during trajectories = 9.07).

Places visited
Regarding the locations visited by participants, we looked at the total number of visited loca-
tions, the number of unique locations visited (ignoring repeated visits to the same location), 
the number of locations visited only once, the total time spent stationary and fi nally the total 
time spent at home. Generally, agreement between the methods was reasonable. 

Th e absolute total number of locations visited was similar (r = 0.78) between BEHAPP and 
the GPS tracker (Supplementary fi gure 1). When plotting the BEHAPP scores and the GPS 
tracker scores against one another, the data shows a linear positive relation between the methods 
(Supplementary fi gure 2). In absolute numbers, the values of the unique number of locations 
visited did diff er to an extent between BEHAPP and the GPS tracker (Supplementary fi gure 
3). However, plotting the BEHAPP values against the GPS tracker (Supplementary fi gure 4) 
shows that the measures are strongly linearly related to one another (r = 0.78). A similar pattern 
of diff ering absolute values but a strong linear relationship was observed for the single visit 
locations (r = 0.73) (Supplementary fi gured 5 and 6). 

Figure 4: Average number of location data samples per hour for BEHAPP (blue) and the GPS tracker (orange). Th e 
fi gure shows the average of the amount of GPS samples per hour for all participants for the BEHAPP (blue) and 
independent GPS tracker (orange) data. 
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Total time spent stationary showed only small differences (r = 0.92) between the modalities 
compared to differences between the participants (Supplementary figures 7 and 8). The data 
showed a clear outlier, specifically participant 21. In order to give a clearer picture of the 
data, plots excluding participant 21 can be found in Supplementary figures 9 and 10. These 
also show adequate agreement between measurement modalities (r = 0.56). Finally, the total 
amount of total time spent at home showed slight differences and a similar linear relation 
between the two methods (r = 0.87) (Supplementary figures 11 and 12).

Movement
Two features were examined regarding the movement of the participants, specifically the num-
ber of trajectories (instances of location change) the participants exhibited and the perimeter 
of operation of all gps coordinates measured for the participants. The differences between 
BEHAPP and the GPS tracker were very large for the total number of trajectories (r = 0.20) 
(Supplementary figures 13 and 14). Strikingly, for three participants the BEHAPP GPS data 
was insufficient for the computation of trajectories, while this was also the case for eleven of 
the participants using the data from the GPS tracker. These cases are visible in Supplementary 
figure 13 as participants with no bars for a particular method. The perimeter of operation did 
show good agreement between methods, both in absolute numbers as well as plotted against 
each other (r = 0.94) (Supplementary figures 15 and 16). 

Data gaps
Table 3 contains an overview of the number of gaps over 30 minutes per participant. The table 
shows that although most participants have few gaps over 30 minutes, some participants have 
very many gaps, indicating the data collection on their smartphones was not consistent.
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DISCUSSION

In the present study, we set out to examine the characteristics and quality of behavioural data 
passively collected using smartphones compared to data obtained by questionnaires or dedi-
cated GPS devices. We aimed to assess the yield of the raw data across these platforms, as well 
as the comparability of the behavioural endpoint features extracted from them. 

Our examination of the number of Wi-Fi access points showed that the number of access 
points at a location is not stable over time and may therefore in its current form not yet be 
ready for use as a measure of social density of a given location. We speculate that the location 
clusters with a higher degree of variability of access points indicate places such as apartment 
buildings, where moving within the perimeter of the same apartment or building may affect 
the number of recorded access points. 

Table 3: Number of total data points, number of total data gaps over 30 minutes, number of Wi-Fi measurements 
and number of Wi-Fi data gaps over 30 minutes. 

Participant Total # measurements Total gaps > 30 min Wi-Fi # measurements Wi-Fi gaps > 30 min

1 745 53 61 26

2 6770 2 1091 2

3 9018 2 1262 2

4 3817 6 780 14

5 5863 0 1240 2

6 4248 32 537 42

7 3937 1 1231 1

8 6492 0 1263 0

9 26 4 0 0

10 11798 2 1281 1

11 477 34 59 33

12 2390 1 1326 1

13 7752 0 1251 0

14 4938 0 1294 0

15 1480 52 425 7

16 8893 53 27 19

17 7463 1 1406 0

18 18665 0 1291 6

19 10920 37 524 62

20 10462 30 1306 19

21 6413 13 1061 17

22 12710 0 1328 0
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The comparison analysis between the Wi-Fi data from BEHAPP and the questionnaire is dif-
ficult to interpret due to this high variability and because the numbers of access points found 
by BEHAPP are much higher than expected when we designed the questionnaire. Of note, 
Wi-Fi access point data have been used more successfully in other studies, for example for 
the purpose of indoor positioning (e.g. Evennou & Marx, 2006; He & Gary Chan, 2016; 
Hilsenbeck et al., 2014; Zhou et al., 2015).

The agreement between application usage data recorded by BEHAPP versus the self-reported 
usage in the questionnaire was reasonable, though variable. In the absence of a gold standard 
it is not possible to attribute a higher degree of reliability to either of the two sources we 
examined. Concordance should not be assumed and further studies are required to extensively 
examine the causes of the observed disagreements.

The analysis of the agreement between the questionnaire items regarding sleep and sleep de-
termined by the absence of app use and location data of the smartphone has two implications. 
The high levels of application usage in the first and last hour of reported sleep implies that 
self-reported times of start and end of sleep time may be not very precise. Secondly, it might 
be possible to achieve higher precision by clearly indicating that specifically the moment the 
participant stops all other activities in order to go to sleep is being queried. 

The large differences between BEHAPP and the GPS tracker in data collection quantity exist 
in part due to the way in which the two methods determine when to gather location data. 
BEHAPP implements the FusedLocationProvider, which led to relatively high measurement 
frequencies as compared to the GPS Tracker. The Tractive GPS Tracker is developed with the 
goal is to make the battery last as long as possible. When considering GPS data collection, 
researchers should carefully consider the balance between measurement frequency they need 
for the level of detail their research requires, and its effect on battery life, which may negatively 
affect study attrition. 

Regarding the outcomes of the GPS data, agreement between BEHAPP and the independent 
GPS tracker was generally acceptable, with two exceptions. For the location visits features, the 
methods agreed on the relative scores of participants, but there were some differences between 
the BEHAPP and GPS tracker methodologies in the exact scores. 

Secondly, the measurement of trajectories did vary substantially between the methods. We 
speculate the trajectory measures may be affected by the measurement frequency in two ways. 
First, the increased sampling frequency may make it possible for BEHAPP to pick up smaller 
changes in location. Secondly, the algorithm used to discover movement instances was not 
tuned to low frequency data. The algorithm’s definition of ‘trajectories’ or movement instances 
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required a minimum of twenty observations per trajectory in order to remove spurious changes 
in location from the data. The GPS device’s low measurement frequency may imply that even 
some longer movement instances by the participants may not have been labelled as trajectories 
by the algorithm. We cannot conclude that measurement frequency is the only issue with the 
measurement of movement instances as the large disparity in measurement frequency may have 
obscured other differences between the methods. 

We found missing data and data gaps to be common for each category of data that we col-
lected. In one instance this could be attributed to user error where the BEHAPP app was 
given insufficient permissions at the start of the participation to collect foreground app usage 
data. In the other instances app termination was the most likely culprit underlying gaps in our 
data. Passive monitoring app developers can consider possible work-arounds for these issues, 
for example by distributing the app directly through sideloading (a direct download onto the 
phone, circumventing app stores) which gives more control over app behaviour. Combined 
with proper app whitelisting practices chances of the app being terminated can be expected to 
decrease substantially.

Limitations
We recognize the following limitations in our research. Our first limitation concerns the large 
difference in measurement frequency between BEHAPP and the independent GPS tracker. 
This difference did allow us to highlight the importance of high sample frequencies, but other 
relevant features of GPS data acquisition may be obscured due to the large differences in 
measurement frequency between the two methods. 

The study was limited by its reliance on only a single day of questionnaire data. This was 
decided so as to not overburden the participants. Even so, several participants omitted to 
complete the questionnaire, highlighting a weakness of this more traditional approach. Data 
requiring active input can be collected alongside passive monitoring studies, but carry the risk 
of missing data. 

Finally, the questionnaire contained a minor issue in that the Wi-Fi categories overlapped. 
However, only two concurrent BEHAPP measurements were recorded as 5 Wi-Fi access points, 
the participants filled in 5-10 and these were classified as correct, not severely affecting our 
results. 

Conclusion
We conclude that although the different measurement modalities show many similarities, 
they cannot simply be used interchangeably. The methods have significant differences in terms 
of measurement frequency and precision which should be considered when choosing which 
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modality to use. We also conclude that there is great potential for passive monitoring platforms 
such as BEHAPP to serve as an instrument for the objective, naturalistic observation of partici-
pants in a real-time and real-world setting.

Secondly, data quality examinations are paramount to all types of research, but are especially 
important in studies using passively gathered data as errors and missing data can easily remain 
unnoticed, with consequences for the results and their interpretation.
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SUPPLEMENTARY MATERIALS

Supplementary Table 1 - Android Platform Changes

Table 1. Overview of Android energy savings and privacy measures impacting passive smartphone based monitor-
ing apps

Android 
Version

Measure Impact Mitigation

Marshmallow 
[12]

Doze mode Enforced device sleep state maximization 
which impacts the maximum frequency of 
sampling methods that are run on a fixed 
interval (e.g. WiFi Access Point scans)

Implement task scheduling system using 
API’s that may partially override and cut 
through doze mode restrictions

App Standby Restricts network access and scheduled jobs 
for background apps when the device is 
unplugged

None, testing showed minimal impact to 
data accuracy

Nougat [13] Doze mode v2 Device sleep state maximization engages 
earlier and is extended with another set of 
restrictions

Existing strategy applies with same level 
of effect

Oreo [14] Background 
execution limits

Services belonging to an app considered 
to be in the background are stopped by 
the operating system. This will stop data 
observers that need to continuously run 
and actively monitor for sensor and device 
state changes

Declare a foreground service which shows 
a permanent notification on screen

Background 
location limits

The frequency at which location updates 
are reported are limited for apps that are 
considered to be in the background

Declare a foreground service which shows 
a permanent notification on screen

Pie [15] App standby 
buckets

Usage pattern based device resource 
allocation. The system imposes severe 
restrictions on apps that are rarely or never 
used in the foreground

Declare a foreground service which shows 
a permanent notification on screen

Battery saver 
improvements

When the device is set in battery savings 
mode (e.g. when the battery runs low) an 
additional set of measures may come into 
effect with regards to location updates and 
background resource usage

None

No access to 
the camera, 
microphone and 
continuously 
reporting 
sensors such as 
accelerometers 
and gyroscopes

Apps that run in the background are 
limited in their access to various data 
sources that are common to smartphone 
based passive monitors

Declare a foreground service which shows 
a permanent notification on screen

Google Play 
Store 2018 
[16]

Restrictions 
to the use of 
READ_CALL_
LOG and 
READ_SMS 
permissions 

Starting from Q4 2018, when using the 
Google Play Store as a distribution channel, 
only a very small subset of apps are allowed 
to use permissions that allow access to 
phone call and text messaging history. 
There are no exceptions available for the 
use case of smartphone based behavioral 
monitoring

-  Distribute the app directly to 
participants through the practice 
of sideloading keeping all features 
intact

-  Comply and distribute a version of 
the app without READ_CALL_
LOG and READ_SMS permissions 
and functionalities for the Play Store
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Supplementary Materials - Participant information for completing the 
questionnaire

Questionnaire
On the final full day of the ten-day study, we ask two things of you: 1) to record at three times 
during the day a) to record the time, b) to record how many Wi-Fi points are available for 
your phone at that moment (0-5, 5-10 or over 10) and c) at each of the recorded times open 
a random app on your phone, then record which app you opened; and 2) to fill in a question-
naire at the end of the day with some questions about communication, location and sleeping 
behavior during the day. The three times the app and Wi-Fi data is recorded can be at any time 
during the day, as long as they are at least three hours apart. The questionnaire also functions 
as input for the Wi-Fi and app data. 

This questionnaire marks the 9th full day of participation in the study. For any questions for 
which you can check the answers on your phone (such as the amount of phone calls made), 
you are welcome to do so. 

What is your participant number?
The number is included in the e-mail containing the link to this questionnaire

What brand and type of phone do you have?
E.g. Apple Iphone 7, Samsung Galaxy S7, Lenovo P2 etc.

How many calls did you make today?1

How many of these calls did you dial yourself?
If you made any calls, please give the start- and endtimes for 1-3 of these calls.
If you received any calls, please give the start- and endtimes for 1-3 of these calls.
How many different people did you converse with over the phone today?
What types of travel did you use today? Please select all that apply.
• Walking
• Cycling
• Car
• Bus
• Train
• Taxi
• Boat
• Skating

1  Call data was not analyzed because of restrictions placed on retrieving call data by Google during the study 
duration.
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What type of functions do the locations you visited serve FOR YOU? Please select all that 
apply.
• Home
• Work
• Family/Friends
• Recreation/sports, not primarily focused on the social aspect
• Shopping (groceries or other)

At what time did you go to bed last night?
At what time did you get up this morning?

---

The following questions regard the app and wifi notes you made during the day. 
At what times did you collect the notes on WiFi points and app use?
• Time 1
• Time 2
• Time 3

Which apps did you use?
• Time 1
• Time 2
• Time 3

How many Wi-Fi points were available?
• Time 1
	 ○ 0-5 
	 ○ 5-10
	 ○ > 10 
• Time 2
	 ○ 0-5 
 ○ 5-10
 ○ > 10 
• Time 3
 ○ 0-5 
 ○ 5-10
 ○ > 10 
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Do you have any additional notes?
Here you can include feedback about the Tractive device and the questionnaire or other infor-
mation. Please also make a note if the Tractive device has been apart from your phone for an 
extended amount of time (more than 2 hours). 
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SUPPLEMENTARY FIGURES

Supplementary Figure 1

Supplementary Figure 2

Supplementary fi gure 1: Barplot of total number of places visited. Th e fi gure shows the amount of places visited 
over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange). 

Supplementary fi gure 2: Scatterplot of total number of places visited. Th e fi gure shows the amount of places 
visited over the study duration compared between BEHAPP (on the x axis) and the independent GPS tracker (on 
the y axis). 
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Supplementary Figure 3

Supplementary Figure 4

Supplementary fi gure 3: Barplot of the number of unique places visited. Th e fi gure shows the amount of unique 
places visited over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange). 

Supplementary fi gure 4: Scatterplot of the number of unique places visited. Th e fi gure shows the amount of 
unique places visited over the study duration compared between BEHAPP (on the x axis) and the independent 
GPS tracker (on the y axis). 
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Supplementary Figure 5

Supplementary Figure 6

Supplementary fi gure 5: Barplot of number of places visited once. Th e fi gure shows the amount of places visited 
exactly once over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange). 

Supplementary fi gure 6: Barplot of number of places visited once. Th e fi gure shows the amount of places visited 
exactly once over the study duration compared between BEHAPP (on the x axis) and the independent GPS tracker 
(on the y axis). 
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Supplementary Figure 7

Supplementary Figure 8

Supplementary fi gure 7: Barplot of time spent stationary in minutes. Th e fi gure shows the total time spent station-
ary in minutes over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange). 

Supplementary fi gure 8: Scatterplot of time spent stationary in minutes. Th e fi gure shows the total time spent 
stationary in minutes over the study duration compared between BEHAPP (on the x axis) and the independent 
GPS tracker (on the y axis).
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Supplementary Figure 9

Supplementary Figure 10

Supplementary fi gure 9: Barplot of time spent stationary in minutes. Th e fi gure shows the total time spent station-
ary in minutes over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange) 
excluding the outlying value of participant 21. 

Supplementary fi gure 10: Scatterplot of time spent stationary in minutes. Th e fi gure shows the total time spent 
stationary in minutes over the study duration compared between BEHAPP (on the x axis) and the independent 
GPS tracker (on the y axis) excluding the outlying value of participant 21.
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Supplementary Figure 11

Supplementary Figure 12

Supplementary fi gure 11: Barplot of the amount of time spent at home in minutes. Th e fi gure shows the total time 
spent at home over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange).

Supplementary fi gure 12: Scatterplot of the size of time spent at home in minutes. Th e fi gure shows the time spent 
at home in minutes over the study duration compared between BEHAPP (on the x axis) and the independent GPS 
tracker (on the y axis).
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Supplementary Figure 13

Supplementary Figure 14

Supplementary fi gure 13: Barplot of the total number of trajectories. Th e fi gure shows the total number of trajec-
tories over the study duration according to BEHAPP (blue) and the independent GPS tracker (orange).

Supplementary fi gure 14: Scatterplot of the total number of trajectories. Th e fi gure shows the total number of 
trajectories over the study duration compared between BEHAPP (on the x axis) and the independent GPS tracker 
(on the y axis).



117

A
ss

es
si

n
g 

da
ta

 c
ol

le
ct

io
n

 a
n

d 
da

ta
 q

u
al

it
y 

in
 p

as
si

ve
 s

m
ar

tp
h

on
e 

be
h

av
io

u
ra

l 
m

on
it

or
in

g

Supplementary Figure 15

Supplementary Figure 16

Supplementary fi gure 15: Barplot of the size of the perimeter of the area of operation in kilometres. Th e fi gure 
shows the perimeter of operation (the perimeter of the total area covered by the participant) according to BEHAPP 
(blue) and the independent GPS tracker (orange).

Supplementary fi gure 16: Scatterplot of the size of the perimeter of the area of operation in kilometres. Th e fi gure 
shows the perimeter of operation (the perimeter of the total area covered by the participant) compared between 
BEHAPP (on the x axis) and the independent GPS tracker (on the y axis).
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General discussion
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The processes underlying the evolution of the brain across speciation, resulting in large brains 
in primates and particularly humans are still a hotly debated subject, despite decades of research 
findings and the formulation of several explanatory hypotheses. For example, while the Social 
Brain Hypothesis (SBH), which predicts that brain size is dependent on social complexity 
across species, has many proponents, research supporting alternative hypotheses continues to 
emerge (e.g., DeCasien, 2017), while on the other hand evidence supporting the social brain 
hypothesis also continues to come out (e.g., Maclaren et al., 2023). While still debated, the 
SBH is a popular hypothesis to explain brain evolution across species.

The SBH also has interesting implications regarding the recent evolution of the brain in 
humans. Dunbar (2009) mentions that explanations for the fitness benefit of high social com-
plexity in primates and ancient hominids is that social complexity may either reduce predation 
risk or enhance foraging through cultural transmission of skills. Dunbar (2009) also mentions 
that due to the energetic expense of having a large brain, the benefits of having a large brain 
need to have a strong effect on fitness. However, in many modern human societies, humans 
face little to no risk of predation and rely in much more limited amounts on foraging. Does 
this indicate that the cost of having a large brain may have started to outweigh the benefits of 
high social complexity?

On the other hand, it may be possible that social complexity in humans has had novel benefits, 
but this has not been established. Across recent evolutionary history, many humans have started 
to congregate in large groups such as cities. Such environments may require cognitive skills ca-
pable of dealing with a large number of relationships. While the environment of many modern 
humans is highly social, it is perhaps questionable whether deficits in social cognition result in 
real deficits in reproductive fitness. Some evidence points towards reduced reproductive fitness 
in individuals with social dysfunction, such as those with autism spectrum disorders (Mullins 
et al., 2017; Power et al., 2013), however such evidence is typically found in patient samples 
with additional symptoms (e.g., comorbid intellectual disability) which have not been assessed 
separately. It is not difficult to imagine individuals with more positive social relationships 
having higher mating success in modern humans. Some studies have examined the association 
between social status and reproductive fitness in recent human history or modern humans 
using proxy measurements such as income or education (Hopcroft, 2019; Zhang & Santtila, 
2022). However, it appears no studies have been carried out examining the association between 
social complexity and reproductive fitness specifically in modern humans. 

While the evolution of social complexity in recent human evolutionary history has not been 
subject to much scientific study, recent evolutionary changes to the human brain have been 
examined. We describe several studies examining this evolution in chapter 1. Although several 
studies from varying samples have found evidence that brain size may have decreased across 
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thousands or tens of thousands of years (e.g., DeSilva et al., 2021; Liu et al., 2014), such 
findings are still debated, with some arguing that these results may spurious and the result of 
incorrect methodological choices (Villmoare & Grabowski, 2022). It is clear more research is 
necessary to determine whether and how human brain size changed across the past thousands 
of years, but the results from the studies carried out so far do inspire the question whether in 
the case that brain size did decrease during recent human evolutionary history, this is related 
to the changes in the social environment and whether such changes could affect human social 
cognition over time.

In order to find answers to such questions, more research into the association regarding the 
evolution of human social complexity and human brain size is needed. However, comparative 
methods cannot be used to study recent evolutionary changes within a species, and while fossil 
records can provide evidence of changes to brain size (DeSilva et al., 2021), such studies typi-
cally cannot be used to determine the processes underlying such changes. Fortunately, in recent 
years, novel analytical methods have been developed to study evolution based on the rapid 
development of genetic technologies. As a result of technological improvements in the ability 
to genotype and increased understanding of how genomes are affected by selection, methods 
such as singleton density scores (Field et al., 2016) can provide information on whether specific 
genes with known associations to phenotypes have been under the effects of selection pressure 
during recent millennia. Singleton density scores, for example, utilize knowledge about how 
the distribution of singleton mutations around genes varies dependent on the selection those 
genes are affected by. Then, by gathering data on which genes are involved in certain pheno-
types and examining the distribution of singleton mutations around such genes, the strength 
of selection affecting the phenotype across the past 3000-2000 years can be studied. Several of 
such methods (including the singletond density scores) are described in chapter 1, including 
a description of a recent study where methods were combined to create selection pressure 
timelines across many phenotypes using data from the UK Biobank (Song et al., 2021). By 
combining genetic data across species, even more ancient evolutionary processes resulting in 
genetic backgrounds of phenotypes in modern species can be examined. An example of such a 
study can be found in chapter 2. 

Genetic methods of studying evolution require that earlier studies have uncovered the genetic 
background of the phenotype being studied. However, at the previous time, no studies have 
been carried out examining the association between social complexity and genetic varia-
tion in humans. Related phenotypes such as sociability have been examined (Bralten et al., 
2021). While social complexity and sociability are likely highly correlated (especially when 
overlapping measures are used, which is the case for the Bralten et al. (2021) study and the 
operationalization of social complexity used in chapter 3), variation in conceptualization and 
operationalization of social complexity has been discussed as a potential detrimental factor 
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in interspecies studies of social complexity, and could potentially lead to similar issues if this 
becomes typical in within-species studies of social complexity. In chapter 3, we have provided 
a proof of principle that expert frameworks of social complexity can be implemented in stud-
ies in humans. Such operationalizations can, in the future, be used to examine the genetic 
background underlying human variation in social complexity, which can in turn then be used 
in statistical methods using genetic information to study evolution. 

The study of social complexity in animals typically relies on relatively objective quantitative 
or qualitative measures which are observed and recorded by experienced researchers. However, 
, measuring social complexity in individual modern humans might be a daunting task. For 
example, in order for a researcher to observe all ‘differentiated relationships’ of an individual 
as per the definition of Bergman and Beehner (2015), this would likely require long-term and 
intensive observation of individuals during their daily lives. Of course, with human subjects 
the option exists to simply ask these subjects about their social environment as was done in 
the data collection for the UK Biobank data used in chapter 3. However, self-report of such 
variables comes with its own difficulties. For example, concepts such as ‘differentiated relation-
ships’ might be difficult to explain to subjects in such a way that all subjects understand it the 
same way. Also, biasing factors such as social desirability and recall bias may affect measure-
ment. A potential solution to the issues surrounding the measurement of social complexity 
in humans might exist in the form of (passive) digital phenotyping. Smartphones, wearables 
or other sensors could be used to detect characteristics of subjects’ social environments and 
interactions, both completely passively using sensors such as GPS and logs such as call logs 
or in combination with self-report such as through diaries or prompted recording of social 
interactions. In chapter 4 we examined measurement characteristics of a smartphone app, 
called Behapp, which can gather data regarding social behavior passively and may in the future 
provide a potential low-bias measurement tool for social complexity. 

Conceptual and methodological considerations in the study of the social brain 
hypothesis
One of the potential causes resulting in disagreement between experts regarding the validity 
of the social brain hypothesis is a lack of consistency in conceptualization of social complexity 
across studies (Kappeler, 2019; Kappeler et al., 2019). Whereas such conceptual issues have so 
far mostly been discussed in terms of interspecies variation, considerations regarding adequate 
definition and operationalization of social complexity may be equally important for future 
studies using intraspecific measures of social complexity such as those proposed by Aureli and 
Schino (2019). The importance of the choice of conceptualization of social complexity was 
demonstrated in chapter 3, where associations between social complexity measures and cogni-
tive skills were assessed. While two measures and a composite of all three measures of social 
complexity used showed positive associations between cognition and social complexity, the 
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number of friend and family visits showed the opposite. If such measures were used separately 
across studies, they could lead to disagreement about associations between social complexity 
and cognition in modern humans. Chapter 3 also demonstrated the importance of examining 
aspects of social complexity both separately and as a composite measure. On the one hand, 
the composite measure may have captured more variation in social complexity compared to 
the separate measures, potentially resulting in the finding of several associations between social 
complexity and grey matter volumes where separate measures found few. On the other hand, 
the fact that the number of visits with friends and family was the only separate measure to be 
associated with grey matter volumes in any region while also having opposite associations with 
cognition compared to the other measures may be an indication that different neurobiologi-
cal processes underlie this measure. Future studies could incorporate other measures of social 
complexity and experiments with different compositions of composite scores in order to arrive 
at a more ideal method to measure social complexity. 

Besides the definition and operationalization of social complexity itself, other methodological 
considerations also have the potential to strongly affect results in evolutionary studies. We 
show in chapter 1 that the use of genome wide association study (GWAS) results from studies 
which have filtered single nucleotide polymorphisms based on Hardy-Weinberg equilibrium 
(HWE) may be biased to show low selection pressure due to the fact that HWE also correlates 
with selection pressure. However, filtering on HWE is a common procedure in GWAS studies, 
as it can also filter out poorly genotyped variants. Afterwards, imputation can be used to 
make sure genes are included in the analyses, however, this imputation will occur based on 
the assumption of HWE, resulting in inaccurate imputation for genes which deviate from 
HWE due to real genetic effects. Future GWAS studies carried out with the goal of performing 
evolutionary analyses on the results should carefully consider how to create a balance between 
ensuring optimal genotyping quality and including accurate data regarding the distribution 
of SNPs under selection pressure. One potential solution would be to carry out sensitivity 
analyses where GWAS is performed both with and without selection for HWE to compare the 
results. Variants associated with the phenotype only in the analyses without HWE selection 
could then be carefully examined further to determine whether HWE violations might be due 
to HWE violations or be a result of selection pressure. GWAS studies carried out on whole 
genotype sequencing (WGS) data may also benefit evolutionary analyses, as the high coverage 
of the WGS arrays can contribute to the reliability of genotyping results. 

In chapter 2 we found that the comparison set used for the evaluation of genetic conservation 
in a subset of genes of interest can substantially affect the results of such analyses. By including 
a comparison dataset used in previous studies (Franklin & Dwyer, 2021; Kasap et al., 2018; 
Sall et al., 2021) and a comparison dataset which allows for a fairer evaluation of differences, 
we were able to determine a more optimal way to measure the extent to which genes as-
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sociated with a phenotype are enriched for genetic conservation across species. Due to the 
novelty of many of the methods mentioned in this thesis, few or no studies have been carried 
out to determine optimal parameters and methodological choices. This may result in more 
inconsistent results as harmonization of such choices is not supported by existing literature. 
The analysis of evolutionary processes using genetic data might benefit greatly from studies 
focusing specifically on examining how parameterization and other methodological choices 
affect such analyses. 

Associations between brain structure and function in the context of the social 
brain hypothesis.
In chapter 3 we found small but significant associations between grey matter volume in several 
regions of the brain as well as the total brain and measures of social complexity. While the 
association between total brain volume and social complexity was as expected, the findings 
regarding regional brain volumes did not conform to expectations based on the SBH. Specifi-
cally, research supporting the SBH appears to show a link specifically between the size of the 
neocortex and social complexity, which can be found in analyses of total brain volume as a 
result of the high correlation between total brain volume and neocortex volume (Dunbar, 
2009). However, all but one of the associations found between regional brain volumes and 
social complexity were found in regions of the brain outside the neocortex, specifically in 
the basal ganglia (the pallidum) and various lobules of the cerebellum. While controlling for 
total grey matter volume is important in analyzing associations between regional grey matter 
volumes and other phenotypes, the high correlation between neocortex volume and grey mat-
ter volume may have resulted in the masking of associations between social complexity and 
regional volumes in the neocortex if such associations were spread out across the neocortex. 

It may also be the case that associations between brain volume and social complexity is different 
for human variation compared to the within-species variation used to support the SBH. While 
in older studies the cerebellum was assumed to be associated mostly with motor behavior, 
recent findings have amended this to include an important role for the cerebellum in social 
cognition (Van Overwalle et al., 2020). Although evidence of the role of the pallidum in social 
behavior is limited to its role in pair bonding in animals (Lim and Young, 2004), the pallidum 
is known to play a role in the functioning of the default mode network (DFM) (Klaassen et al., 
2021), which in turn may play a role in social behavior (Fareri et al., 2020; Mars et al., 2012; 
Wen et al., 2020). The cerebellum is also functionally connected to the DFM, and dysfunction 
of this connection is associated with various forms of neuropsychiatric disorders character-
ized by social dysfunction (Guo et al., 2015; Luo et al., 2018; Wang et al., 2014). Possibly, 
functioning of parts of the neocortex such as those involved in the DFM could be dependent 
on the cerebellum and basal ganglia (pallidum). It might be interesting to examine how social 
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complexity is associated with neural functioning and connectivity and whether such factors 
might be affected by selection on social complexity in recent or ancient human evolution. 

Potential of (passive) digital phenotyping for social complexity research in 
humans
One weakness of phylogenetic studies, but also of studies such as those in chapter 3, is that the 
results are dependent on measurements performed by individuals (such as the researcher or the 
subject) who are per definition not objective. Researchers judging the social behavior of others 
may have preconceptions which could affect their results, while subjects themselves might 
report on their own social behavior inadequately due to reasons such as social desirability 
or recall bias. The latter might especially be an issue in studies including individuals with 
neuropsychiatric disorders, as such individuals might be affected by cognitive symptoms result-
ing in inaccurate reporting of social behavior (Jongs et al., 2022), potentially creating spurious 
associations between cognition and social complexity. Whereas objective reporting may not 
have been an option in the past, recent developments in digital phenotyping have created the 
possibility of monitoring subjects’ behavior without relying on subjective accounts. Typical 
measures of social behavior either provide only a snapshot of a relatively short time period or 
require the subject to remember activities which occurred a long time ago, increasing the odds 
of inaccurate reporting. Smartphone applications such as those examined in chapter 4 have the 
potential to not only measure behavior in a more objective manner but also longitudinally and 
in a real life setting. On the other hand, 

However, as chapter 4 highlights, it is important to be aware of the methodological character-
istics of digital phenotyping applications, and the objective nature of the methodology should 
not lure researchers into believing that the measures are necessarily always accurate. Missing 
data, and variability of the amount of missing data between subjects, could impact measure-
ments in such a way that it could bias interpretation. It is also important to verify whether 
passive measurements work as intended, as we found that for example the number of Wi-Fi ac-
cess points is highly unstable and therefore this measure should not be used without extensive 
adaptations as a measure of characteristics of the environment. While keeping these caveats in 
mind, (passive) digital monitoring may be an interesting methodological consideration for the 
measurement of social complexity for the reasons mentioned previously. In order to provide a 
first test of this possibility, we performed a preliminary analysis in the Lifelines biobank from 
the Netherlands. This analysis is included as a supplementary analysis below. 
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SUPPLEMENTARY ANALYSIS

Although the measures one can retrieve from sensors such as GPS or logging devices may not 
directly translate to definitions of social complexity such as those by Bergman & Beehner 
(2015) or Kappeler (2019), it may be possible to find associations between digital phenotyping 
measures and measures of social complexity which potentially can be used to measure social 
complexity objectively and longitudinally in humans. The preliminary analysis was performed 
in the Lifelines biobank, which is a multigenerational cohort containing medical and behavioral 
data from subjects from the northern provinces of the Netherlands. For this analysis, data from 
adult subjects was used only. Associations between three indices of social complexity based 
on the measures created in the UK Biobank in chapter 3 and digital phenotyping measures 
of social behavior were examined, as well as associations between social complexity measures 
and cognition and between digital phenotyping measures of social behavior and cognition. 
Digital phenotyping was performed using a new version of the Behapp application examined 
in chapter 4. This measurement resulted in 89 measures describing application usage, calling 
behavior, location visitations, sleeping behavior and movement behavior. The three indices 
of social complexity were the number of social contexts, which is a combination of the time 
people spent in locations which are not work, education or home; the number of social con-
tacts; and the number of individuals in the subjects’ household. Three tests assessing cognitive 
skills were included. The first measure was the Mini Mental State Examination, which has been 
developed to detect cognitive functioning issues in elderly subjects. Secondly, we included the 
Cogstate, which is intended to measure several cognitive skills in order to make an assessment 
of brain functioning and finally the Ruff Figural Fluency Test, which is intended to assess ex-
ecutive functioning specifically. The associations were evaluated using correlation matrices for 
each combination of modalities (Behapp features, social complexity measures and cognition 
measurements). Sample sizes varied per comparison due to the different numbers of individuals 
having participated in each of the modalities. The sample sizes for correlations between Behapp 
features and cognition varied between 146 and 168 for all tests beside the Cogstate, for which 
the sample sizes varied between 82 and 98. The associations between Behapp features and social 
complexity measures were based on sample sizes varying between 1361 and 1603. Finally, 
correlations between social complexity measures and cognitive measurements were based on 
sample sizes varying from 2882 and 5493. 

The full results from the correlation analyses can be found in Supplementary Tables 1, 2 and 
3. These results should be interpreted carefully, as they contain many comparisons. Due to the 
preliminary nature of these analyses, we did not correct for multiple comparisons, consequently 
it is likely that some of the results with p-values below 0.05 contain spurious results. We found 
that most passive digital phenotyping measures were not associated with the social complexity 
measures. However, some interesting correlations were revealed. The passive digital phenotyp-
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ing measures contain measures of the number of locations visited during leisure time (during 
the evening), which at face value bears similarity with the social complexity measure regarding 
the number of social contexts. The number of locations visited during leisure time was indeed 
significantly correlated with the number of social contexts (r = 0.07, p = 0.006). Similarly, 
as expected, the number of social contexts was associated with the time spent travelling (r = 
0.06, p = 0.010). The number of social contexts also showed some negative associations with 
passive digital phenotyping features relating to the time spent on the phone, such as the app 
addition score, which is a measurement of the interval between smartphone application usage 
instances (r = -0.05, p = 0.028), and the total duration social media apps were opened (r = 
-0.08, p = 0.002). The self-reported number of contacts was consistently associated to digital 
phenotyping features relating to the calling behavior of the participants, with the number of 
calls (r = 0.08, p = 0.002) and the number of contacts (r = 0.09, p = 0.001), indicating that the 
number of real-life social contacts was associated with the number of contacts over the phone, 
which was expected and hints at the validity of the Behapp call measurements as a measure of 
social behavior. The low number of significant associations between the number of individuals 
in the household of the subject and the digital phenotyping measures is unsurprising, as the 
latter are not intended to measure particular characteristics of the home location. 

The MMSE scores have limited associations with digital phenotyping features, apart from the 
recall score and the language score. Recall showed strong positive associations with several 
of the app usage digital phenotyping features, such as the app addiction score (r = 0.27, p = 
< 0.001) and the total duration of communication apps opened (r = 0.22, p = 0.004), while 
showing strong associations with the features describing the time spent in movement (e.g., 
mean duration walking in seconds, r = 0.29, p < 0.001; mean time spent stationary r = -0.32, 
p = < 0.001) with more time spent in movement having positive associations with recall. The 
MMSE language score, which is dependent on questions targeting language production and 
understanding, was associated with some app and movement measures, but more consistently 
with digital phenotyping measures concerning calling behavior (such as the total duration of 
calls in seconds, r = 0.21, p = 0.006) as well as associations with several features describing 
movement and sleeping times. The Cogstate scores, which represent attention, psychomotor 
function, working memory and visual learning, showed few strong associations with the digital 
phenotyping score, and no consistent associations between Cogstate measures and sets of digi-
tal phenotyping measures based on the same behavior. Finally, we included two outcomes from 
the RFFT, which measures executive functioning. The main outcome is the total number of 
unique designs, which showed several strong associations with calling behavior (e.g., number 
of calls, r = 0.24, p = 0.002), locations visited (e.g., number of leisure time locations visited, 
r = 0.28, p < 0.001) and movement (e.g., mean duration walking in seconds, r = 0.29, p < 
0.001). The second outcome, the number of perseverative errors, on the other hand, showed 
no associations with digital phenotyping features whatsoever. 



128

C
h

ap
te

r 
5

The results from the preliminary analyses show some promising associations between social 
complexity measures and digital phenotyping measures, but they also show that some measures 
of social complexity are not simply measured by smartphone behavioral measures, such as the 
number of individuals in the household. Similarly, although some of the cognitive measures 
did show associations with behaviors measurable through digital phenotyping, for several 
measures such associations we inconsistent or absent. The latter includes cognitive skills for 
which associations were previously found with self-reported social complexity in chapter 3. It 
may be interesting for future studies to assess to what extent aspects of social complexity can be 
measured using digital phenotyping devices such as smartphones and whether such measures 
also capture the associations of social complexity with cognition. 

Future directions
With the goal of examining how social complexity has evolved through (recent) human evolu-
tion, the research carried out in this thesis can be used as a basis for future studies to build 
on. More studies are required to determine how social complexity measurement can be carried 
out in humans. These should include psychometric studies to ensure that the tools are reliable 
and valid. After the development of social complexity measures for individual human varia-
tion has been furthered, steps can be taken to examine how genetic variation associates with 
these measures, for example using GWAS studies. As mentioned before, while carrying out the 
GWAS, thought has to be put into the analyses to ensure that valuable genetic data which may 
have been under selection is not filtered out. 

To better understand whether potential evolutionary changes in brain size and social complex-
ity are associated, pleiotropy between the phenotypes can be examined. Genetic correlations 
can be examined to determine the extent to which genetic variation underlying either of the 
phenotypes is associated with the other. In this process it might also be interesting to look at 
the role of (social) cognition, for example by examining whether social cognition mediates the 
association between (regional) brain volume(s) and social complexity. As discussed in chapter 
1, knowledge regarding pleiotropy is relevant because it may alter how selection affects genetic 
variation underlying phenotypes (Svensson et al., 2021). 

After the determination of genetic variation underlying social complexity has been carried out, 
methodologies such as those discussed in chapter 1 can be used to examine how genes involved 
in human social complexity have evolved during (recent) human evolution. By combining vari-
ous methods as done in the study by Song et al. (2021) it is possible to create more certainty 
regarding the validity of the results. By examining specifically genes which affect both social 
complexity and brain size, it may be possible to determine whether these factors have co-
evolved over time and whether potential reductions in brain size in recent human evolutionary 
history are associated with changes to the social environment of modern humans. 
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SUPPLEMENTARY MATERIALS

Supplementary Table 1

Supplementary Table 1. Associations between Behapp digital phenotyping measures and social complexity mea-
sures.

Social complexity measure Social
contexts
r

Social
contexts
p

Number of
contacts r

Number of
contacts p

Number of
individuals in
household r

Number of
individuals in
household pDigital phenotyping measure

App addiction score -0,05 0.028* 0,01 0,600 0,06 0,022*

Total duration all apps opened in seconds -0,06 0.013* 0,01 0,807 0,04 0,111

Total duration all apps opened at night in seconds -0,05 0.047* -0,01 0,571 0,05 0,054

Total duration camera apps opened in seconds 0,03 0.206 0,01 0,814 0,01 0,693

Total duration clock apps opened in seconds -0,01 0.706 0,01 0,835 0,00 0,937

Total duration communication apps opened in 
seconds

-0,02 0.391 -0,02 0,524 0,03 0,198

Total duration entertainment apps opened in 
seconds

-0,01 0.705 0,00 0,859 0,04 0,106

Total duration health/fitness apps opened in 
seconds

0,04 0.108 -0,02 0,422 0,02 0,501

Total duration news/magazines apps opened in 
seconds

0,01 0.581 -0,01 0,823 0,05 0,059

Total duration social media apps opened in seconds -0,08 0.002** -0,02 0,386 0,02 0,431

Total duration communication apps opened in 
seconds

0,05 0.059 -0,03 0,219 0,03 0,181

Mean duration entertainment apps opened in 
seconds

< 0,01 0.848 -0,01 0,681 0,06 0,020*

Mean duration health/fitness apps opened in 
seconds

0,02 0.472 0,02 0,416 0,01 0,565

Mean duration news/magazines apps opened in 
seconds

0,03 0.210 -0,01 0,806 0,00 0,853

Mean duration social media apps opened in 
seconds

-0,03 0.166 -0,01 0,718 0,04 0,080

Number of apps used -0,04 0.146 0,04 0,079 0,01 0,572

Number of times all apps were opened -0,08 0.002** 0,03 0,266 0,03 0,166

Number of times all apps were opened at night. -0,05 0.058 -0,02 0,519 0,05 0,054

Number of times communication apps were 
opened

-0,07 0.008** 0,00 0,968 0,03 0,186

Number of times entertainment apps were opened -0,04 0.151 -0,01 0,683 0,04 0,106

Number of times health/fitness apps were opened 0,04 0.147 -0,01 0,570 0,01 0,790

Number of times news/magazines apps were 
openeed

-0,01 0.699 0,00 0,895 0,05 0,056

Number of times social media apps were opened -0,06 0.016* -0,01 0,689 0,00 0,939

Total duration of calls in seconds -0,01 0.719 0,04 0,107 0,04 0,158
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Supplementary Table 1. Associations between Behapp digital phenotyping measures and social complexity mea-
sures. (continued)

Social complexity measure Social
contexts
r

Social
contexts
p

Number of
contacts r

Number of
contacts p

Number of
individuals in
household r

Number of
individuals in
household pDigital phenotyping measure

Total duration of incoming calls in seconds -0,01 0.550 0,03 0,183 0,03 0,261

Total duration of outgoing calls in seconds < 0,01 0.926 0,04 0,101 0,04 0,141

Mean number of call contact repeats -0,08 0.004** 0,02 0,414 0,00 0,859

Number of calls < 0,01 0.895 0,08 0,002** 0,03 0,276

Number of calls of nonzero duration -0,01 0.734 0,08 0,001** 0,02 0,348

Number of incoming calls -0,02 0.419 0,07 0,003** 0,02 0,536

Number of incoming calls of nonzero duration -0,02 0.412 0,07 0,003** 0,02 0,545

Number of missed calls < 0,01 0.915 0,02 0,533 0,04 0,160

Number of nonresponse on outgoing calls 0,02 0.540 0,06 0,010* 0,02 0,326

Number of outgoing calls 0,01 0.787 0,08 0,002** 0,03 0,270

Number of outgoing calls of nonzero duration < 0,01 0.867 0,08 0,002** 0,03 0,282

Number of nonrepeated call contacts 0,05 0.045* 0,11 <.001** 0,02 0,460

Number of nonrepeated call contacts incoming 
calls

0,04 0.159 0,09 0,001** 0,01 0,596

Number of nonrepeated call contacts outgoing calls 0,07 0.015* 0,10 < 0,001** 0,00 0,924

Number of unique contacts incoming calls 0,02 0.439 0,09 < 0,001** 0,00 0,938

Number of unique contacts missed calls 0,01 0.777 0,03 0,339 0,02 0,433

Number of unique contacts outgoing calls 0,04 0.098 0,09 0,001** 0,01 0,706

Number of unique contacts total calls 0,04 0.141 0,09 < 0,001** 0,01 0,592

call_percentage_of_missed_calls 0,04 0.125 -0,04 0,155 0,04 0,093

Standardized number of call contact repeats -0,05 0.068 -0,02 0,434 -0,02 0,502

Mean time spent stationary in hours -0,06 0.023* 0,01 0,819 -0,02 0,432

Mean time spent stationary in hours excluding 
home

-0,05 0.047* 0,00 0,961 -0,01 0,750

Mean time travelled 0,00 0.953 0,02 0,368 0,00 0,941

Normalized entropy of the time spent stationary 0,02 0.495 0,02 0,381 0,02 0,524

Normalized entropy of the number of visits to a 
single location

0,01 0.748 0,03 0,171 0,00 0,961

Percentage of locations visited once -0,01 0.769 -0,04 0,077 0,03 0,233

Percentage of time spent at home -0,03 0.236 -0,02 0,505 -0,01 0,635

Standard deviation of time travelled in hours 0,00 0.877 0,01 0,567 -0,01 0,653

Number of leisure time locations visited 0,07 0.006** 0,03 0,298 -0,03 0,194

Number of locations visited at night excluding 
home

0,01 0.830 0,02 0,337 0,00 0,936

Number of locations visited once 0,06 0.010* 0,03 0,301 -0,01 0,555

Number of locations visited 0,03 0.203 -0,01 0,783 -0,01 0,813

Number of travel instances 0,04 0.113 0,01 0,648 0,01 0,601
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Supplementary Table 1. Associations between Behapp digital phenotyping measures and social complexity mea-
sures. (continued)

Social complexity measure Social
contexts
r

Social
contexts
p

Number of
contacts r

Number of
contacts p

Number of
individuals in
household r

Number of
individuals in
household pDigital phenotyping measure

Number of unique locations visited during leisure 
time

0,05 0.041* 0,03 0,314 0,00 0,859

Number of unique locations visited at night 0,01 0.798 0,04 0,161 -0,02 0,519

Number of unique locations visited 0,07 0.003** 0,02 0,336 0,02 0,444

Total time spent at home in hours -0,03 0.225 -0,02 0,484 -0,01 0,641

Total time spent outside including travel in hours 0,04 0.100 0,03 0,195 -0,01 0,567

Time spent stationary in hours -0,01 0.565 -0,01 0,762 -0,02 0,443

Time spent stationary in hours excluding the home 
location

0,02 0.317 0,02 0,526 -0,02 0,480

Time spent travelling in hours 0,06 0.010* 0,06 0,014* 0,00 0,908

Mean durations running in seconds 0,06 0.009** -0,02 0,392 -0,03 0,277

Mean duration still in seconds 0,02 0.431 0,00 0,873 0,02 0,442

Mean duration travelling in vehicle in seconds -0,01 0.715 -0,01 0,574 -0,01 0,777

Mean duration walking in seconds 0,02 0.474 0,05 0,0390* -0,02 0,497

Number of biking instances 0,00 0.968 0,01 0,687 0,03 0,183

Number of running instances 0,07 0.008** -0,03 0,207 0,02 0,461

Number of still instances 0,02 0.539 0,01 0,582 0,01 0,648

Number of vehicle travel instances 0,00 0.862 0,03 0,198 0,03 0,228

Number of walking instances 0,01 0.713 0,05 0,040* 0,02 0,470

Average bed time 0,02 0.420 0,04 0,130 0,03 0,188

Standard deviation of bed time -0,02 0.515 0,02 0,511 0,02 0,427

Time spent using phone in seconds 0,03 0.177 -0,01 0,682 -0,01 0,748

Number of times phone was used -0,06 0.014* 0,01 0,730 0,04 0,092

Number of times phone was used at night -0,07 0.003** 0,03 0,243 0,04 0,147

Time spent using phone at night in seconds -0,05 0.066 -0,02 0,527 0,05 0,052

Average sleep duration -0,05 0.048* -0,01 0,567 0,05 0,051

Standard deviation of sleep duration 0,02 0.357 -0,02 0,382 0,01 0,721

Average waking time 0,04 0.116 -0,01 0,760 -0,01 0,587

Standard deviation of waking time 0,02 0.402 -0,02 0,394 0,02 0,470

Total duration of step taking in seconds 0,01 0.810 0,03 0,269 0,05 0,039*

Total duration of step taking at night in seconds 0,02 0.327 0,00 0,942 0,03 0,283

Number of steps taken -0,02 0.457 0,01 0,783 -0,01 0,739

Number of steps taken at night 0,03 0.203 0,01 0,675 0,03 0,182

* = p < 0.05, ** = p < 0.01.
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Supplementary Table 4

Supplementary Table 4. Associations between Behapp digital phenotyping measures and RFFT outcomes. 

RFFT outcome RFFT
perseverative
errors r

RFFT
perseverative
errors p

RFFT
unique
designs r

RFFT
unique
designs pDigital phenotyping measure

App addiction score 0,03 0,689 0,22 0,005

Total duration all apps opened in seconds -0,07 0,342 0,05 0,550

Total duration all apps opened at night in seconds -0,07 0,340 -0,07 0,344

Total duration camera apps opened in seconds 0,02 0,841 0,13 0,082

Total duration clock apps opened in seconds -0,09 0,268 -0,11 0,147

Total duration communication apps opened in seconds -0,02 0,799 0,14 0,077

Total duration entertainment apps opened in seconds -0,01 0,855 0,13 0,090

Total duration health/fitness apps opened in seconds 0,02 0,840 0,00 0,977

Total duration news/magazines apps opened in seconds 0,08 0,299 0,02 0,823

Total duration social media apps opened in seconds -0,05 0,505 0,00 0,973

Total duration communication apps opened in seconds -0,06 0,444 0,03 0,725

Mean duration entertainment apps opened in seconds -0,05 0,543 0,19 0,014

Mean duration health/fitness apps opened in seconds -0,03 0,669 0,02 0,753

Mean duration news/magazines apps opened in seconds -0,03 0,706 -0,03 0,714

Mean duration social media apps opened in seconds -0,12 0,128 0,05 0,518

Number of apps used 0,01 0,939 0,19 0,015*

Number of times all apps were opened 0,06 0,404 0,19 0,014*

Number of times all apps were opened at night. -0,04 0,603 0,02 0,766

Number of times communication apps were opened 0,12 0,119 0,28 < 0,001**

Number of times entertainment apps were opened 0,00 0,999 0,17 0,023*

Number of times health/fitness apps were opened 0,00 0,969 -0,02 0,819

Number of times news/magazines apps were openeed 0,08 0,281 0,01 0,894

Number of times social media apps were opened -0,04 0,633 0,05 0,520

Total duration of calls in seconds 0,05 0,500 0,23 0,002**

Total duration of incoming calls in seconds -0,03 0,681 0,21 0,006**

Total duration of outgoing calls in seconds 0,11 0,151 0,20 0,011*

Mean number of call contact repeats -0,02 0,833 0,17 0,040*

Number of calls 0,01 0,879 0,23 0,002**

Number of calls of nonzero duration 0,01 0,908 0,24 0,002**

Number of incoming calls 0,00 0,951 0,21 0,007**

Number of incoming calls of nonzero duration 0,01 0,947 0,21 0,008**

Number of missed calls 0,06 0,417 0,17 0,028*

Number of nonresponse on outgoing calls -0,04 0,566 0,10 0,217

Number of outgoing calls -0,01 0,937 0,20 0,009**

Number of outgoing calls of nonzero duration 0,01 0,937 0,22 0,004**

Number of nonrepeated call contacts -0,01 0,914 0,21 0,010*
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Supplementary Table 4. Associations between Behapp digital phenotyping measures and RFFT outcomes.  (con-
tinued)

RFFT outcome RFFT
perseverative
errors r

RFFT
perseverative
errors p

RFFT
unique
designs r

RFFT
unique
designs pDigital phenotyping measure

Number of nonrepeated call contacts incoming calls -0,03 0,713 0,24 0,004**

Number of nonrepeated call contacts outgoing calls -0,02 0,798 0,19 0,025*

Number of unique contacts incoming calls -0,02 0,769 0,19 0,022*

Number of unique contacts missed calls 0,00 0,997 0,05 0,549

Number of unique contacts outgoing calls -0,06 0,447 0,17 0,042*

Number of unique contacts total calls -0,04 0,604 0,19 0,021*

call_percentage_of_missed_calls 0,09 0,263 0,06 0,463

Standardized number of call contact repeats 0,02 0,789 0,12 0,145

Mean time spent stationary in hours 0,12 0,112 -0,20 0,009**

Mean time spent stationary in hours excluding home -0,05 0,560 -0,04 0,620

Mean time travelled 0,02 0,790 0,00 0,997

Normalized entropy of the time spent stationary -0,04 0,569 0,17 0,028*

Normalized entropy of the number of visits to a single location 0,01 0,885 0,13 0,093

Percentage of locations visited once -0,03 0,669 0,14 0,077

Percentage of time spent at home 0,05 0,534 -0,07 0,372

Standard deviation of time travelled in hours 0,07 0,342 0,17 0,029*

Number of leisure time locations visited 0,04 0,628 0,28 < 0,001**

Number of locations visited at night excluding home -0,06 0,427 0,11 0,143

Number of locations visited once 0,03 0,671 0,27 < 0,001**

Number of locations visited 0,02 0,816 0,14 0,080

Number of travel instances 0,01 0,862 0,18 0,018*

Number of unique locations visited during leisure time -0,06 0,431 0,15 0,058

Number of unique locations visited at night 0,03 0,658 0,18 0,019*

Number of unique locations visited 0,03 0,726 0,28 < 0,001**

Total time spent at home in hours 0,05 0,517 -0,07 0,385

Total time spent outside including travel in hours 0,07 0,361 0,29 < 0,001**

Time spent stationary in hours 0,09 0,265 0,09 0,223

Time spent stationary in hours excluding the home location 0,06 0,422 0,27 < 0,001**

Time spent travelling in hours 0,06 0,458 0,18 0,017*

Mean durations running in seconds 0,06 0,428 0,00 0,998

Mean duration still in seconds -0,08 0,313 0,06 0,462

Mean duration travelling in vehicle in seconds 0,11 0,147 0,12 0,123

Mean duration walking in seconds -0,11 0,151 0,29 < 0,001**

Number of biking instances -0,02 0,811 0,21 0,006**

Number of running instances 0,14 0,068 0,12 0,131

Number of still instances -0,07 0,366 0,06 0,417

Number of vehicle travel instances 0,03 0,743 0,20 0,010*
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Supplementary Table 4. Associations between Behapp digital phenotyping measures and RFFT outcomes.  (con-
tinued)

RFFT outcome RFFT
perseverative
errors r

RFFT
perseverative
errors p

RFFT
unique
designs r

RFFT
unique
designs pDigital phenotyping measure

Number of walking instances -0,06 0,475 0,28 < 0,001**

Average bed time 0,01 0,921 0,18 0,017*

Standard deviation of bed time -0,07 0,360 0,06 0,459

Time spent using phone in seconds 0,12 0,133 0,00 0,965

Number of times phone was used -0,07 0,381 0,05 0,506

Number of times phone was used at night 0,07 0,389 0,19 0,015*

Time spent using phone at night in seconds -0,04 0,605 0,02 0,775

Average sleep duration -0,07 0,338 -0,07 0,337

Standard deviation of sleep duration 0,08 0,315 0,04 0,593

Average waking time 0,11 0,162 -0,03 0,708

Standard deviation of waking time 0,06 0,444 0,08 0,291

Total duration of step taking in seconds -0,06 0,410 0,22 0,005**

Total duration of step taking at night in seconds -0,02 0,818 0,23 0,003**

Number of steps taken -0,04 0,620 0,11 0,166

Number of steps taken at night 0,01 0,929 0,18 0,019*

* = p < 0.05, ** = p < 0.01. 
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The evolutionary processes which resulted in the large brains seen in humans and several other 
primates have been the subject of scientific study and debate for many decades. A hypothesis 
which gained traction towards the end of the twentieth century is the social brain hypothesis, 
which posits that these large brains were the result of selection on the ability to cognitively cope 
with complex social environments. Being able to navigate more complex social environments is 
hypothesized to have been beneficial due to the increased ability to survive predation in groups, 
and/or because it results in more efficient foraging strategies. The ability to navigate complex 
social environments is termed ‘social complexity’. While evidence in favor of the social brain 
hypothesis continues to emerge, so does evidence in favor of other hypotheses attempting to 
explain the evolution of the brain in various species, resulting in continued debate surrounding 
the topic. 

In chapter 1 technological and statistical advancements which have resulted in several methods 
which provide the opportunity to search for evidence of evolution across longer or shorter 
time spans using genetic information from single species are discussed. Such evidence could 
potentially result in more clarity regarding the driving forces of the evolution of the brain, 
both within and across species. However, several issues will have to be resolved in order to 
maximize the potential of these novel methods, as well as to reduce the likelihood that such 
studies will result in similar inconsistent findings as has been the case for comparative studies. 
One important step is to create definitions and operationalizations of social complexity which 
are applicable across species and which can be consistently used in studies in a single species. 
Secondly, methodological parameters and data sources have to be carefully chosen in studies 
attempting to study evolution through genetic data. For example, studies using results from 
existing GWAS to examine recent selection should carefully examine how the potential exclu-
sion of loci violating Hardy-Weinberg equilibrium may affect their results, as while violation of 
this criterion may indicate poor genotyping quality, this violation can also be expected in loci 
experiencing the effects of selection.

In chapter 2 the evolution of genes previously found to be associated with sociability in humans 
across a long process of speciation was examined. Previous studies had demonstrated evidence 
that genes found to be associated with schizophrenia, bipolar disorder and major depressive 
disorder had been disproportionally conserved between humans and Caenorhabditis elegans, 
indicating that for some reason these genes had survived at an increased rate across a long 
evolutionary time period. These studies found that the conserved genes were highly interactive 
and disproportionally associated with phenotypes related to lethality or sterility, indicating that 
perhaps these secondary functions had resulted in the increased level of cross-species conserva-
tion. When the method used in these studies to compare conservation between the genes 
related to the phenotype and the total genome was replicated, we similarly found increases in 
conservation. However, as this method could be considered an unfair comparison due to the 



151

E
n

gl
is

h
 S

u
m

m
ar

y

different method of determining whether genes were conserved, we performed a ‘fairer’ analysis 
which showed no evidence of increased conservation, indicating that perhaps the findings 
from previous studies were the result of methodological choices rather than true increases in 
genetic conservation, highlighting the importance of methodological considerations in studies 
using genetic data to examine evolution mentioned in chapter 1. The analyses did confirm that 
conserved genes are highly interactive, however, no indication was found that human sociabil-
ity genes were related to lethal or sterile phenotypes in C. elegans. The dearth of knowledge 
regarding the association between social phenotypes and genetics in C. elegans hampered our 
analysis regarding the conservation of social function in conserved genes, however it was found 
that the highly interactive gene ACVR2A is associated with social functions in both species, 
making it an interesting gene for further study. 

In order to address the issues with the definition and operationalization of social complexity 
mentioned in chapter 1, in chapter 3 data from the UK Biobank was used to create measures 
of social complexity in human data which aligned with recent discussions about this subject. 
Specifically, the number of social contexts visited by the subject, the number of individuals 
living in the household, the number of visits with friends and family and a composite measure 
where each aspect was weighted equally. The goal was to examine how modern human social 
complexity related to cognition and total as well as regional brain volumes, to examine how 
such associations compared to those suggested in the social brain hypothesis. Two out of three 
aspects of social complexity as well as a composite measure consisting of the three combined 
were consistently associated with cognition where increased cognitive function was associated 
with higher social complexity. However, one aspect (the number of visits with friends and 
family) showed nonsignificant or even opposite associations with cognitive skills, indicating 
that this measure does not measure the same underlying cognitive demands as the other 
measures of social complexity, and that the composite score is likely not a great representation 
of social complexity in its current form. Associations with grey matter showed an associa-
tion between the composite score and total grey matter volume as well as several associations 
between regional grey matter volumes and either the composite measure or the number of 
visits with friends and family. Most of these associations were found in the cerebellum, which 
is interesting as evidence for the social brain hypothesis mostly points to selection for neocortex 
size in relation to selection for social complexity, indicating that perhaps different processes 
underlie the variation in social complexity in modern humans compared to the variation in 
social complexity selected for during the expansion of the human brain. 

One potentially important difference in the measurement of social complexity between 
humans and other species is that while social complexity in non-human species is typically 
measured by researchers observing the behavior of a set of individuals from the species, in 
humans social behavior is typically measured subjectively, by asking individuals about their 
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social behavior. Such subjective measures are prone to bias and research has shown that in-
dividuals suffering from neuropsychiatric disorders affecting cognition may be more likely to 
incorrectly report their own social behavior, potentially affecting results in studies examining 
the association between the two. Therefore, the development of objective measures of social 
behavior, for example using smartphones, has the potential to greatly benefit studies examining 
human social complexity as well as comparative studies examining humans and other species. 
In chapter 4 we examine how data quality and quantity can affect various measurements of 
(social) behavior resulting from a smartphone application called Behapp. We found that while 
objective measurement of behavior using smartphones is promising, quality control is a very 
important step to make sure that methodological issues do not affect the data. In chapter 5 
we performed a preliminary examination of how such objective measures relate to subjective 
measures of social complexity and to cognition in the Dutch biobank Lifelines. We found 
several weak or moderate associations between social complexity measures and smartphone-
based measurements of social behavior, and various moderate to strong associations between 
smartphone-based measurements of social behavior and cognitive measurements. The fact 
that the associations between smartphone-based objective measurements of social behavior 
and cognition found are stronger than those found between social complexity and cognition 
in chapter 3 may indicate that such objective measurements are a better reflection of social 
behavior as affected by cognition compared to subjective measurements, but the low strength 
of associations between subjective social complexity and objective social behavior may also 
indicate that the latter is not a great measure of the former. More research in this field could 
determine whether and how such objective measure can be used to measure social complexity 
in future studies. 

The research in this thesis constitutes a first step towards examining the evolution of human 
social complexity and the potential associations with the evolution of the human brain using 
genetic data. The results repeatedly showed that the importance methodological considerations 
in the collection, preparation and analysis of data in the study of human social complexity 
cannot be understated. However, if these considerations can be adequately addressed, analyses 
of evolution using human genetic data and human variation in social complexity could po-
tentially breathe new life into the study of the role of social complexity in the evolution of the 
human brain. 







Appendix II 

Nederlandse samenvatting



156

A
p

p
en

di
x 

II
 

De evolutionaire processen die hebben geleid tot de grote breinen aanwezig in mensen en 
verschillende andere primaten zijn al decennia onderwerp van wetenschappelijke studie. Een 
hypothese die sinds het eind van de twintigste eeuw populair is, is de “social brain hypothesis” 
(SBH), waarin wordt gesteld dat de grote breinen gezien in sommige primaten het resultaat 
is van selectie voor de cognitieve capaciteiten die nodig waren om op de juiste manier om te 
gaan met complexe sociale omgevingen. Het navigeren van complexe sociale omgevingen zou 
voordelig zijn geweest in verband met de verhoogde kans om aanvallen door roofdieren te 
overleven en/of omdat het leven in groepen het succes van voedsel verzamelen zou verbeteren. 
De cognitieve capaciteit om complexe sociale omgevingen succesvol te navigeren wordt “sociale 
complexiteit” genoemd. Hoewel regelmatig wetenschappelijk bewijs dat de SBH ondersteund 
verschijnt, dat is ook het geval voor hypotheses die de evolutie van het brein in verschillende 
soorten verklaren, wat heeft geresulteerd in doorlopend wetenschappelijk debat over het on-
derwerp. 

In hoofdstuk 1 wordt beschreven hoe technologische en statistische vooruitgang heeft geresul-
teerd in verschillende nieuwe methodes die de mogelijkheid bieden om evolutie over lange en 
korte tijdspanne te analyseren door middel van het gebruik van genetische data van een enkele 
soort. Uitkomsten resulterend van zulke methodes zouden meer duidelijkheid kunnen schep-
pen over de drijvende krachten achter de evolutie van het (menselijk) brein. Echter, er zijn 
verschillende zaken die moeten worden opgelost om het potentieel van deze methodes optimaal 
te benutten en de kans te verminderen dat studies die deze methoden benutten resulteren in 
inconsistente resultaten zoals is gebeurd studies waar de evolutie van het brein werd onderzocht 
door middel van vergelijkingen tussen soorten. Een belangrijke stap is het creëren van definities 
en operationaliseringen van sociale complexiteit die bruikbaar zijn niet alleen in mensen, maar 
ook in andere soorten. Ten tweede, methodologische parameters en databronnen moeten 
zorgvuldig gekozen worden in onderzoek waar genetische data wordt gebruikt om evolutie te 
onderzoeken. Bijvoorbeeld, in studies die resultaten van voltooide genome-wide association 
analyses gebruiken om recente selectie te onderzoeken is het van belang om te evalueren hoe 
het uitsluiten van genetische varianten die niet voldoen aan het Hardy-Weinberg equilibrium 
invloed heeft op de resultaten. Schending van deze eis kan betekenen dat de genotypering van 
lage kwaliteit is, maar is ook verwacht in varianten die recente selectie hebben ondervonden. 

In hoofdstuk twee hebben we de evolutie van genen die in een eerdere studie geassocieerd 
bleken te zijn met sociaal gedrag onderzocht. Eerdere studies hebben gevonden dat menselijke 
genen die potentieel geassocieerd zijn met schizofrenie, bipolaire stoornissen en depressie 
disproportioneel vaak een equivalent hadden in Caenorhabditis elegans, erop wijzend dat deze 
genen om de een of andere reden relatief vaak bewaard waren gebleven in het lange proces 
van soortvorming sinds de laatste gemeenschappelijke voorouder van mensen en C. elegans. 
Deze studies hadden ook ontdekt dat de geconserveerde genen vaker dan gemiddeld interacties 
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hadden met andere genen en vaker dan gemiddeld geassocieerd waren met dodelijkheid of 
vruchtbaarheid, wat mogelijk betekent dat deze genen vaak waren bewaard in verband met het 
belang van hun functies voor de kans op voortplanting. Toen de methoden van deze studies 
werden gerepliceerd voor genen geassocieerd met menselijk sociaal gedrag werd opnieuw een 
verhoging van de kans op conservatie van de genen in mensen en C. elegans gevonden. Echter, 
gezien deze methode kon worden gezien als ‘oneerlijk’ gezien de methode waarmee conservatie 
werd bepaald niet hetzelfde was voor de set van genen geassocieerd met sociaal gedrag versus 
het totale menselijke genoom, is ook een tweede methode gebruikt waarbij conservatie werd 
onderzocht van sets van willekeurige menselijke genen, waarbij werd gevonden dat de verhoging 
van conservatie die eerder gevonden werd niet gerepliceerd kon worden en mogelijk een onecht 
resultaat was, wat het belang aanstipt van de keuzes voor methoden in dit soort onderzoek. Er 
werd wel gevonden dat geconserveerde genen meer interactief waren dan gemiddeld, maar geen 
indicaties dat geconserveerde genen vaker geassocieerd waren met dodelijkheid of vruchtbaar-
heid. Aangezien er weinig genen zijn in C. elegans waarvan bekend is of ze gerelateerd zijn aan 
sociaal gedrag, was het niet mogelijk om te onderzoeken of geconserveerde menselijke genen 
geassocieerd aan sociaal gedrag ook deze functies hadden bewaard in C. elegans, maar het bleek 
wel dat het hoog interactieve gen ACVR2A sociale functies heeft in mensen en C. elegans, 
waardoor het mogelijk een interessant gen is voor toekomstig onderzoek. 

Met als doel om problemen met definitie en operationalisering van sociale complexiteit ge-
noemd in hoofdstuk 1 te adresseren, is in hoofdstuk drie data van de UK Biobank gebruikt om 
maten voor sociale complexiteit te creëren uitgelijnd met recente wetenschappelijke discussies 
over het onderwerp. Vier maten kwamen hieruit: het aantal sociale contexten bezocht, het 
aantal mensen in het huishouden en de frequentie van bezoek met vrienden en familie, plus 
een composietmaat waarbij elke van de eerdere drie genoemde maten gelijk werd gewogen. 
Het doel van deze studie was om te onderzoeken hoe sociale complexiteit in moderne men-
sen is gerelateerd aan cognitie en totale en regionale hersengrootte, en hoe deze associaties 
relateren aan de associaties tussen cognities, sociale complexiteit en hersengrootte die worden 
verondersteld om hersenevolutie van primaten te verklaren in de social brain hypothesis. Twee 
van de drie losse maten en de composietmaat van sociale complexiteit waren consistent geas-
socieerd met cognitie waarbij verhoogde cognitieve capaciteiten gerelateerd waren aan hogere 
sociale complexiteit. Dit was echter niet waar voor de frequentie van bezoek met vrienden en 
familie, waar associaties niet significant of zelfs omgekeerd waren. Dit betekent mogelijk dat 
de frequentie van bezoek met vrienden en familie niet hetzelfde meet als de andere maten 
van sociale complexiteit, en dat een composietmaat waarbij de scores van de drie losse maten 
bij elkaar opgeteld worden mogelijk niet de beste manier is om verschillende aspecten van 
sociale complexiteit gecombineerd te meten. Analyses aangaande de associaties met de hoeveel-
heid grijze materie resulteerden in significante associaties voor de composietscore en enkele 
associaties tussen regionale grijze materie en de frequentie van bezoek met vrienden en familie. 
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Totale grijze materie was gerelateerd aan de composietscore. Regionale associaties waren voor 
het grootste gedeelte gesitueerd in het cerebellum, een interessante bevinding gezien het bewijs 
voor de social brain hypothesis vooral wijst op een relatie tussen grijze materie in de neocortex 
en sociale complexiteit. Dit betekent mogelijk dat de biologische processen die variatie in 
moderne menselijke sociale complexiteit bepalen niet (volledig) dezelfde zijn die de variatie in 
sociale complexiteit bepalen waarop geselecteerd is volgende de social brain hypothesis. 

Een belangrijk verschil in de meting van sociale complexiteit tussen mensen en andere soorten 
is dat hoewel sociaal gedrag in andere soorten normaal gesproken wordt gemeten door middel 
van observatie door wetenschappers, terwijl dit in mensen vaak gebeurt door deelnemers te 
vragen naar hun sociale gedrag. Dit laatste is meer subjectief, terwijl het eerste meer objectief 
kan worden genoemd. Subjectieve meningen zijn meer vatbaar voor bias en een eerdere studie 
heeft gevonden dat mensen met neuropsychiatrische stoornissen geassocieerd met verslechterde 
cognitie mogelijk slechter zijn in het rapporteren van hun sociale gedrag dan anderen, wat 
mogelijk effect zou kunnen hebben op de kans om associaties te vinden in studies die kijken 
naar cognitie en sociaal gedrag. Een mogelijke oplossing is het creëren van objectieve maten 
voor sociaal gedrag, bijvoorbeeld door gebruik te maken van smartphones. In hoofdstuk 4 
wordt onderzocht hoe de kwaliteit en kwantiteit van data effect kan hebben op metingen 
van (sociaal) gedrag resulterend van een smartphone applicatie genaamd Behapp. Hoewel het 
objectief meten van gedrag veelbelovend is, gaven de resultaten aan dat kwaliteitscontrole van 
groot belang is om te verzekeren dat methodologische problemen niet de resultaten van onder-
zoek dat gebruik maakt van dit soort methoden beïnvloeden. In hoofdstuk 5 worden kort de 
resultaten behandeld van een voorlopige analyse van data uit de Lifelines biobank. Er is gekeken 
naar associaties tussen zelfgerapporteerde sociale complexiteit, objectief gemeten sociaal gedrag 
op basis van de Behapp app en cognitieve maten. Verschillende significante associaties werden 
gevonden tussen sociale complexiteit en objectief gemeten sociaal gedrag volgens Behapp, hoe-
wel de associaties van zwakke of middelmatige sterkte waren. Verschillende middelmatig sterke 
associaties werden gevonden tussen objectief gemeten sociaal gedrag en cognitie, sterker van 
effect dan de associaties tussen cognitie en sociale complexiteit gevonden in de UK Biobank. 
De verschillen in de grootte van de effecten zou een indicatie kunnen zijn dat zulke objectieve 
maten een betere weergave zijn van sociaal gedrag zoals bepaald door cognitieve vaardigheden, 
maar het gebrek aan sterke associaties tussen subjectief gemeten sociale complexiteit en objectief 
gemeten sociaal gedrag betekent mogelijk ook dat de objectieve maten niet hetzelfde concept 
meten als subjectief gemeten sociale complexiteit. Er is meer onderzoek nodig om te bepalen of 
en hoe objectieve maten gebruikt kunnen worden om menselijke sociale complexiteit te meten. 

Het onderzoek uitgelijnd in deze thesis vormt een eerste stap richting verder onderzoek naar 
de evolutie van menselijke sociale complexiteit en de mogelijke associaties met de evolutie van 
het menselijk brein met behulp van genetische data. De resultaten tonen aan dat het belang 
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aan van methodologische overwegingen in het verzamelen, voorbereiden en analyseren van de 
data in studies naar menselijke sociale complexiteit niet kan worden onderschat. Echter, als 
deze overwegingen adequaat worden geadresseerd, zouden analyses aangaande evolutie waarbij 
menselijke genetische data gebruikt wordt naast menselijke variatie in sociale complexiteit 
nieuw leven kunnen blazen in het onderzoek naar de rol van sociale complexiteit in de evolutie 
van het menselijk brein. 
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