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Abstract
1. Facing rapid environmental changes and anthropogenic habitat destruction, ani-

mal behavioural plasticity becomes an adaptive potential that needs to be consid-
ered in conservation strategies along with, for example, genetic diversity. Here, 
we evaluate to what extent non- invasive environmental DNA (eDNA) methods 
may contribute to the assessment of intraspecies behavioural plasticity in terms 
of foraging behaviour.

2. We analysed DNA metabarcoding data for plant components in the diet of four 
neighbouring groups of wild vervet monkeys Chlorocebus pygerythrus to identify 
intergroup variation (IGV). The faecal samples considered for the analyses were 
limited to the summer season to minimise the impact of seasonality. Each sample 
was attributed by observation to individuals with known life history data. A plant 
survey was conducted in each group home range during the study period to ac-
count for environmental variation.

3. We observed mixed results when testing whether IGV in plant consumption 
was greater than intragroup variation, indicating that the influence of social 
dynamics must be considered. Intragroup variation was positively correlated 
with group size. We observed IGV in diet composition among all groups as 
well as in some pairwise comparisons. We found significant dietary differ-
ences between two group pairs when considering only adult females. Lastly, 
we observed IGV in foraging of specific plants that were not explained by 
their distribution, suggesting behavioural differences in selectivity between 
groups.
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1  |  INTRODUC TION

The analysis of DNA extracted from environmental samples (i.e. en-
vironmental DNA; eDNA) has seen a rapid implementation in various 
research fields (Bohmann et al., 2014; Ruppert et al., 2019; Taberlet 
et al., 2018; Thomsen & Willerslev, 2015). In particular, the devel-
opment of DNA metabarcoding (PCR amplification of short but in-
formative metabarcodes with universal primers and next generation 
sequencing [NGS] of DNA mixtures, Taberlet et al., 2012) enables 
comprehensive taxonomic identification of complex environmental 
samples.

DNA metabarcoding often provides higher taxonomic resolu-
tion and coverage than traditional methods (Nørgaard et al., 2021; 
Ruppert et al., 2019). For terrestrial species, studies commonly rely 
on faecal sampling for diet characterisation (De Barba et al., 2014; 
Shehzad et al., 2012), parallel prey and predator identification 
(Galan et al., 2018; Gillet et al., 2015) and biodiversity assessment 
(Nørgaard et al., 2021; Shao et al., 2021). In the field of primatol-
ogy, the most commonly used methods for dietary analyses are 
direct observation of feeding events and microhistology of faecal 
samples as discussed in (Matthews et al., 2020). Both are time-  and 
labour- intensive, rely heavily on taxonomic expertise and results are 
often constrained in taxonomic resolution and coverage (Nielsen 
et al., 2018), as the identification of consumed items or the observa-
tion of feeding events themselves are often challenging (Matthews 
et al., 2020; Pickett et al., 2012). Depending on the studied organ-
ism and field conditions, observations on broad temporal and spatial 
scales are complicated. Recently, the use of DNA metabarcoding in 
the field of primatology has enabled new insights, in particular re-
garding the consumption of arthropods (Lyke et al., 2018; Mallott 
et al., 2015, 2017; Rowe et al., 2021) but also plants (Brun, Schneider, 
Mas Carrió, Dongre, van de Waal, et al., 2022; Mallott et al., 2018; 
Quéméré et al., 2013). The sampling procedure of eDNA promises 
new opportunities to investigate behavioural plasticity through the 
study of foraging behaviour of species that are challenging to ob-
serve but for which faecal samples can be obtained.

DNA metabarcoding is constrained, however, in that it cannot, 
for example, identify different life stages or states of detected or-
ganisms, and it is more complicated to estimate abundances than 
with observations due to several potential biases that need to be 
considered (Piñol et al., 2019). Nevertheless, eDNA approaches 
can add valuable information for ecological network analysis 
(Clare, 2014) and several studies, for example in the context of niche 
partitioning, have used relative read abundance (RRA; the number 
of a specific sequence divided by the total number of reads within 
a sample) to use DNA metabarcoding semi- quantitatively (Deagle 
et al., 2019; Kartzinel et al., 2015; Pansu et al., 2019; Vesterinen 
et al., 2018). However, there are few studies that assess differences 
beyond the population level (see the work of Voelker et al., 2020). 
DNA metabarcoding can hence be useful to assess feeding patterns 
between different organisms, groups or populations.

Considering the intergroup- level, the unit of analysis avoids 
species- wide generalisations based on behavioural studies of single 
populations (Kaufhold & van Leeuwen, 2019; van de Waal, 2018). To 
date, most studies assessing intergroup variation (IGV) in primates 
have set the focus on tool- use (Luncz et al., 2012; Tan et al., 2015), 
social behaviour (Borgeaud et al., 2016; DeTroy et al., 2021; van 
Leeuwen et al., 2018, 2021) or both (Santorelli et al., 2011; Whiten 
et al., 1999). There are few studies on IGV in foraging behaviour 
(Quéméré et al., 2013; Samuni et al., 2020; Tournier et al., 2014). The 
majority of studies on IGV assess differences qualitatively rather 
than quantitatively (see, e.g. the studies of Luncz et al., 2012; Samuni 
et al., 2020; van Leeuwen et al., 2021). This study investigates to 
what extent DNA metabarcoding data allows assessment of IGV 
quantitatively in foraging behaviour, that is, intraspecies behavioural 
variation at the group level. The aim is to assess whether the method 
works effectively in our study system, and to evaluate its potential 
as a means of capturing cultural diversity in a wider context for con-
sideration in conservation measures.

Research at the Inkawu Vervet Project (IVP), Mawana game re-
serve (28°00.327S, 031°12.348E), South Africa, focuses on the be-
havioural ecology of wild vervet monkeys Chlorocebus pygerythrus. 

4. Our study system and organism, being a highly social and non- threatened pri-
mate species, with constant gene flow and overlapping territories between 
groups, provides an ideal model to evaluate the usage of eDNA- based methods 
to better understand the impact of social factors on IGV. Our results highlight the 
need to consider social and demographic factors, the impact of which remains 
complicated to disentangle from environmental factors. However, we emphasise 
the great potential for studying social groups using eDNA and that such stud-
ies are needed to better understand intraspecific behavioural plasticity in wild 
populations.

K E Y W O R D S
DNA metabarcoding, environmental DNA, foraging behaviour, intergroup variation, primate 
population, vervet monkeys
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This species lives in social groups with female philopatry and male 
dispersal. The constant gene flow between groups reduces genetic 
differences within the population (Cheney & Seyfarth, 1983). The 
high social learning capacity of vervet monkeys has been demon-
strated in manifold experiments (Mertz et al., 2019; Whiten & van 
de Waal, 2018). Indeed, in philopatric species, the social struc-
ture promotes the development of distinct group cultures (van de 
Waal, 2018) and females, the philopatric sex in vervets, have been 
shown to be preferred role models under experimental conditions 
(van de Waal et al., 2010, 2014). Therefore, we predict that the diet 
of adult females best represents that of a group, and hence IGV 
(measured by RRA) will be accentuated when focussing on adult fe-
males only.

We have shown previously a strong seasonal effect on vervet 
monkeys' diet analysing 823 faecal samples collected over a year, 
and a strong correlation between plant RRA and observational data, 
validating the use of RRA as a semi- quantitative measure of con-
sumption in this system. The results indicate that selective feed-
ing behaviours are more likely to occur in summer when resources 
are more abundant than in scarcer seasons (Brun, Schneider, Mas 
Carrió, Dongre, van de Waal, et al., 2022). The current study there-
fore focuses on assessing IGV between four neighbouring groups 
of vervets during the summer season. We used the RRA of dietary 
items detected in faecal samples to investigate intrapopulation be-
havioural plasticity, possibly learnt and transmitted through social 
learning. According to the ‘exclusion principle’ variation in a be-
haviour that is not induced by genetic or environmental differences 
is likely to result from social learning (van de Waal et al., 2015). 
Therefore, we assessed (a) whether IGV in the diet was greater than 
intragroup variation; (b) whether IGV was greater when consider-
ing all individuals in the group or only adult females, the philopatric 
sex; and (c) we investigated the relation between the availability of 
single food items per home range and their consumption. We use 
these data to illustrate the potential of the method, in particular the 
use of an eDNA approach as a promising tool to go beyond classical 
observational analyses of diet composition. Finally, we discuss chal-
lenges arising from the method broadening the perspectives on how 
to assess intraspecies foraging behavioural variation in wild animals 
using eDNA approaches.

2  |  MATERIAL S AND METHODS

2.1  |  Studied vervet monkey groups and sampling

Our data were collected from four IVP long- term studied groups with 
overlapping territories (Figure S1): Ankhase (AK), Baie Dankie (BD), 
Kubu (KB) and Noha (NH). All individuals were identified using spe-
cific bodily and facial features (e.g. scars, colours, shape) and each 
sample was assigned by experienced field assistants to a specific 
vervet monkey and consequently linked to available life history data. 
We defined adulthood for males and females separately, as their life 
cycles follow different patterns: 3 years for females, and 4 years for 

males if they dispersed, otherwise 5 years. To avoid redundancy, the 
social factors sex and age were combined into one category with 
three levels (female adults, male adults, juveniles) during analyses. 
Infants were not sampled because they are born at the start of the 
summer and only feed by nursing for the first 3 months. Infants of 
the previous year were already 1 year old, and thus in the juvenile 
class. Approximately 0.5 cm3 from inside a scat were collected with 
gloves and a disposable plastic spoon into 20 mL HDPE scintillation 
vials (Carl Roth GmbH, Karlsruhe, Germany) and covered with 10 mL 
absolute ethanol, immediately after an individual was observed def-
ecating. After 24– 36 h, the ethanol was replaced by silica gel beads 
and samples stored until DNA extraction. For this study we use the 
sequence data of 372 faecal samples collected in summer, from mid- 
November 2018 to mid- March 2019 (Table S1).

Fifty and 95% core areas of each group's home range were cal-
culated based on GPS positions (639 scat sampling and 4669 loca-
tions of observations, Table S2) using the Brownian bridge movement 
model (Horne et al., 2007). A full year's data was included, as the 
use of more data provided better estimates of the model parame-
ters for the different home ranges and their respective core areas. 
Furthermore, these remain stable throughout the year in this spe-
cies (Cheney, 1981; Struhsaker, 1967). Subsequently, to account for 
variable plant distributions across groups' home ranges, ten square 
vegetation plots (each 1600 m2) were randomly allocated per 50% 
core area of each group using QGIS software, and the vegetation 
cover of 52 presumed forage plants was recorded to estimate local 
abundance (Figure S1). The final dataset comprised coverage data 
of 27 plants that the monkeys consumed, and which were also de-
tected in faecal samples. Species accumulation curves (SACs) made 
with the vegan package (Oksanen et al., 2014) showed the adequacy 
of this survey for representing the distribution of plants in the study 
area (Figure S2). We controlled for homogeneity of group disper-
sions with the betadisper function (vegan) before investigating po-
tential variation in plant coverage between groups' territories with 
a permutational multivariate analysis of variance (PERMANOVA with 
Bonferroni correction, pseudo F40 = 1.44, R2 = 0.11, p = 0.12) on 
Bray– Curtis dissimilarity matrices, and pairwise tests also revealed 
no significant difference (Figure S3).

2.2  |  DNA metabarcoding

DNA extraction of scat samples was performed using a phosphate 
buffer- based approach (Taberlet et al., 2018) following a modi-
fied protocol of the NucleoSpin Soil Kit (Macherey- Nagel, Düren, 
Germany), as described in (Brun, Schneider, Mas Carrió, Dongre, 
van de Waal, et al., 2022). Extractions were performed in a pre- 
PCR laboratory exclusively dedicated to low DNA- content analy-
ses (Laboratory for Conservation Biology, University of Lausanne, 
Switzerland). To assess the plant part of the diet, DNA extracts 
were amplified in triplicates with a primer pair (Sper01) targeting 
the P6 loop of the trnL intron (UAA) of chloroplast DNA (Taberlet 
et al., 2018). Library preparation was performed using the TruSeq 
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DNA PCR- Free Library Prep Kit (Illumina) and libraries were 150 
paired- end sequenced on the Illumina Miniseq Sequencing System 
(Illumina). Bioinformatic processing of raw sequences was con-
ducted with the OBITOOls package (Boyer et al., 2016) and in R 
(version 4.0.2). All details of experimental conditions and sequence 
alignment, filtering, clustering, data cleaning based on controls 
and taxonomic assignments are described in (Brun, Schneider, Mas 
Carrió, Dongre, van de Waal, et al., 2022).

2.3  |  Data analyses

In order to test the assumption that intergroup variation was greater 
than intragroup variation, we used the weighted means of Bray– 
Curtis dissimilarities ranging from 0 (complete overlap) to 1 (com-
plete nonoverlap). For all analyses, data was aggregated as the 
mean of RRA per plant item and per monkey to account for pseudo- 
replication. Dietary patterns of the four groups were visualised with 
non- metrical dissimilarity scaling (NMDS). The assumption of homo-
geneity of group dispersions was tested with the betadisper function 
in vegan package (Oksanen et al., 2014). If these were homogenous, 
we performed PERMANOVA with 9999 permutations and Bonferroni 
correction on Bray– Curtis dissimilarity matrices to test the effect of 
the group and sex/age variables on diet composition. If dispersions 
were heterogenous, we used beta regression models taking into ac-
count these dispersions to assess differences in proportions of di-
etary plant species per group with the package BeTareg (Cribari- Neto 
& Zeileis, 2010) and the joint- tests function in the emmeans package 
(Lenth, 2019) to assess the main effects of the models.

For certain plant species (n = 9), we investigated the extent to 
which consumption was related to environmental factors, that is, 
plant coverage in the groups' home ranges. In a first step, a feature 
selection analysis based on a random forest algorithm with 2000 
permutations was conducted in the R BOruTa package (Kursa & 
Rudnicki, 2010) to determine, which species were significantly im-
pacting on IGV in diet. Of the 61 plant species consumed, the ran-
dom forest algorithm identified 16 species that differed significantly 
between groups and for nine of these distribution data was available 
(Figure S4, Table S3). Subsequently, for these nine species RRA data 
was corrected for the coverage in a group's territory to account for 
environmental differences (RRA*(1- (percentage of coverage in the 
group's territory/100))). The Jacob's D index was calculated for these 
species ranging from −1 (avoidance) to +1 (preference) to visualise 
differences in selectivity between the groups.

3  |  RESULTS

Regarding our hypothesis that intragroup variation was lower than 
intergroup variation, we found inconsistent results when all in-
dividuals were included, since it holds for the smaller groups (AK, 
KB) but not for the larger ones (BD, NH), as shown in Table 1. A 
Pearson's product– moment correlation confirmed this positive 

relationship between group size and increased intragroup variation 
(0.97, p = 0.03). The intragroup dispersions of the four groups were 
heterogenous (F = 27.15, p = 0.001). However, we observed group 
clustering in the NMDS (Figure 1a) and the boxplots of centroids 
(Figure S5) also indicated location effects; the heterogenous disper-
sions might have been caused by the unbalanced sample size. Using 
beta regression, the variable group was significant for all groups 
(Fratio = 8.49, p < 0.0001). Testing the groups pairwise, we observed 
significant effects of the factor group for AK/BD (Fratio = 4.43, 
p = 0.0353), AK/KB (Fratio = 4.62, p = 0.0316), BD/KB (Fratio = 22.95, 
p < 0.0001) and KB/NH (Fratio = 13.17, p = 0.0003). PERMANOVA 
showed no significant effect of the variable sex/age on dietary vari-
ations between groups (F = 1, R2 = 0.02, p = 0.4021).

The results above point out that group demographics and social 
dynamics are important factors influencing the foraging behaviour 
of the studied groups, highlighting the need of further analyses for 
certain classes of individuals or on the intragroup level. Our hypoth-
esis that intergroup variation was higher than intragroup variation 
was more accurate when including only adults of the philopatric sex 
(Table 2), illustrated also by the NMDS (Figure 1b). While for adult 
females of all groups, dispersions were also heterogenous (F = 5.46, 
p = 0.005), the results differed for pairwise tests as these were 
homogenous for KB/AK and BD/NH. PERMANOVA showed that 
group explained part of the variance in diet composition for KB/AK 
(F = 3.69, R2 = 0.22, p = 0.0024) and BD/NH (F = 3.76, R2 = 0.13, 
p = 0.0056). With the beta regression model, the variable group 
was neither significant for all groups (Fratio = 1.5, p = 0.21) nor for 
the other group combinations. We found no significant effect of 
the variable sex/age at the intragroup level. The small sample size 
for adult males biases comparisons but there is nevertheless some 
structuring in the NMDS plots per group (Figure S6).

Figure 2 shows the group- specific selection patterns between 
resource availability and consumption (measured by Jacob's D 
index), for those plant species indicated by random forest analysis 
as being variably consumed between groups and for which distribu-
tion data were available. We observed that Berchemia zeyheri, a tree 
whose fruits are a main resource in summer, is highly consumed by 
all groups, but the least by BD. The resource distribution does not in 

TA B L E  1  Weighted means of Bray– Curtis dissimilarities of 
intragroup and intergroup dietary variation using plant RRA 
data. Green colour indicates that our results were in line with the 
hypothesis that intergroup variation was greater than intragroup 
variation (compared to intragroup RRA per row) and red colour that 
they were not in line with our hypothesis meaning that intragroup 
variation was greater than intergroup variation. Stars indicate 
significance level for the group variable in pairwise regression 
models (*** < 0.001, ** < 0.01, * < 0.05).

Group AK BD KB NH Intragroup

AK 0.59* 0.36* 0.48 0.37

BD 0.59* 0.57*** 0.58 0.60

KB 0.36* 0.57*** 0.46*** 0.28

NH 0.48 0.58 0.46*** 0.50
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all cases explain consumption patterns, as it is the case for example 
for Cereus jamacaru, Hippobromus pauciflorus and Premna mooeinsis. 
Ziziphus mucronata is a main food source in winter, explaining here 
the pattern of low consumption in summer.

4  |  DISCUSSION

Behavioural diversity can be a product of both ecological factors and 
of cultural traits and it is very difficult to distinguish the effect of 
even small- scale variation (Brakes et al., 2021; Samuni et al., 2020). 
We have shown previously that there are strong seasonal patterns 
in the diet of our population, thus being strongly correlated with 
resource availability (Brun, Schneider, Mas Carrió, Dongre, van de 
Waal, et al., 2022). Therefore, to assess IGV, we focused here on one 
season to reduce environmental variation, selecting summer when 
food resources are more abundant as it increases individuals' op-
portunities to select food according to their preferences. The results 
did not fully match our assumption (IGV was not consistently higher 
than intragroup variation). Intragroup variation was correlated with 
group size and may reflect higher inter- individual competition for 
resources; higher in larger groups (BD and NH) and lower in smaller 
ones (AK and KB). Both smaller groups in our study had only one adult 
male at that time and it was therefore not possible to disentangle the 

relative impact of group size and sex on the observed reduction of 
intragroup variation. We found an effect of group by assessing the 
differences in proportions of consumed plants. We suppose that the 
heterogenous dispersions of group variances were a consequence of 
the unbalanced design and that both the NMDS (Figure 1a) and box-
plots of centroids (Figure S5) indicated true differences in centroids. 
Future individual- level analyses with more balanced sample num-
bers will be beneficial to investigate the relationship between group 

F I G U R E  1  Nonmetric multidimensional scaling (NMDS), based on relative read abundances (RRA) of consumed plants detected in faecal 
samples aggregated per monkey per group in summer for (a) all individuals (n = 103) and (b) adult females (n = 42). The colours represent the 
four groups (Ankhase, AK; Baie Dankie, BD; Noha, NH and Kubu, KB).
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TA B L E  2  Weighted means of Bray– Curtis dissimilarities of 
intragroup and intergroup dietary variation using plant RRA data 
for adult females only. Green colour indicates that our results were 
in line with the hypothesis that intergroup variation was greater 
than intragroup variation and red colour that they were not in line 
with our hypothesis meaning that intragroup variation was greater 
than intergroup variation. Triangles indicate significance level for 
differences between groups in pairwise PERMANOVA with 9999 
permutations for the group variable, where model assumption 
where fulfilled (▲▲ < 0.01).

Group AK BD KB NH Intragroup

AK 0.56 0.37▲▲ 0.46 0.34

BD 0.56 0.57 0.56▲▲ 0.55

KB 0.37▲▲ 0.57 0.47 0.33

NH 0.46 0.56▲▲ 0.47 0.49
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size, composition, and diet. Demographic parameters may have an 
impact on an individual's diet, particularly when social interactions 
are strongly involved, as in the case of strong competition or when 
food acquisition is strongly mediated by social learning (Kaufhold & 
van Leeuwen, 2019; van Boekholt et al., 2021). Obtaining this kind 
of information in the wild is challenging, yet it is helpful to better 
understand the driving forces of IGV (DeTroy et al., 2021). While our 
results show that DNA metabarcoding is a useful approach when 
studying IGV, and that it may also bring insights into the study of 
social learning in non- experimental settings, it also emphasises the 

importance and difficulty of having balanced sampling when demo-
graphic parameters must be accounted for.

In this context, the focus on the philopatric sex also produced 
interesting results. Previous studies on social learning in our popu-
lation demonstrated in the context of foraging experiments a bias to 
copy dominant females (van de Waal et al., 2010) and vertical trans-
mission happening primarily in mother- infant dyads where naive 
infants first rely on their mothers' experience regarding foraging 
choices (van de Waal et al., 2013, 2014). In the context of a female 
philopatric system, these premises lay the necessary foundation for 

F I G U R E  2  Resource availability, consumption, and selectivity of plant species indicated by random forest analysis and present in 
both plant cover assessments and sequence data. On the y- axis of each plot are the four groups: Noha (NH), Kubu (KB), Baie Dankie 
(BD), Ankhase (AK). (a) Proportional coverage per group home range; circle size and colour reflect relative abundance. (b) Proportional 
contribution of each plant to the diet of each group; circle size and colour reflect the mean of relative read abundances. (c) Jacob's D 
selectivity index for each plant taxon, ranging from −1 (low consumption compared to abundance, red) to 1 (strongest selection or high 
consumption compared to abundance, green).
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the evolution of cultural variants of foraging behaviours that would 
essentially be maintained and transmitted by adult females. The het-
erogenous dispersions prevented unequivocal conclusions about all 
groups at once, but we observed the factor group to significantly 
affect the diet of two group pairs. It should be noted that these were 
on the one hand the smaller groups (AK/KB) and on the other hand 
the larger ones (BD/NH). A more balanced design may thus allow us 
to overcome the statistical issue of heterogenous dispersions and 
to also trace IGV between the remaining groups. However, the ob-
served homogeneity could either be an effect of sample size reduc-
tion or of the exclusion of individuals foraging more diversely. When 
we looked at the results for all individuals, we saw the greatest vari-
ation between the smallest group with only one adult male (KB) and 
the largest group with the most adult males (BD), while we did not 
see any effect when only looking at adult females.

There is a range of interesting research questions regarding 
the effect of social factors that could be studied using eDNA data. 
Future analyses at the intragroup level could assess whether indi-
vidual foraging is consistent over time and if matrilines (mother— 
offspring) show foraging behaviour distinct from other matrilines or 
if different energetic needs due to the reproductive state of females 
influence the diet. Albeit, sex was not a significant predictor for the 
present data, it could be worthwhile to study possibly greater be-
havioural flexibility of the dispersing group members, adult males, as 
shown previously in behavioural experiments and discussed above 
(Bono et al., 2018; van de Waal et al., 2013). Furthermore, it has been 
found that the sex of an individual can already lead to dietary varia-
tions in juveniles as described for orangutans (Ehmann et al., 2021). 
Here, this effect was not significant but the structure within the 
NMDS still suggests differences between male and female juveniles 
(Figure S7).

An observational study reported variable feeding on tree species 
between neighbouring groups of vervet monkeys with multiple mis-
matches between the dietary importance of a species and its local 
abundance (Tournier et al., 2014). After taking into account the dif-
ferences in plant species distribution in the groups' home ranges, we 
observed variation in consumption of certain plant species that is 
not entirely explained by a difference in abundance in the territories 
(Figure 2). For instance, our data showed that monkeys in NH are 
more selective towards P. mooiensis and H. pauciflorus relative to its 
abundance in their home range than the other groups, and the same 
pattern can be observed for KB with C. jamacaru. A possible explana-
tion for variation in selectivity could be that different plant species 
provide different nutrients, and when species are less abundant in 
a group's home range, the monkeys must compensate by consum-
ing other species providing similar nutrient intakes. Alternatively, 
monkeys might have developed distinct food preferences not 
constrained by physiological needs but rather by social learning. 
Whenever possible, sampling of environmental factors should also 
respect seasonal variations, for example the phenology of plants. 
Here, the plant census was done solely in terms of coverage in the 
same season as the analysed samples, assuming equal intraspecies- 
phenology for the presented data. One option is to sample across 

seasons and to control for this factor in data analyses, but as we have 
seen, limited sample numbers and unbalanced sampling may be an 
issue and thus within season designs are a good alternative despite 
the risk of overlooking important patterns (Matthews et al., 2020).

Reliable and robust estimations of biomass or abundances are 
crucial to many research questions in ecology and conservation 
biology (Pimm et al., 2014). Often these revolve not around sim-
ple detection or non- detection but need abundance measures to 
lead to meaningful results. While abundances can be measured 
by observational methods, the quantification potential of eDNA- 
approaches is an unresolved debate (Calderón- Sanou et al., 2019; 
Cuff et al., 2022; Zinger et al., 2019). For example, PCR primer- 
induced biases, that is, the preferential amplification of certain taxa 
and the under-  or non- representation of others, are considered a 
main source of biases in PCR- based target enrichment approaches 
such as DNA metabarcoding (Jusino et al., 2019; Piñol et al., 2015, 
2019), and multiplexing of primers or the use of degenerated 
primers has been proposed as alternative (Dowle et al., 2016; 
Krehenwinkel et al., 2017). Diet studies are faced with the addi-
tional challenge of possible digestion- related biases (Clare, 2014). 
Macroscopic studies in primates provided evidence for different 
digestibility of different items (e.g. Matthews et al., 2020). A feed-
ing trial with little penguins Eudyptula minor in captivity indicated 
that the initially fed proportions were not directly correlated to 
sequence counts (Deagle et al., 2010). Nonetheless, DNA me-
tabarcoding offers the potential to semi- quantitatively study 
IGV provided that the same experimental conditions are main-
tained for all groups. Vervet monkeys are omnivorous, however, 
plants represent the main food source which makes them the first 
choice for assessment but also implies certain challenges (Cuff 
et al., 2022). We acknowledge that while we relied on a promising 
study system, the limited sample numbers and probably the tar-
geted diet components did not allow us to draw the conclusions 
we had hoped for. An alternative is to study food items that are 
less frequently consumed or that are more difficult to prey on to 
inquire about IGV using occurrence data; for example, vertebrates 
in vervet monkeys or crabs in chimpanzees Pan troglodytes verus 
(Koops et al., 2019). In a study on bonobos Pan paniscus, Samuni 
et al. (2020) observed variation in hunting behaviour of mamma-
lian prey of two groups sharing the same habitat.

The main advantages of an eDNA- based approach are that no 
experimental setup is needed, it is non- invasive, studied animals 
are hence not disturbed or influenced in their natural behaviour, 
and it can provide a thorough picture including both wide tempo-
ral and spatial scales (reviewed in Bohmann et al., 2014; Taberlet 
et al., 2012, 2018; Thomsen & Willerslev, 2015). DNA metabarcoding 
can also serve to study population structure (Bohmann et al., 2018) 
and in principle, using SNPs or microsatellite genotyping of faeces 
DNA would allow assessment of relatedness and genetic structure. 
A wealth of information can be extracted from samples particularly 
when conservation status and ethical issues prevent invasive tissue 
sampling. eDNA samples can ideally provide data on genetic and be-
havioural diversity.
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To conclude, eDNA- based approaches offer new research op-
portunities to assess the influence of social factors on dietary vari-
ation, in particular for species that are not prone to observation, 
such as rare and endangered, nocturnal, elusive or dangerous ones. 
Obtaining information at the individual level might not always be 
feasible but investigating whether there are dietary variations be-
tween males and females, whether diets differ between groups that 
share a similar environment or, in contrast, that live in very different 
ones, would greatly contribute to our current knowledge of dietary 
IGV which has been little studied so far. When different foraging be-
haviours are detected, possible social transmission, and sometimes 
even cultural traits, can be studied later. Understanding the driving 
force and the circumstances that regulate IGV in different popula-
tions or species could provide significant insights for various fields 
of research, including behavioural ecology and cultural evolution but 
also for applied conservation. In light of climate change and increased 
anthropogenic habitat destruction, behavioural plasticity might be 
an important means of responding to rapid disturbances (Brakes 
et al., 2019, 2021; Gruber et al., 2019). Similarly to the identification 
of hotspots of genetic diversity to prioritise conservation efforts, 
cultural traits should be taken into consideration to define popula-
tions with the greatest potential for survival (Keith & Bull, 2017; Kühl 
et al., 2019; Sih, 2013). Cultural transmission of different behaviours 
through social learning may establish distinct traditions that define 
a culture, differentiating populations or subpopulations, leading im-
plicitly to varying adaptive potentials. However, the identification of 
socially transmitted variants and the subsequent potential for cul-
tural differentiation remains challenging to observe in the wild and 
in this context eDNA techniques might prove valuable.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table S1. Sample counts per group in summer: number of samples/
number of individuals sampled (number of individuals present in 
group at the start of summer; 15th November 2018). Discrepancies 
between samples/individuals and individuals/group possible when 
age categories changed between 15th of November and the time 
of sampling (e.g. AK adult females and BD one individual sampled 
as juvenile F and adult F). Pearson's Chi- square tests confirmed the 
goodness of fit per age/sex category of sampled individuals per 
group for AK, KB and NH. For BD the null hypothesis of good fit was 
only confirmed when excluding the infant category. Age categories 
were defined as follows: infant <1 year, juvenile 1- 2 years for females 

and 1- 4 years for males (if not dispersed), adult 3 years for females 
and 4 years for males if they dispersed, otherwise 5 years.
Table S2. Number of GPS locations sampled per group from the 
faecal sample spots and through observations, used to calculate the 
50 % and 95 % isopleths of the groups’ home ranges (total rows). The 
faecal samples and observations rows indicate the number of these 
found within their respective isopleths.
Table S3. Comparison of the predicted group (from the random 
forest model) and the observed group from which the faecal samples 
were originating for the test dataset (25 % of the observations). 
Observed samples are in columns and predicted samples in rows. 
Values on the diagonals represent the true positive of the models. 
Sensitivity (True positives/(True positives + False negatives)) and 
Specificity (True negatives/(True negatives + False positives)) are 
indicated for each group.
Figure S1. Home ranges (50 % and 95 % isopleths) of the four groups 
based on GPS data of sampling locations of faecal samples and 
observations. Points indicate the location of the 40 vegetation plots.
Figure S2. Species accumulation curves (SACs) of plant abundance 
in terms of coverage for the 40 vegetation plots. On the x- axis are 
the ten vegetation plots per groups and on the y- axis the cumulative 
number of plant species, grey shading indicates 95 % confidence 
intervals.
Figure S3. Nonmetric multidimensional scaling (NMDS) with 
envfit function of plant abundance in terms of coverage for the 40 
vegetation plots taken in the respective 50 % home ranges of the 
four groups. Vectors of plants are shown for those with p<0.005. 
PERMANOVA indicates no significant difference in plant coverage 
between groups' territories (pseudoF40 = 1.44, R2 = 0.11, P = 0.12).
Figure S4. The plot shows the plant species that were selected by 
the random forest algorithms implemented in the BOruTa R package 
as relevant features to explain dietary variation between groups. 
The higher the importance, the higher the group specificity of the 
corresponding species. Blue shows the minimum, average and 
maximum importance scores obtained by chance after 2000 random 
row permutations. Species in red were below the maximum threshold 
and considered not specific to any of the groups. E. undulata in 
yellow was very close to the maximum threshold and also not kept 
for further analyses. For species in green the group specificity was 
higher than that obtained by chance. Species above the threshold 
were corrected according to their respective abundance in the 
different groups’ home ranges when available.
Figure S5. Boxplots displaying the dispersion from the centroids 
for each group, for (a) all individuals (average distance to median: 
AK = 0.25, BD = 0.43, KB = 0.19, NH = 0.35; p < 0.001) and (b) only 
adult females (average distance to median: AK = 0.23, BD = 0.38, 
KB = 0.21, NH = 0.33; p < 0.005).
Figure S6. Nonmetric multidimensional scaling (NMDS), based on 
relative read abundances (RRA) of consumed plants detected in 
faecal samples aggregated per monkey in summer for all groups 
(Ankhase, AK; Baie Dankie, BD; Noha, NH and Kubu, KB) with 
variable sex/age with three factor levels. The colours represent 
female adults (red), male adults (green) and juveniles (blue).
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Figure S7. Nonmetric multidimensional scaling (NMDS), based on 
relative read abundances (RRA) of consumed plants detected in 
faecal samples aggregated per monkey in summer for all groups 
(Ankhase, AK; Baie Dankie, BD; Noha, NH and Kubu, KB) with 
variable sex/age with four factor levels. The colours represent 
female adults (red), male adults (green), female juveniles (blue) and 
male juveniles (violet).
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