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Summary

The long-term survival of many species is challenged by the need to adapt to changing environments
on evolutionary short timeframes. Behavioural diversity may enhance the capacity of adaptation to
instable living conditions or, on the contrary, cause a certain inflexibility to respond to changes.
Behavioural studies on broad spatial and temporal scales represent great challenges in the wild for
direct observational methods. eDNA-based studies may provide complementary tools and help
including behavioural or even cultural diversity into conservation management. The term eDNA refers
to the genetic material that organisms leave in their environment. eDNA can be recovered by
collecting any type of environmental sample, providing a wealth of information at the scales of
species, populations, communities, complete ecosystems and biodiversity. In addition, being a non-
invasive method, organisms can be studied without the need to observe, disturb or harm them.

For this PhD project, faecal samples of wild vervet monkeys (Chlorocebus pygerythrus) living in
neighbouring groups in South Africa were analysed using DNA metabarcoding to link behavioural
diversity to social factors. Chapter 1 compared arthropod and plant sequences from faecal samples
and observational data of foraging on plants and insects, on the population level. We observed strong
seasonal effects and a correlation between both methods, validating here the use of relative read
abundances (RRA) as semi-quantitative measurements. In Chapters 2 and 3, the plant-based diet was
assessed to investigate the part of intergroup variation (IGV) that cannot be explained by environment
or genetics, indicating effects of social factors. In summer, we found IGV for all individuals, but also a
positive correlation between group size and intragroup variation, indicating the importance of social
dynamics. Therefore, Chapter 3 focused on adult females, the philopatric sex, to inquire about IGV
across seasons. In addition, we developed a set of baits for targeted sequence capture (TSC) of insects
(Project+). In this project, we have shown the potential of eDNA-based analyses to inform on
behavioural diversity. This opens the possibility for further research on our study species as well as
others. In addition, the combination of eDNA samples and TSC is a promising approach to comble the
lack of absolute quantification of DNA metabarcoding. Overall, these are interesting tools and
perspectives for behavioural ecology, evolutionary biology, and cultural evolution studies, as well as

conservation management.

Résumé

La survie a long terme de nombreuses espéces est compromise par la nécessité de s'adapter a des
environnements changeants dans des délais tres courts. La diversité comportementale peut

augmenter la capacité d'adaptation a des conditions de vie instables ou au contraire induire une



certaine rigidité face aux changements. Les études comportementales sur de grandes échelles
spatiales et temporelles représentent un grand défi en milieu naturel pour les méthodes d'observation
directe. Les études basées sur I'ADN environnemental (ADNe) peuvent fournir des outils
complémentaires et aider a inclure la diversité comportementale ou méme culturelle dans la gestion
de la conservation. Le terme ADNe fait référence au matériel génétique que les organismes laissent
dans leur environnement. L'ADNe peut étre récupéré en collectant n'importe quel type d'échantillon
environnemental, ce qui fournit une mine d'informations a I’échelle des espéeces, des populations, des
communautés et méme des écosystemes complets, ainsi que sur la biodiversité. En outre, la méthode
étant non invasive, les organismes peuvent étre étudiés sans qu'il soit nécessaire de les observer ou
perturber.

Dans le cadre de ce projet de doctorat, des échantillons fécaux de singes vervet sauvages (Chlorocebus
pygerythrus) vivant dans des groupes voisins en Afrique du Sud ont été analysés a l'aide du
métabarcoding de I'ADN afin d'établir un lien entre la diversité comportementale et les facteurs
sociaux. Dans le chapitre 1, nous avons comparé les séquences d'arthropodes et de plantes trouvés
dans les échantillons fécaux et les données d'observation concernant la recherche de nourriture de
plantes et d'insectes au niveau de la population. Nous avons observé de forts effets saisonniers et une
corrélation entre les deux méthodes. Dans les chapitres 2 et 3, le régime alimentaire a base de plantes
a été évalué pour investiguer la part de variation intergroupe (IGV) qui ne peut pas étre expliquée par
I'environnement ou la génétique, indiquant des effets de facteurs sociaux. En été, nous avons trouvé
de I'lGV pour tous les individus, mais aussi une corrélation positive entre la taille du groupe et I'lIGV,
ce qui indique l'importance de la dynamique sociale. Par conséquent, le chapitre 3 s'est concentré sur
les femelles adultes, le sexe philopatrique, pour analyser I'lGV a travers les saisons. En outre, nous
avons développé un ensemble de sondes pour la capture de séquences ciblées (TSC) d'insectes
(Project+). Dans ce projet, nous avons montré le potentiel des analyses basées sur I'ADNe pour
informer sur la diversité comportementale. Cela ouvre la voie a des recherches plus approfondies sur
les especes étudiées et sur d'autres. En outre, la combinaison d'échantillons d'ADNe et de TSC est une
approche prometteuse pour pallier le manque de quantification absolue du métabarcoding de I'ADN.
Dans I'ensemble, il s'agit d'outils et de perspectives intéressants pour |'écologie comportementale, la

biologie évolutive et les études sur I'évolution culturelle, ainsi que pour la gestion de la conservation.



General introduction

A brief history of eDNA

The multidisciplinary field of environmental DNA (eDNA) has been rapidly evolving and eDNA
applications have become key to biomonitoring, research and conservation efforts. The term
refers to the genetic material that organisms leave, actively or passively, in their respective
environment and which can be recovered by collecting environmental samples (such as soil,
water, air). The source and state of this DNA can be manifold, e.g., urine, cell debris, faeces,
hair, skin or carcasses?. After the extraction of eDNA from environmental samples it can be
analysed using different molecular techniques, and assigned to taxa using genetic reference
databases or be analysed as molecular operational taxonomic units (MOTUs). Consequently,
eDNA-based approaches are considered non-invasive, since organisms can be detected
without the need to isolate or disturb them in their respective environments. Starting from a
single environmental sample, eDNA approaches open a wealth of information regarding

species and populations, communities, and complete ecosystems and biodiversity.

The concept of eDNA was first used in metagenomics to study the microbial communities of
marine sediments3. It took another decade to apply eDNA techniques to macroorganisms* and
to sequence DNA extracted from environmental samples®. While early eDNA studies were
mostly based on PCR followed by Sanger sequencing or on quantitative-PCR (qPCR), the
advent of next-generation sequencing (NGS) technologies enabled the simultaneous
sequencing of complex DNA mixtures in environmental samples, and therefore more

exhaustive assessments?.



Hereafter, the development of this field of research was facilitated and then rapidly
implemented for various purposes such as the detection of invasive, rare and elusive species®,
or as a biomonitoring tool, thus representing today an important area of research for the
future management and conservation of biodiversity’=. In particular, DNA metabarcoding
(PCR amplification with universal primers and next generation sequencing (NGS) of DNA
mixtures®) is widely applied for comprehensive taxonomic identification of environmental

samples.

DNA collected from environmental samples is often degraded and fragmented due to e.g.
enzymatic and microbial activity, and the respective techniques of analyses need to be
adapted to account for these characteristics. For example, the primers used for DNA
metabarcoding are developed for short but informative genetic regions (metabarcodes).
While called ‘universal’, they do in most cases target more restrained taxonomic groups,
however, allowing for broad assessments of DNA pools. The fact that they are designed for
taxonomic groups rather than single species, and therefore for genetically diverse organisms,
leads to compromises between specificity, coverage and resolution. Before library
preparation, PCR amplicons are usually pooled together (this is not per se necessary but
increases sample throughput efficiently). To enable the attribution of sequences to samples
after sequencing, metabarcoding primers are tagged with variable combinations of

oligonucleotides?.



eDNA applied, scope and limits

The multitude of eDNA studies continuously published these last years, highlights the
methods value and interest (reviewed in e.g.>8). In particular, DNA metabarcoding approaches
have been widely used, providing valuable information on ecosystems, food webs, species’
distributions and behaviour. After a first proof of successful species detection using eDNA in
water samples®, many applications of invasive species detection followed (e.g.1t™23), as well as
for the monitoring of rare and elusive species!* and/or in difficult accessible terraint>1,
Research aims go from monitoring of reproduction activities!’, diet assessments!®2! to
simultaneous assessments of predators and prey, or endoparasites?’??3. Multispecies
assessments looked at the composition of communities?4, temporal changes in communities®®
or seasonal variations?®?’. Among the most fascinating applications are inferences of
population genetics of whale sharks using sea water samples?®?° and the extraction of DNA
from ancient lake sediments to deduce anthropologic developments3®. The subfield of
ancient, environmental DNA (aDNA) is a very active research field (reviewed in3!). Besides
commonly used sample types as water, soil or faeces, there are also more creative
applications extracting DNA from honey??, air®3, or leeches®*3°. eDNA sampling may thus cover

huge spatio-temporal scopes, and provide data to study multiple taxonomic groups and their

interactions relying on the same sample collection.

DNA metabarcoding often provides higher taxonomic resolution and coverage than traditional
methods®36. Traditional survey methods, mainly based on direct observation of target
organisms and their identification (in traps, faecal samples, or camera trap images) are often
time-consuming and labour-intensive since they depend heavily on taxonomic expertise, long-

time observation and tedious image coding, among others. eDNA-based approaches on the
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contrary rely on standardisable, straightforward and cost-effective sample collection
methods. The sensitivity of the method allows to detect organisms at low frequencies or which
are difficult to observe as cryptic species or life stages, elusive and nocturnal species,
representing a valuable complementary tool to traditional methods. Another important
advantage of eDNA methods is that it is non-invasive for organisms as these are not physically
damaged or disturbed, and ecosystems?. In a certain sense this is valid also for behaviour, in

the sense that these are less affected by observational methods or experimental settings®’.

However, there is possibly variability in eDNA detectability, preservation and transport due to
biotic and abiotic ecological factors and many studies inquired about such effects. In
particular, the persistence as a proxy for the temporal signal of eDNA has been assessed, as
well as the effect on DNA degradation of factors as pH and temperature (reviewed in8). And
since eDNA can be shed by dead organisms as well as by all life stages, based on genetic
information only, it is not possible to distinguish between e.g. eggs, larvae and adults or
flowers, fruits and bark or alive and dead organisms?. Furthermore, the method implies certain
biases, in particular concerning the PCR amplification step3*~#! which leads to problematic
biomass quantifications*?™#4. Different primer affinities are caused by the characteristics of
‘universal’ metabarcoding primers, between specificity and coverage, and the genetically
diverse DNA mixtures competing for the primers. Reliable measurements of abundances and
biomass are useful or even indispensable in ecological studies, therefore quantifying DNA
present in eDNA pools is very relevant. In diet studies, digestion adds more possible biases for
quantitative interpretations*~’. In fact, the only abundance measure is relative, i.e. based on
the relative number of reads per sequence per sample. Reliable correlations between relative

sequence reads and initial abundances (e.g. number of individuals or foraged items) are
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complicated. A number of studies that used gPCR to assess the correlation between eDNA and
biomass confirm this*®4°. Nevertheless, a correlation between read counts and biomass
cannot absolutely be neglected*? and relative read abundances (RRA; the number of a specific
sequence divided by the total number of reads within a sample) has been employed to use
DNA metabarcoding semi-quantitatively to inquire about foraging niches!9°%°1, Beside
ecological factors, different l[aboratory protocols and bioinformatic choices can play a role for
the outcome of eDNA studies, therefore it is crucial to keep conditions stable and to
standardise and control every step from the field to data analyses®. PCR amplification is
considered causing the most biases in DNA metabarcoding studies since different primer
affinity can lead to preferred amplification of similar sequences and at the same time non-
amplification of more divergent ones*®>3, The composition of eDNA pools might also play a
role via primer competition or inhibition3°. To overcome these issues, the multiplexing of
primers or the use of degenerate primers has been proposed®*—>°. Alternatively, approaches
are also proposed that skip the amplification process, and use sets of baits instead of primers
that hybridise to and capture DNA (see Project+). The combination of target sequence capture
(TSC) and NGS has been suggested as convenient alternative to overcome PCR-induced biases
and provide more reliable quantification measures®”°8, The principle here is to create DNA or
RNA baits that are complementary to target sequences. Single stranded DNA is then
hybridised to these biotinylated oligonucleotides and physically bound (“captured”) and off-
target DNA subsequently washed away before being processed for sequencing®>®°. As such,
TSC follows a different logic to achieve target enrichment than PCR amplification, since the

increase in target sequences is achieved by reducing non-target sequences®?.
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The behavioural ecology of vervet monkeys

Here, we used DNA metabarcoding sequence data to study the diet of wild vervet monkeys
(Chlorocebus pygerythrus) for three out of the four present chapters to answer various
research questions. Vervet monkeys are non-threatened primates widely distributed
throughout Southern-Eastern Africa below the equator (Fig. 1). Their variable habitats include
savannah biome, coastal zones as well as urban areas. This semiarboreal species lives in
multimale multifemale groups. The social system of vervet monkeys is in general based on a
complex hierarchy organised by matrilines, with females being philopatric. In the studied
population, female dominance has been often documented in direct interactions between all
group members and females held the alpha position in most groups®2. Male vervet monkeys
disperse often multiple times throughout their lives. The constant gene flow between groups
due to male dispersal reduces genetic intergroup differences®®. Many experiments have
demonstrated the high social learning abilities of vervet monkeys®*® (see below). Vervet
monkeys are omnivorous feeders; and selective behaviours, i.e. preferential feeding on
certain resources, is supposable. Behavioural traits not correlated to environmental or genetic
factors might be transmitted socially through social learning®, according to the method of
exclusion that postulates that by excluding ecological and genetic explanations, sole sociality
remains®’. The study of dietary variation might therefore allow to trace the existence of

socially learnt transmission in a social group.
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Figure 1. Distribution of vervet monkeys (Chlorocebus pygerythrus) in Africa; © Maphobbyist, with distribution data from the
IUCN Red List. The red monkey symbol indicates location of the field site of the iNkawu Vervet Project (IVP).

The iNkawu Vervet Project

Faecal samples have been collected over a period of four years at the iNkawu Vervet Project
(IVP), Mawana game reserve (28°00.327S, 31°12.348E), South Africa (Fig. 1). At this research
station up to seven groups of vervet monkeys have been habituated and studied for
behavioural data collection since 2010 (Fig. 2). Here data was included for five of these groups:
Ankhase (AK), Baie Dankie (BD), Kubu (KB), Lemon Tree (LT) and Noha (NH). All individuals are
recognisable by specific body and face characteristics (e.g. facial features, scars and fur
colours) and are named at birth and life history data is continuously collected. The monkeys
are closely followed by the field team for various research activities (e.g. focal observations or
behavioural experiments). Faecal samples are assigned to individuals by observation and can
hence be linked to the individuals’ life history data (always sex and current group, and most

often also available age, natal group, mother). Age categories have been assigned to
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predefined rules for females as for males (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®®). Different research questions can hence be studied at different
levels: from the population to the group and even the individual. In this thesis, we assessed
both the plant and arthropod components of the diet for 1745 and 823 faecal samples,
respectively. In addition, 12 months of focal (observational) data have been analysed. We also
used environmental data such as plant cover, as these can be linked to the groups’ territories,
for which home ranges have been established (Fig. 3, see all methodological details in
Chapters 1 and 2). In the home ranges there is a mix of semiarid riparian woodland and mosaic
savannah biome, that is open grasslands with clusters of trees, thornveld and bushveld®. The
assessment of plant cover data indicated no significant differences between the territories of
four groups (AK, BD, KB, NH); these data were not available for LT. The homogenous
environment and the constant gene flow between groups, which limits the influence of

genetic factors, allow to study other causes of behavioural variations®®.
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Figure 2: Aerial view of the average home ranges of the five studied groups at iNkawu Vervet Project (IVP). Ankhase (AK), Baie
Dankie (BD), Kubu (KB), Lemon Tree (LT) and Noha (NH).

In addition to providing valuable insights on the feeding behaviour of vervet monkeys, our
study system enabled us to assess the power of DNA metabarcoding as semi-quantitative
measurement. In a second time we were interested in the transferability of the method to
similar research questions for other species in different contexts (e.g. with less accessible field
and/or less observation-prone organisms or behaviour). If the method allows to highlight the
effect of social factors on behavioural dietary plasticity in our study system, it could be
employed as a means of capturing cultural diversity in a wider context for consideration in

conservation measures.
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Figure 3: Home ranges (50 % and 95 % isopleths) of four groups based on GPS data of faecal and focal sampling locations.
Points indicate the location of the 40 vegetation plots where plant coverage has been assessed (Figure taken from
Supplementary Material of’°). The group Lemon Tree (LT) was not included in the vegetation assessment.

Evaluating the influence of social factors via dietary assessments

In contrast to individual learning, social learning is defined as “learning that is influenced by
observation of, or interaction with, another animal (typically a conspecific) or its products”’?.
Analogous to genetic transmission, social transmission can influence behaviour (albeit along
many more axes than only from parents to offspring) and create traditions if the behaviour
persists over time (also labelled “secondary inheritance system”’2). Distinct traditions in turn
may define cultural traits of e.g. populations or groups. Social learning is thus a prerequisite

for animal culture, being the mechanism by which cultural traits are acquired from
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conspecifics’®. Behavioural plasticity can be an adaptive potential when facing changing
environments, e.g. mediated through climate change or anthropogenic habitat
destruction’#7>. In this sense, and similar to hotspots of genetic diversity, cultural traits
represent specific features of populations/groups relevant for conservation efforts and for the

identification of the most vulnerable or conservation-prone population/group’®72.

However, studying mechanisms and biases of social learning is a major challenge, all the more
difficult in the wild. Many studies are conducted in captive environments (reviewed for zoos
in”?). While captive settings allow to control confounding factors and mostly the tested
individuals, there might be issues concerning the representativity of captive studies for natural
behaviour®®. In an attempt to discern this issue, Harrison et al. (2023) tested a cognitive
experiment using touchscreen technology on wild and captive vervet monkeys and found no
difference in performance but lower participation rates in the wild correlated with sex and
age®®. Most social learning studies in the wild rely on either indirect observations, i.e. the
observation of behavioural variation not driven by environment or genetics, or on
experimental testing of transmission mechanisms. Observational evidence for social
transmission of behavioural variants have been documented first in chimpanzees8! and then

8283 cockatoos®*, whales and dolphins’3, as well as by

in many species including in orangutans
acoustical observations of songs in humpback whales®. Studies using experimental testing to

trace social learning mechanism and diffusion of social information in the wild have been done

for example with great tits888,

Foraging behaviour is particularly well suited for the study of social learning. Indeed, it is
essential that offspring is quickly able to extract food resources from their environment, with

their mothers most of the times serving as their primary model for acquiring the most adaptive
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foraging behaviours®:%. Generally in primates, infants learn from their mothers what to eat,
where to find food items and how to manipulate them, i.e. by vertical transmission of
knowledge®48391, An individual's diet may be influenced by demographic parameters such as
rank or group size in the case of strong competition, or when foraging behaviour is strongly
mediated by social learning®*93, That means in a reverse thinking that social learning could be
deduced by studying the diet and possible effects of social factors. In great tits, social
transmission of a specific foraging behaviour (in that case, sliding the door of a foraging device
in the same way as a trained model) was documented in the wild®. In vervets, field
experiments showed as well that social learning can efficiently be assessed via the study of
feeding behaviours. For example, a selective attention towards female demonstrators was
shown in a puzzle box experiment, where the side to open the box displayed by dominant
females was copied, i.e. socially learned, by conspecifics but not when the demonstrator was
a dominant male®*. Another experiment used different coloured corn, with different taste
during the training phase (normal vs bitter), to show that infant vervet monkeys rely on their
mothers experience regarding food choice and also that dispersing males conformed to their
new group food preference®. Whereas a group effect on the infants, i.e. horizontal
transmission, could not be excluded in the corn study, an experiment on food-manipulation
focused specifically on naive infants and highlights the vertical transmission of knowledge

from mothers to infants®®.

While all of these studies were conducted in the wild, they relied on artificial foraging tasks or
altered food items. On the one hand, these may also influence the studied behaviour and on
the other hand, they do not reflect natural feeding behaviour. For instance, social tolerance,

competition and variable degrees of habituation to humans are factors that might play a role
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for participation in experimental testing and setups®®. While natural foraging may also be
influenced by e.g. rank and social tolerance, an approach based on eDNA can benefit from the
temporal scale of eDNA samples and it may provide a good means to study natural behaviour
in the wild. The non-invasiveness of eDNA sampling is another advantage in this context since
in particular for endangered species the exposure to artificial disturbances of their behaviour
should be carefully considered®. We understand invasive as an alteration or damaging of the
organism, environment or behaviour, and not the simple presence of observers as has been
argued elsewhere®’. Harrison et al. (2023) pointed out that different habituation degrees
between the studied groups may impact participation rates in their touchscreen study®°. The
observation in our study concerns defecation events only and not the behaviour under study,
i.e. the feeding events which take place mostly during unobserved periods. However, a
possible bias due to different habituation degrees of groups/individuals cannot be totally
excluded in the sense that certain individuals may be easier to observe and sample. It remains
challenging to study social learning in the wild; nevertheless, the potential of an eDNA
approach to assess the influence of social factors on dietary variation as a proximate can be
evaluated in our study system. If successful and depending on the accessibility of faecal
samples, the concept could be employed to assess behavioural plasticity in foraging behaviour

of species subject to learn socially but difficult to observe or test experimentally®®,

The interest to study intergroup variation (IGV)

In Chapters 2 and 3, we assess diet at the group-level to determine whether there is intergroup
variation (IGV) that cannot be explained by environmental or genetic factors, and which might

therefore indicate the effects of social factors. IGV is understood here as the variation in
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behaviour that can be observed between social groups, i.e. intraspecies plasticity at the group
level®2. The group variable is an influential social factor in group living species. And the group
level is an important intermediate level between individuals and populations, that should be
considered more extensively to avoid species-wide generalisations®*°’. Kaufhold and van
Leeuwen (2019) define cultural intergroup variation as variation in behaviours across groups
due to social learning, which can be qualitative, i.e. presence or absence of behaviours, and
guantitative, expressed through the frequency of behaviours. To better understand the
dynamics behind IGV, it is therefore also necessary to consider the driving forces at play at the
intragroup level. Ecological, genetic of social explanations may be at cause for the emergence
of group-specific traditions. Behavioural plasticity in terms of foraging between groups that
share similar environments and genetics can serve here as a proxy indicating possible social
transmission. Therefore small-scale studies are very relevant here and comparisons between
groups in the wild can serve to highlight the influence of social factors on behaviour and
cognition®, In vervet monkeys there seems to be a group conformity effect, which underlines
the importance of group integration as social factor. In the above mentioned corn study, it
was also observed that newly immigrant males abandoned the food preference of their natal
group to conform to the one of their new group®. Such greater behavioural flexibility of the
dispersing sex than of the philopatric one regarding role models was confirmed in an artificial
fruit experiment®®, In turn, the social structure in philopatric species favours distinct group
identities”’. In vervets, the philopatric sex, females, have been shown experimentally to be
the preferred role models®*%. Therefore, we focus on the samples of adult females to discern

a group identity and possible intergroup variation in foraging behaviour.
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There are few eDNA-based studies so far that assessed differences beyond the population
level or linked individual samples to social factors. As an exception, Voelker et al. (2020) used
it to assess intrapopulation feeding diversity of harbor seals (Phoca vitulina) based on the
predators’ sex®®. We suggest that assessing the effect of social factors on behaviour via eDNA
data can provide a valuable tool for conservation management, behavioural ecology and even

cultural studies.

Thesis outline

It this thesis, we first assessed the validity and reliability of eDNA data by comparing it to
observational data. Thereafter, we used DNA metabarcoding data to inquire about variation
in feeding behaviour between social groups. Despite the above-mentioned uncertainties of
the eDNA approach, we consider that by standardising field and laboratory conditions for all
samples allows for semi-quantitative comparisons based on RRA’?. Nonetheless, we also
developed bait set to capture the taxonomic group of insects to assess the impact and possibly

overcome the impact of certain biasing factors of DNA metabarcoding.

In Chapter 1, we compared arthropod and plant sequence data of 823 faecal samples and focal
data on foraging on plants and insects both sampled over 12 months, in order to analyse
seasonal variation in the diet of vervet monkeys. On the population-level, we show a strong
seasonal effect on vervet monkeys’ diet based on both datasets, and a strong correlation
between plant RRA and observational data, validating the use of RRA as a semi-quantitative

measure of consumption in this system.
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The results of the seasonal assessment (Chapter 1) showed that selective feeding behaviours
are more likely to occur in summer when resources are more abundant than in scarcer
seasons’?. Chapter 2 therefore focused on assessing IGV between four neighbouring groups
of vervets during the summer season. For this mostly conceptual study, we assessed a)
whether IGV in the diet was greater than intragroup variation; b) whether IGV was greater
when considering all individuals in the group or only adult females, the philopatric sex; and c)
whether there was a relation between the availability of single food items per home range

and their consumption.

Following the results of Chapter 2, we increased the sample size and focused on adult females
to inquire about IGV on a broader scale and all seasons in Chapter 3. Here we included 1226

samples of 87 individuals, sampled from January 2018 to September 2022.

In Project+, we describe the development of a set of baits designed to capture the Folmer
region of COI of the whole taxonomic groups of insects and outline the experimental design
to compare targeted sequence capture (TSC), DNA metabarcoding and shotgun sequencing

using artificial mock communities and eDNA samples.

Contributions to the chapters

| contributed to the generation of the datasets and data analyses for Chapters 1-2-3. | was
responsible for the DNA extraction, amplification, library preparation and sequencing for
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Abstract

Assessing the diet of wild animals reveals valuable information about their ecology
and trophic relationships that may help elucidate dynamic interactions in ecosystems
and forecast responses to environmental changes. Advances in molecular biology
provide valuable research tools in this field. However, comparative empirical research
is still required to highlight strengths and potential biases of different approaches.
Therefore, this study compares environmental DNA and observational methods for
the same study population and sampling duration. We employed DNA metabarcod-
ing assays targeting plant and arthropod diet items in 823 fecal samples collected
over 12months in a wild population of an omnivorous primate, the vervet monkey
(Chlorocebus pygerythrus). DNA metabarcoding data were subsequently compared
to direct observations. We observed the same seasonal patterns of plant consump-
tion with both methods; however, DNA metabarcoding showed considerably greater
taxonomic coverage and resolution compared to observations, mostly due to the con-
struction of a local plant DNA database. We found a strong effect of season on vari-
ation in plant consumption largely shaped by the dry and wet seasons. The seasonal
effect on arthropod consumption was weaker, but feeding on arthropods was more
frequent in spring and summer, showing overall that vervets adapt their diet accord-
ing to available resources. The DNA metabarcoding assay outperformed also direct
observations of arthropod consumption in both taxonomic coverage and resolution.
Combining traditional techniques and DNA metabarcoding data can therefore not
only provide enhanced assessments of complex diets and trophic interactions to the
benefit of wildlife conservationists and managers but also opens new perspectives for
behavioral ecologists studying whether diet variation in social species is induced by

environmental differences or might reflect selective foraging behaviors.

KEYWORDS
diet estimation, DNA metabarcoding, environmental DNA, method comparison, primates,
seasonal variation
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1 | INTRODUCTION

Assessing a wild organism's diet is key to understanding its ecology
and to highlight dynamics of communities and ecosystems through
species' trophic interactions (Duffy et al., 2007). Traditionally em-
ployed methods, e.g. direct observations, microhistology of feces
or gut contents, fatty acid, and stable isotope analysis, encounter
certain limits when analyzing the diet of generalist and omnivorous
species or attempting to disentangle the structure of complex food
webs (Nielsen et al., 2018; Pompanon et al., 2012). The advent of
DNA metabarcoding (Taberlet et al., 2012) and the simultaneous
assessment of heterogeneous species mixes provide a valuable
technique to open new perspectives in ecological network analysis
(Clare, 2014). DNA metabarcoding studies using feces cover a range
of different aims, such as diet characterization (Burgar et al., 2014;
De Barba et al., 2014; Shehzad et al., 2012), parallel prey and pred-
ator identification (Galan et al., 2018; Gillet et al., 2015), or biodi-
versity assessment (Ngrgaard et al., 2021; Shao et al., 2021). Some
studies include different variables such as endoparasites and sex
ratios along with the diet (Swift et al., 2018), or the predator's popu-
lation structure (Bohmann et al., 2018). For many research questions
in ecology, robust estimations of biomass or abundances are neces-
sary for meaningful results going beyond simple detection or non-
detection (Pimm et al., 2014). Therefore, a number of studies show
the method's potential for assessing complex correlations relying on
its semi-quantitative explanatory power when studying, for exam-
ple, niche partitioning (Arrizabalaga-Escudero et al., 2018; Kartzinel
etal.,, 2015; Pansu et al., 2019; Vesterinen et al., 2018) or intrapopu-
lation variation (Voelker et al., 2020).

In many cases, reliable abundance data can be obtained by ob-
servation; however, there is an ongoing debate about the quanti-
fication potential of eDNA-based methods (Deagle et al., 2019;
Zinger et al., 2019). For example, PCR primer-induced biases, i.e.
the preferential amplification of certain taxa and the under- or non-
representation of others, are considered a main source of biases in
DNA metabarcoding (Jusino et al., 2019; Pifol et al., 2015; Pifol
et al., 2019). Data treatment also influences the outcome (Calderén-
Sanou et al., 2019); occurrence data supposedly inflate rare taxa but
are less sensitive to PCR-introduced biases whereas the use of rela-
tive read abundances (RRA) may better account for variations in bio-
mass (Deagle et al., 2019). RRA correspond to the number of reads
of a sequence in a sample divided by the total number of reads of the
same sample. Relative data do not only account for the presence of
taxa in a sample but are expected to correlate to some extent with
the amount of DNA present in the sample, therefore representing a
semi-quantitative approach. In this study, we used RRA data, main-
taining identical experimental conditions for all samples to minimize
biases and to allow for comparisons.

FIGURE 1 Juvenile vervet monkey (Chlorocebus pygerythrus)
feeding on fruits of Ziziphus mucronata. © Michael Henshall.

The DNA metabarcoding approach has been used only re-
cently for diet studies in primatology, as the research field has
traditionally relied on various observational methods for behav-
ioral studies (but see Lyke et al., 2018; Mallott et al., 2017, 2018;
Mallott et al., 2015; Osman et al., 2020; Quéméré et al., 2013;
Rowe et al., 2021). Inter-method comparisons are useful to test
different methods' reliabilities and congruencies to assess consis-
tency of results. However, the aim is not only to compare per-
formances but also to determine under which circumstance the
complementary use of these methods is advisable to allow their
optimal application in future studies. Since in many cases observa-
tional feeding data are available, but with weak taxonomic resolu-
tion and/or with a limitation due to feeding habits that are difficult
to observe, complementing these data by a DNA metabarcoding
approach may be beneficial.

To this aim, we compared dietary variation inferred from DNA
metabarcoding to direct observations, in an opportunistic and gener-
alist primate, the vervet monkey (Chlorocebus pygerythrus, Figure 1).
Vervet monkeys are omnivorous and previous observational studies
found that they feed mainly on trees, invertebrates, and occasion-
ally small vertebrates (Barrett, 2009; Tournier et al., 2014). We an-
alyzed 823 fecal samples of 130 individuals from four neighboring
wild groups collected over 1year, with two DNA metabarcoding
assays targeting plant and arthropod components of the diet. The
study of omnivorous species represents certain challenges (Tercel
et al., 2021) that will be addressed in the discussion. The aim of the
present study was threefold: (a) compare taxonomic coverage and
resolution between observational and DNA metabarcoding data, (b)
establish the most complete dietary profile in a wild vervet monkeys'
population, and (c) assess resource use by vervet monkeys across
seasons.
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2 | MATERIALS AND METHODS
2.1 | Study site and subjects

The study was conducted between 09/2017 and 02/2019 as part
of the Inkawu Vervet Project (IVP) in the Mawana game reserve
(28°00.327S, 031°12.348E), KwaZulu Natal, South Africa. IVP
was founded in 2010 and research has been conducted ever since
on wild vervet monkeys mainly in the field of behavioral ecology,
demonstrating the high social learning capacity of this species
(Whiten & van de Waal, 2018). Our study includes four neighbor-
ing groups that are routinely followed by researchers. All individu-
als were identified using specific bodily and facial features (e.g.
scars, colors, shape). The vegetation of the study site is classed
as Savannah biome, characterized by areas of grasslands with dis-
persed singular or clusters of trees forming a mosaic with the typi-
cal savannah thornveld, bushveld, and thicket patches (Mucina &
Rutherford, 2006). Each dataset, observational and DNA metabar-
coding data, covered a period of 12months, but they overlapped
for 6months only due to temporary constraints on focal sampling
activities. Meteorological data assessed for the whole sampling pe-
riod do not show major variation between the two sampled years
for rainfall and temperature (Appendix S1: Figure S1). Therefore,
we expected season to have a greater impact in terms of vegeta-
tion variation than the year of sampling and we consequently com-
pared the data per month/season regardless of the year. Seasons
were defined as follows, with the middle of a month as the sea-
sonal delimitation (van Wyk & van Wyk, 2013): August-November
(spring), November-March (summer), March-May (autumn), and
May-August (winter).

2.2 | Observational data

The observational data used for this study were obtained by in-
stantaneous focal animal sampling methods on 101 adult group
members between 09/2017 and 08/2018. In focal samplings, the
focal individual is followed for a defined period and occurrences
of (inter)actions are recorded, but parameters can vary according
to specific study designs (Altmann, 1974). Here, each focal sample
lasted 20 min and the focal animal's behavior was recorded instan-
taneously every 2min resulting in 10 data points per focal sample
(6176 focal screenings in total). Observers chose focal animals op-
portunistically, with the aim to collect one full focal sample per
individual across three different time windows (morning, midday,
afternoon), every 10days. Total length of the data collection peri-
ods per day varied throughout the year according to sunrise and
sunset times, while being equally distributed between the three
daily time windows covering all daylight hours. Prior to data col-
lection, all IVP observers had to pass an inter-observer reliability
test with a minimum Cohen's kappa value of 0.8 for each data
category with an experienced researcher. Data were collected on

,Wl LEYM

tablets (Vodacom Smart Table 2, equipped with Pendragon Forms
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version 8). From the complete dataset, we extracted all feeding ob-
servations and created separate datasets for plant and arthropod
items. The focal dataset for plants contained 19,406 observations,
of which 12,315 identified plant genera or species (63.46%). The
arthropod dataset contained 1359 observations (of which 15.82%
indicated broad insect categories, i.e. termites or grasshoppers).
Plant and arthropod observations that only occurred once were
omitted from the final dataset.

2.3 | Local plant database

In the field, 54 plant species were morphologically identified and
collected (van Wyk & van Wyk, 2013). These include all species
confirmed by previous observation of feeding behavior in the area
and other frequently occurring plants that could potentially be con-
sumed. Sampled material from each species was stored in silica gel
until DNA extraction using the DNeasy Plant Mini Kit (Qiagen) with
a final elution in 100 ul AE buffer. To construct a local database, the
whole chloroplast trnL (UAA) intron, which comprises the Pé loop
targeted in the DNA metabarcoding assay described below, was am-
plified with primers c/d (Taberlet et al., 2007). The PCR reactions
were performed in 25 pl. The mixture contained 1x PCR Gold Buffer
(Thermo Fisher Scientific), 2mM MgCl,, 0.2mM of dNTPs, 0.04pg
of bovine serum albumin (Roche Diagnostics), 0.5 uM of forward and
reverse primers, 1 U of AmpliTaq Gold (Thermo Fischer Scientific),
and 2 pl of template DNA. PCR cycling conditions were 10 min dena-
turation at 95°C, followed by 35 cycles of 30s at 95°C, 30s at 50°C,
and 1 min at 72°C, with a final elongation step of 5 min at 72°C.
PCR products were purified using the QIAquick PCR Purification Kit
(Qiagen) before Sanger sequencing in both directions at Microsynth
AG. The obtained P6 loop sequences were used for our reference
database. The final database consisted of 48 sequences matching
54 species (i.e. 43 unique sequences, four sequences shared be-
tween two species and one sequence shared between three species,
Appendix S1).

2.4 | Fecal sample collection

A total of 823 fecal samples of 130 known individuals were collected
during a 12-month period (03/2018 to 02/2019, Figure 2). Whenever
a specific individual was observed defecating, the inner part of the
scat was immediately collected unless it had already been sampled
the same day or if an experiment involving food rewards had been
conducted with the group in the 48 preceding hours. Approximately
0.5 cm® was collected with gloves and a disposable plastic spoon
from inside the scat into 20ml HDPE scintillation vials (Carl Roth
GmbH) and covered with 10 ml absolute ethanol. After 24-36h, the
ethanol was replaced by silica gel beads and samples stored until
DNA extraction.
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FIGURE 2 The map indicates the sampling locations of the 823 fecal samples of 130 individuals in the Inkawu Vervet Project, South
Africa. The different groups are represented by different colored dots: Ankhase: purple (n = 146), Baie Dankie: yellow (n = 212), Kubu: red

(n = 224), Noha: blue (n = 241).

2.5 | DNA metabarcoding
2.51 | DNA extraction

DNA extraction of scat samples was performed using a phosphate
buffer-based approach (Taberlet et al., 2018) following a modified pro-
tocol of the NucleoSpin Soil Kit (Macherey-Nagel). Scats were directly
transferred from the scintillation vials into 2 ml Eppendorf tubes with
1.3 ml of saturated phosphate buffer. For a better absorption of the
DNA, the samples were homogenized by vortexing before spinning
on a tube rotator for 15min. The suite of the protocol was as recom-
mended using the QlAvac technology (Qiagen), with a final elution in
100yl of SE buffer. Extractions were performed in a pre-PCR labora-
tory exclusively dedicated to low DNA-content analyses (Laboratory
for Conservation Biology, University of Lausanne). A subset of the
extractions was tested for inhibitors with real-time quantitative PCR
(qPCR) applying different dilutions in triplicates. qPCR reagents and
conditions were the same as in DNA metabarcoding PCR (see below),
but for 45 cycles and with the addition of SybrGreen (Thermo Fischer
Scientific). Following these analyses, all samples were diluted 5-fold.

2.5.2 | DNA metabarcoding assay

DNA extracts were amplified in triplicates with two sets of
primers. The first one targets the plant components of the diet

amplifying the P6 loop of the trnL intron (UAA) of chloroplast DNA
(10-220bp, Sper01 (Taberlet et al., 2018) corresponding to g/h
(Taberlet et al., 2007)). The second primer pair amplifies a frag-
ment of 16S mitochondrial rDNA within the phylum Arthropoda
(76-168bp, Arth02 (Taberlet et al., 2018)). For the latter, one
blocking oligonucleotide  (5'-AGGGATAACAGCGCAATYCTAT
TCTAGAGTC-C3-3') was added, designed specifically for this
study to limit the amplification of both human and vervet monkey
DNA (for specifications see Appendix S1: Figure S2 and Taberlet
et al., 2018). PCR reactions were performed in a final volume of
20plin 384-well plates. The mixture contained 1 U AmpliTaq Gold
360 mix (Thermo Fischer Scientific), 0.04 pg of bovine serum albu-
min (Roche Diagnostics), 2 pM of human-blocking primer (coupled
with ArthO2 primers only), 0.2 pM of tagged forward and reverse
primers (i.e. primers with eight variable nucleotides added to their
5'-end, allowing sample identification), and 2 pl of template DNA.
PCR cycling conditions were 10 min at 95°C, followed by 40cy-
cles of 30s at 95°C, 30s at 49 or 52°C for Arth02 and Sper01,
respectively, and 1 min at 72°C, with a final elongation step of
7 min at 72°C. For each assay, extraction negative, PCR nega-
tive (HZO), and positive controls as well as blanks were included.
The positive controls of DNA mixtures of known concentrations
were added in order to control for amplification success and were
composed of species not expected in the study site (Appendix S1:
Table S2), sequences were added to the respective databases. The
inclusion of blanks, i.e. completely empty wells, allows to detect
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artifactual sequences after tag switches during the sequencing
process (Schnell et al., 2015). Amplification success was verified
for a subset of samples, using the QlAxel technology (Qiagen). All
PCRs were performed at the Laboratoire d'Ecologie Alpine (LECA).
PCR reactions were pooled per replicate before library prepara-
tion, i.e. resulting in six separate libraries (i.e. three per metabarcode)
each containing 823 samples plus controls. Amplicon pools were pu-
rified using the MinElute PCR Purification Kit (Qiagen) and quanti-
fied using a Qubit 2.0 Fluorometer (Life Technology Corporation).
Library preparation was performed using the TruSeq DNA PCR-Free
Library Prep Kit (lllumina) starting at the repair ends and library size
selection step with an adjusted beads ratio of 1.8 to remove small
fragments. After adapter ligation, libraries were validated on a frag-
ment analyzer (Advanced Analytical Technologies). Final libraries
were quantified by gPCR, normalized and pooled before 150 paired-
end sequencing on the lllumina Miniseq Sequencing System with a
High-Output Kit, yielding up to 25 million reads (lllumina).

2.5.3 | Bioinformatic data treatment

Bioinformatic processing of raw sequences was conducted
separately for each library using the OBITools package (Boyer
et al., 2016). Forward and reverse reads were assembled with a
minimum quality score of 40 and assigned to samples based on
unique tag and primer combinations, allowing two mismatches
with primer, and identical sequences were clustered. All sequences
with <10 reads per library were discarded as well as those not
corresponding to primer specific barcode lengths, i.e., 10-220bp
for Sper01 and 76-168bp for Arth02 (Taberlet et al., 2018). This
was followed by two different clustering methods. First, pairwise
dissimilarities between reads were computed and lesser abundant
sequences were clustered into the most abundant ones. Second,
we reduced remaining clusters based on a sequence similarity of
97% using the sumaclust algorithm (Mercier et al., 2013). For taxo-
nomic assignment of sequences, three different reference data-
bases were used. The local database for SperO1 was based on the
local plant collection (see 2.3). Furthermore, to construct global
databases, both primer sets were used to simulate in silico PCRs
on GenBank using the ecoPCR software (Ficetola et al., 2010) to
select all sequences corresponding to our primers (restrained to
three mismatches, the targeted barcode lengths and to Metazoa
and Viridiplantae, respectively). Sper01 sequences were first as-
signed to the local database and non-assigned sequences were
subsequently run against the global SperO1 database, both with
97% thresholds. In addition, in order to test the effect of the local
database, we did the taxonomic assignment of SperO1 sequences
with only the global database and assessed the ratio of assigned
sequences. Arthropod sequences were directly run against the
global Arth02 database with a 97% similarity threshold.
Additional filtering of sequences and subsequent data analyses
were performed in R (version 4.0.2; R Core Team, 2022). Sequences
that were more abundant in extraction and PCR controls than in

samples were considered as contaminants and removed. To account
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for tag switching, we considered the leaking of a sequence to be di-
rectly linked to its abundance. To test this, we performed Wilcoxon
signed-rank tests to assess the relationship between samples and
blanks and a ratio was defined independently for each library to re-
move likely leaked sequences, as implemented in the R package me-
tabar (Zinger et al., 2021). Replicates per sample were compared and
the mean number of reads was retained if a sequence was present in
at least two out of three replicates, in line with Ficetola et al. (2015)
and a minimum of five reads. All plant species-level assignments were
manually verified and re-assigned to genus level if the known geo-
graphic species range did not match but the genus was known to occur
in South Africa, else to family. For Arth02, we retained only the family
level to avoid any taxonomic ambiguities (Meiklejohn et al., 2019) and

all sequences assigned to vervets and humans were discarded.

2.6 | Dataanalyses

Analyses on the sequence data were conducted using RRA if not
stated otherwise. In order to treat the observational data similarly,
the sum of observations of each consumed item per day was divided
by the total number of focal screenings conducted that day. Sample
numbers varied between months/seasons and methods, hence for
subsequent analyses mean values were taken per temporal unit.
Since data were not normally distributed (according to Shapiro-
Wilk's tests), we employed non-parametric tests. The impact of sea-
sons on dietary variation was determined by principal coordinates
analyses (PCoA) using the ade4 package (Dray & Dufour, 2007). To
account for pseudo-replication, the same weight was given here to all
individuals, i.e. replicate samples sum up to 1 per specific individual,
while observational data were aggregated per focal individual/sea-
son and transformed to relative abundances. We identified plant in-
dicators for seasons using Indicator value analyses (Indval; Dufréne &
Legendre, 1997). Shannon-Wiener diversity indices were calculated
per season (genera/species for plants, family level for arthropods)
and Hutcheson t tests performed to test for significant differences
between seasons (Hutcheson, 1970). We performed Mantel's tests
(Mantel, 1967) implemented in the vegan package with 9999 per-
mutations to compare the correlation between datasets with data
aggregated per month and transformed to Bray-Curtis dissimilarity
matrices. Spearman rank correlations were calculated for all plant
species present in both datasets and with a minimum count of 350 in
the focal dataset (with the exception of V. nilotica/C. decapetala and
E. crispa/E. undulata/D. dichrophylla since sequence data matched
two different species in the focal dataset).

3 | RESULTS

The final dataset for SperO1 contained 5,275,361 reads assigned to
22 orders, 43 families, 61 genera, and 35 species. Of these 4,599,838
reads were assigned to 31 items with the local database, including 25
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identifications at species level. Most of the plant genera and spe-
cies consumed by this species are not only trees and shrubs but also
cactuses, herbs, and grasses (Appendix S1: Table S3). Taxonomic as-
signment with solely the global database resulted in 330,612 reads
assigned to 15 different species; however, only 10 species were reli-
able (Appendix S1: Figure S3). The taxonomic resolution was hence
greatly increased with the local database allowing for more detailed
analyses.

During focal follows, vervet monkeys were observed feeding
on 27 different plant species and two plant genera. Mean observa-
tions per month of the eight most frequent plant species in the focal
dataset showed similar temporal patterns as the DNA metabarcod-
ing data (Figure 4a) and a Mantel's test of Bray-Curtis dissimilarity
matrices of data aggregated per month indicated a high correlation
between methods (r = .62, p = 1e-04). There was no positive correla-
tion between methods for numbers of different diet items detected/
observed per month (Appendix S1: Figure S4). However, positive
Spearman rank correlations were observed when comparing single
plant species, among which the most consumed ones (Appendix S1:
Figure S5). In addition to the plant genera and species that were iden-
tified by both methods, DNA metabarcoding revealed 41 supplemen-
tary dietary items at this taxonomic level of which 21 at species level
(Figures 3a and 5, Appendix S1: Table S3). The Shannon diversity did
not differ significantly between both methods for plant genera and
species observations/detections (Hutcheson t-tests not significant)
despite the variable total numbers, i.e. richness (Figure 4c). Seasonal
shifts were most pronounced between the wet and the dry season
for B. zeyheri and Z. mucronata indicating that one substitutes the
other as principal food resource (Figure 4a). Season explained a lot
of the variation in both datasets as illustrated by PCoAs (Figure 6a,b)
and confirmed by ANOSIM with R = .51 and R = .57, both p = 1e-
04, for eDNA and observational data, respectively. Figure S6 shows
observations and RRA over 12 months for seven plant species that
were season indicators based on observational data. All except one,
C. jamacaru, were indicator species in the metabarcoding dataset as
well. The latter revealed several additional season indicator species
(Appendix S1: Table S3).

Over 12months of observational focal sampling, there were in
total 1359 foraging events for arthropods (1142 undetermined in-
sects, 191 termites, 24 grasshoppers; Figure 3b). We investigated
in particular the temporal dimension of the “termites” category
since vervets feed on termites extensively during swarming periods,
which can be easily observed. Figure 4b shows percentages of the
occurrences of these categories together with the combined RRA
data for the families Hodotermitidae and Termitidae (“termites”)
as well as all taxa of the order Orthoptera (“grasshoppers”), and all

other sequences combined (“others”). While a consistent trend was
observed between methods, observations and DNA sequence data
are not significantly correlated (Appendix S1: Figure S7).

Without relying on a reference database for taxonomic assign-
ments, the ArthO2 assay resulted in 1,698,439 sequences in total
whereof, however, 961,542 belonged to vervets, leaving 736,897
reads clustered to 404 presumed arthropod operational taxonomic
units (OTUs) (Appendix S1: Figure S3). By relying on the global
database, the number of DNA sequences after final data filtering
was 360,040 assigned to 11 orders and 35 families (Appendix S1:
Table S4), i.e. 48.86% of reads were taxonomically assigned (not
considering those of C. pygerythrus). The most abundant arthropod
orders in terms of read counts and frequencies were Coleoptera,
Blattodea, and Lepidoptera. We detected arthropod sequences in
96% of the samples in spring, 89.15% in summer, 58.59% in autumn,
and 82.72% in winter, whereas the highest number of different or-
ders and families was detected in summer, also showing the highest
Shannon diversity (Figure 4c). While we observed monthly variation
for certain taxa (Figure 7), there was overall a significant yet weak
seasonal effect (Appendix S1: Figure S8).

4 | DISCUSSION

The present study of vervet monkeys' diet over a 12-month period
highlights strong seasonal variation in consumed plants and less
pronounced variation in arthropod consumption across seasons.
The comparison of DNA metabarcoding data of plant diet com-
ponents with field observational data shows similar patterns, in
particular regarding relative abundances and seasonal variation.
However, whilst observations captured well the main plant diet
components, DNA sequencing data showed improved taxonomic
coverage and resolution. With respect to arthropod consumption,
DNA metabarcoding outperformed observations, allowing for a
considerable expansion of the range of dietary items identified
and demonstrating the clear advantages of this method to de-
scribe cryptic feeding behavior. Both methods have certain advan-
tages and shortcomings as further discussed below, and genetic
data are increasingly merged for network analyses with data from
different sources to be used in a complementary way. For exam-
ple, observational data provide in many cases more information
regarding state and life stage of consumed items. While this may
lead to more complete datasets, it implies also specific challenges
as discussed by Cuff et al. (2022).

For plants items, our DNA metabarcoding assay detected
many additional species and genera that had not been observed

FIGURE 3 Venn diagrams. (a) Between consumed plant items at the taxonomic level of species detected by observation and eDNA. Plant
species beginning with an asterisk (*) correspond to species for which the sequences amplified by the SperO1 metabarcode were identical
between species as shown in Table S1. (b) Between arthropods detected by observation and eDNA. For eDNA data, the family level is
included, whereas observations were limited to the order level for orthopterans and the infraorder level for termites. The two bubbles on
the left side of the diagram indicate the families detected by eDNA that compose these two taxonomic groups. The category “undetermined
insects” is not included for observations (see text). Rectangles separate the different orders illustrated by icons.
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or identified to this level, as well as most of the species observed
during focal follows. The taxonomic resolution was excellent for
the plant assay due to the use of the local database (see also
Quéméré et al., 2013). The increased detection by metabarcod-
ing is likely due to observational difficulties in recording certain
food items that are hard to identify or to observe, e.g. taking
place in inaccessible or dense terrain (Matthews et al., 2020; Su
& Lee, 2001). In our study, DNA metabarcoding further revealed
consumption of otherwise well-documented species in periods
when they were missed during observations, likely due to the con-
sumption of less visible parts, e.g. tree sap, or dried seeds or fruits
collected from the ground.

All new information made available by DNA metabarcoding could
imply important trophic relations that have been overlooked so far.
This is particularly relevant for arthropod items, a food type rich in
proteins and lipids (Rothman et al., 2014), for which feeding hab-
its are poorly studied in primatology. Previous observational stud-
ies indicate feeding of vervets on arthropods with varying degrees
of precision (Barrett, 2005; Struhsaker, 1967; Tournier et al., 2014)
but detailed records have so far been missing. Here, with DNA
metabarcoding, 35 different families representing 11 orders were
identified and demonstrate increased diversity of arthropod con-
sumption in vervets' diets compared to the three broad taxonomic
categories grouping termites, orthopterans, and others as identified
with observations (Figures 3b and 7 and Appendix S1: Table S4).
For arthropods, dietary diversity and richness are hence markedly
higher when relying on DNA metabarcoding (Figure 4c). Accordingly,
we found no correlation between observational and genetic data
(Appendix S1: Figure S7), indicating the aptitude of the latter to un-
mask new trophic interactions and to shed light on cryptic feeding
behavior. A good example illustrated by our dataset is that of the
twice-yearly termite swarming, a major ecological event in South-
Africa (Lesnik, 2014), which was adequately captured by both our
methods (Figure 4b). Although showing a similar trend, the obser-
vations and DNA sequence data are not significantly correlated.
During swarming, the large number of flying termites emerging from
the nest makes them highly visible to observers. However, during
the rest of the year, when monkeys forage directly on the ground
or in dead wood and in lesser quantities, most of these foraging
events are cryptic or difficult to identify and thus missed by observ-
ers but documented by genetics. In general, observation of feed-
ing on arthropods is particularly challenging (Pickett et al., 2012)

and this is the likely cause of the minimal detail available from our
observational data and previous observational studies on vervets.
A comparison between observations and DNA metabarcoding
yielded similar results for white-faced capuchins (Cebus capucinus),
with eight arthropod orders observed against 29 orders detected
(Mallott et al., 2017). Furthermore, recent genetic studies on other
primate species have similarly contributed to a better representation
of arthropod diet components, either by using a cloning approach
(Pickett et al., 2012), DNA metabarcoding (Lyke et al., 2018; Mallott
et al.,, 2017, 2015; Rowe et al., 2021), or metagenomic sequencing
(Srivathsan et al., 2015). This study demonstrates the advantages of
using DNA metabarcoding alongside observations, adding to previ-
ous findings for the part of plants and arthropods of the diet of wild
vervets.

In line with previous work showing that movements of vervets
were mostly driven by plant resource availability, and therefore
seasonality (Barrett, 2009), we found significant variation in plant
consumption, largely shaped by the dry and wet seasons (Figure 6).
For the plant genera and plant species that have been recorded with
both methods, we found comparable abundances, similar seasonal
patterns, and season indicator species (Appendix S1: Figure S6,
Table S3). Our inter-method comparison illustrates for certain plant
species very clear temporal correlations (Figure 4a, Appendix S1:
Figure S5). Regarding plants, both methods indicated similar Shannon
indices per season but the genetic approach resulted in higher di-
etary richness (Figure 4c). While some plants are consumed continu-
ously (different parts may be eaten over the year), the consumption
of others was associated with particular seasons (e.g. strong associa-
tion of Z. mucronata with winter). Previous studies on vervets found
that they spend more time foraging in the dry season because of re-
source scarcity (Arseneau-Robar et al., 2017; Canteloup et al., 2019).
They can hence be expected to be more opportunistic feeders in the
dry season than when food is abundant in the wet season and the
opportunity to engage in selective foraging behaviors arises. During
wet, food-abundant summer, we detected a higher diversity of con-
sumed items in the scat samples. This shows that vervets adapt their
diet according to available resources.

Concerning arthropod consumption, although the statistical
effect of season on arthropod consumption was weak, the highest
percentage of samples containing arthropod sequences was found
in spring and summer, as well as the highest (family) richness and
Shannon diversity (Figure 4c). Given the very different numbers

FIGURE 4 (a) Monthly comparison of DNA metabarcoding and observational data for the most frequent species in the focal dataset
(>350 observations), with the exception of those that had identical metabarcodes and matched several species in the focal dataset. The
observed plant V. tortilis corresponds to V. tortilis/sieberiana in the DNA metabarcoding dataset. Metabarcoding data are represented by the
mean RRA and observational data by the mean count, both in percent. (b) Monthly comparison of DNA metabarcoding and observational
data for “termites” (RRA of Hodotermitidae and Termitidae combined), “grasshoppers” (RRA of all detected families belonging to the order
Orthoptera), and “others” (RRA of all remaining items). Metabarcoding data are represented by the mean RRA and observational data by

the mean count, both in percent. (c) Shannon diversity index per season for observations and eDNA. There was no significant difference in
diversity between methods (Hutcheson t test). Numbers on the bars indicate numbers of different observed/detected items per season. For
plants, the included items are all observed/detected species and genera. For arthropods, the Shannon diversity was measured at family level
for the metabarcoding data and for observational data based on the three categories (b).
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FIGURE 5 Mean RRA of plants genera and species in fecal samples per month (left) and mean of observations in focal follows per
month (right). Note that the obtained sequence for Euphorbia is different from E. ingens and E. tirucalli. Also, E. crispa and E. undulata were
identified to species level in the field but have identical sequences, the same is true for V. nilotica and C. decapetala; therefore, both entries
for observations were kept but only one for eDNA. Several names in one line indicate identical sequences as well (on the left), but only one

observed genus/species (on the right).
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FIGURE 6 Principal coordinates analyses (PCoA) based on (a) relative read abundances (RRA) of consumed plants detected in fecal
samples (n = 823) and (b) observational plant data of focal follow transformed to relative abundances per individual/season (n = 279). In

brackets the relative Eigenvalues in percent.

of arthropod items detected per method, the comparable diver-
sity might surprise but can be explained by the dominance of few
abundant families/categories; this may be different in other study
contexts. Overall, our results show that season is an important vari-
able for diet choice; therefore, sampling designs should take it into
account when this is relevant for the research question. Here, selec-
tive behaviors are most likely in the wet season when differences are
the most accentuated and resources are not limiting, hence future
sampling could focus on that season to capture most efficiently any
behavioral differences that are not driven by resource availability, as
discussed below.

DNA metabarcoding approaches do nonetheless entail their
own limitations, some are marker specific and some are meth-
odological. Primer-induced biases may have led to under- or non-
representation of certain arthropod taxa in this study. The study of
omnivorous species is often neglected and thus highly necessary
but requires in most cases the combination of different primer sets,
which increases study cost and introduces new challenges (Tercel
et al., 2021). Plants and arthropods were considered the most im-
portant targets based on observational data; however, our marker
choice excluded the detection of other dietary items (i.e. feeding

on birds, eggs, and mushrooms was occasionally observed). Some
plant species shared identical sequences in the metabarcode we
amplified, making it impossible to differentiate genetically between
them (Taberlet et al., 2007). For plants observed only in small num-
bers and not detected (false negatives), this may be due to stochas-
tic reasons and the fact that observations and scat samplings were
not conducted at the same time. For the observed but not detected
V. karroo and Z. capense there is no sequence available in our data-
bases. While this can be overcome by including further sequences,
it points to the issue of incomplete databases in metabarcoding
studies (Furlan et al., 2020; Taberlet et al., 2012). A local database
would certainly increase the taxonomic coverage and resolution as
well for the Arth02 assay and would have allowed the attribution of
some abundantly represented OTUs, in particular since our research
is pursued in a geographic region underrepresented in genetic da-
tabases (Kvist, 2013; Marques et al., 2021). In addition, unlike ob-
servational data, genetic data cannot detail which part and state of
the plant or which life stage of an arthropod has been consumed
(Pompanon et al., 2012; Rees et al., 2014). Parts of the sequences
may be due to secondary ingestion, accidental consumption, or of
parasitic origin and not represent (intentionally) consumed items
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FIGURE 7 Mean RRA of arthropod families in fecal samples per month (left) and mean of observations in focal follows per month (right).
The category “others” includes all insect observations that were neither identified as grasshoppers nor as termites. The families in the order
Orthoptera (“grasshoppers”) are Acrididae, Gryllacrididae, Gryllidae, Pamphagidae, and Tettigoniidae. The families in the order Blattodea

(equivalent to “termites”) are Hodotermitidae and Termitidae.

(Tercel et al., 2021); therefore, interdisciplinary studies with para-
sitology may be fruitful. Arthropods may have ingested plant DNA
that we thus falsely detected as part of vervet diet, and at the other
end of the spectrum unintentional feeding of arthropods is possible,
e.g. of small Thripidae. The feeding on termites and grasshoppers
is confirmed by observations, and also active foraging (i.e. vervets
searching for insects), showing once more the benefit of comple-
mentary use of methods.

Choices made during the processing of DNA metabarcoding
data may influence the outcome of these studies (Calderén-Sanou
etal., 2019). In this study, we applied a stringent filtering of the data
to avoid spurious DNA, using percentual and absolute thresholds. It
has been argued that arbitrary minimum copy thresholds might omit
true sequences (Littleford-Colquhoun et al., 2022) and that percen-
tual thresholds were more suitable in case of uneven sequencing
depths (Drake et al., 2022). To avoid the generation of supplemen-
tary biases, it is recommended to normalize PCR amplicons before
pooling. Here we accepted the risk of missing some true detections
by omitting items with very small read counts, which may also affect
samples with uneven sequencing depths differently. Another point
is the transformation of read counts; while most studies traditionally
rely on occurrence data, others argue that RRA data might better
capture ecological signals (Deagle et al., 2019; Kartzinel et al., 2015;
Voelker et al., 2020). Here, we chose RRA and although it may entail
biases, the comparison to observational data validates this choice.
For example, two of the most consumed plants throughout the year,
B. zeyheri and Z. mucronata, represent very variable proportions of
the diet depending on the season. Categorical data would not show
any variation here; however, we observed strong seasonal patterns
with both RRA and observational data (Figure Sé). A recent diet
study targeting the same genetic region found positive correlations
between the RRA of plant families in fecal samples and the observed
duration spent feeding on those (Mallott et al., 2018).

The taxonomic coverage and resolution as well as the meth-
odological standardization (including no inter-observer variability)
point to the benefits of environmental DNA (eDNA)-based surveys.
Depending on the species studied, DNA metabarcoding represents
cost- and labor-effective alternatives or complements to traditional
methods (Menaetal., 2021) and sequencing costs are likely to further
decrease in the near future. The sensitivity, taxonomic resolution,
and non-invasiveness of the method are major advantages in conser-
vation research (Thomsen & Willerslev, 2015). There is great poten-
tial to learn more about, for example, nocturnal, arboreal, and other
elusive species and/or the adaptive potential of fragmented popu-
lations (Quéméré et al., 2013). Many primates are threatened and
of high conservation concern (IUCN, 2020; Schwitzer et al., 2017).
There is thus a need for robust data to inform empirically based

conservation strategies (Pimm et al., 2014), where diet studies are

undoubtedly of primary interest. Although it remains challenging to
properly assess to what extent the final data represent the biomass
of food items initially ingested, controls incorporated throughout
the study and appropriate knowledge of the ecology enable valuable
insights going beyond traditional approaches. DNA metabarcoding
has thus great potential to bring new insights on foraging behav-
iors and ultimately, on the underlying mechanisms shaping such
behaviors.

Our study demonstrates benefits of an interdisciplinary ap-
proach. Moreover, this study being the first validating the use of
eDNA to assess diet in our system, future analyses may investigate
whether variation in individual or group diet is induced by environ-
mental differences or if it might reflect selective foraging behaviors.
Therefore, the application of a DNA metabarcoding approach can
be useful not only for conservation studies aimed at disentangling
complex diets or reveal trophic interactions but also opens new per-
spectives for behavioral ecologists and cultural evolutionists study-
ing social species in the wild.
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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.

. 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.

. 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 | INTRODUCTION

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 (Ngrgaard 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
(Ngrgaard 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
etal., 2015, 2017; Rowe et al., 2021) but also plants (Brun, Schneider,
Mas Carrid, 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.

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

DNA metabarcoding, environmental DNA, foraging behaviour, intergroup variation, primate
population, vervet monkeys

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 (Pifiol 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.
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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
Carrié, 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 | MATERIALS 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: 3years for females, and 4years for

males if they dispersed, otherwise 5years. 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 3months. Infants of
the previous year were already 1year old, and thus in the juvenile
class. Approximately 0.5cm?® from inside a scat were collected with
gloves and a disposable plastic spoon into 20mL HDPE scintillation
vials (Carl Roth GmbH, Karlsruhe, Germany) and covered with 10mL
absolute ethanol, immediately after an individual was observed def-
ecating. After 24-36h, 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 1600m?) 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 veean 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 F,, =1.44, R? =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, Diren,
Germany), as described in (Brun, Schneider, Mas Carrié, 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 (SperO1) 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 (lllumina) and libraries were 150
paired-end sequenced on the lllumina 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
Carrio, Dongre, van de Waal, et al., 2022).

2.3 | Dataanalyses

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 O (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 vecaN 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 seTareG (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

TABLE 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 0.36* 0.37
BD 0.59* 0.57*** 0.58 0.60
KB 0.28
NH 0.48 0.46*** 0.50

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
significant effects of the factor group for AK/BD (F,

=8.49, p <0.0001). Testing the groups pairwise, we observed

=443,
p = 0.0353), AK/KB (F,;, =4.62, p = 0.0316), BD/KB (F,;, =22.95,
p <0.0001) and KB/NH (F;, =13.17, p = 0.0003). PERMANOVA
showed no significant effect of the variable sex/age on dietary vari-
ations between groups (F = 1, R? =0.02, p = 0.4021).

The results above point out that group demographics and social

ratio

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, R? =0.22, p = 0.0024) and BD/NH (F = 3.76, R? =0.13,
p = 0.0056). With the beta regression model, the variable group
=1.5, p = 0.21) nor for
the other group combinations. We found no significant effect of

was neither significant for all groups (F_,;,
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
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FIGURE 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).

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 Carrié, 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

TABLE 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 (A4 <0.01).

Group AK BD KB NH Intragroup
AK 0.34
BD 0.55
KB 0.33
NH 0.46 0.47 0.49

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
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FIGURE 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).

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
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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 (Calderén-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; Pifol 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
etal.,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
etal., 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; Kiihl
etal., 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 1-4years for males (if not dispersed), adult 3years for females
and 4years for males if they dispersed, otherwise 5years.

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, R? =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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Abstract

1.

2.

In order to inform conservation programmes, intergroup comparisons are useful to
inquire about variable adaptation potentials in terms of behaviour.

To identify intergroup variation (IGV), we analysed DNA metabarcoding data for plant
components in the diet of adult female vervet monkeys (Chlorocebus pygerythrus).
Each of the 1226 faecal samples was attributed by observation to 87 individuals with
known life history data belonging to five neighbouring groups in the wild.

The results did not confirm our hypothesis of distinct intergroup variation between
members of the philopatric sex, here limited to adult females. The effect of season was
always greater than the effect of group. However, these analyses open up the scope

for further research questions to be investigated.
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Introduction

Climate change and progressive habitat disturbance and fragmentation threaten the long-
term survival of many species. Nonhuman primates are particularly vulnerable to
anthropogenic activities; about 60 % of primate species risk extinction and 75 % face
population declines!®. The value of primates and their interest for biodiversity conservation
actions are uncounted: ecological (often key role in ecosystems), social, cultural and economic
(important role for human traditional knowledge, religion, local economies and tourism), and
scientific (closest living relatives to humans, model species to understand evolutionary
processes)'®. In addition, primates represent the group where cultural traits have been
expressed the most (admittedly also because of the increased interest in the closest living
relatives of humans). But not the only one, cultural behaviour was observed in notably avian
and other mammalian species®. This is at the same time an adaptive potential for long-lived
species when facing rapidly changing conditions and represents also valuable cultural traits
like a species cultural heritage’”. In order to decide on conservation priorities, populations are
often defined in terms of their genetic diversity. Analogous to these genetic assessments,
behavioural diversity needs to be included in conservation programmes’®’8, Group-level
assessments can avoid species-wide generalisations®°” and provide data on a finer scale. In
this sense, to discern groups of specific conservation concern, it is worthwhile to assess

intergroup variation in terms of behaviour.

Group-level assessments allow at the same time to discern the drivers of behavioural diversity
as it helps in certain cases to disentangle ecological, genetic and social factors. As a result,
intergroup comparisons, in the wild in particular, are useful to assess the influence of social

factors on behaviour®. For example, in a study system with similar environment and constant
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gene flow between groups due to male dispersal®3, variation in behaviour could be ascribed
to social factors according to the exclusion principle®”81. Environmental DNA (eDNA) methods
sample an organism's environment in order to analyse the genetic fragments left in this
environment?. It seems an interesting complementary method to study behavioural diversity
in the wild, which on top of that, is ideally based on the same samples as those to assess
genetic diversity®®. We therefore assessed the plant-based diet of vervet monkeys
(Chlorocebus pygerythrus) relying on DNA metabarcoding!® of faecal samples at the group-
level to assess if there is intergroup variation (IGV) in foraging behaviour that cannot be

explained by environmental or genetic factors and might thus indicate effects of social factors.

Vervet monkeys live in social groups and the group affiliation is a strong social factor, and they
likely acquire behaviour through social learning with a possible conformity effect on
behaviour®. The social structure in philopatric species in general favours distinct group
identities?’. Female vervets, the philopatric sex, have been shown experimentally to be the
preferred role models®°® and male vervets, the dispersing sex, showed greater behavioural
flexibility®®. In Chapter 2 of this manuscript, we showed, with a limited sample number and by
focusing on just one season, that adult females represented well a group’s diet. Therefore,
here we used a larger sample size and focused on the samples of adult females to discern
possible group-specific patterns and intergroup variation in terms of foraging behaviour. For
this we analysed 1226 samples collected over four years and all seasons assigned to 87 adult

females of five groups.
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Methods

Field work and samples

These faecal samples have been collected at the iNkawu Vervet Project (IVP), Mawana game
reserve, South Africa. Samples have been attributed to individuals by observation;
recognisable for the trained field team by specific body and face characteristics (e.g. facial
features, scars and fur colours). All individuals are named at birth and the continuously
collected life history data (e.g. sex, age category, group affiliation) can be linked to each
sample. Here sequences amplified with primers targeting the plant part of the diet of 1226
faecal samples from 87 adult female vervet monkeys of five groups were analysed, including
the 126 samples of 50 adult females assessed in Schneider et al. (2023; i.e. Chapter 2 of the
present manuscript): Ankhase (AK, 273 samples/12 individuals), Baie Dankie (BD, 383
samples/29 individuals), Kubu (KB, 111 samples/11 individuals), Lemon Tree (LT, 183
samples/14 individuals) and Noha (NH, 276 samples/21 individuals; see Table S1 and Fig. S1,
Supplementary data). Adult females include all females aged three years and older. Faecal
samples were collected between January 2018 and September 2022. The field sampling
protocol was the same as described in Brun et al. (2022; i.e. Chapter 1 of the present

manuscript).

Laboratory and bioinformatics

The DNA extraction, PCR amplification with primers Sper01?, and sequencing of the faecal
samples was conducted as in Brun et al. (2022; i.e. Chapter 1 of the present manuscript), with
150 paired-end sequencing on the lllumina Miniseq Sequencing System (lllumina, San Diego,

CA, USA). All raw sequences were analysed following the same bioinformatic pipeline as
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described in’?, except for the obiclean command (-r option 0.25 instead of 1), and a threshold
of 500 reads to omit empty PCR reactions. For the taxonomic assignment, all sequences were
dereplicated and then manually blasted against GenBank with a minimum sequence similarity
threshold of 97 %. The sequences of the previous local database’® had been included in
GenBank by the time. Priority was given to those if several hits had identical identity
percentages and geographical distribution was ambivalent. Bacterial sequences were omitted
as well as only order level plant assignments. In cases with unclear plant assignment, only the
family level was retained. This procedure ensured a better controlled taxonomic assignment
and the most possible resolution and information for the dataset. The taxonomic information
was merged back with the original dataset and assignations to the same taxonomic units
aggregated thereafter. The number of OTUs was normally distributed over samples (Fig. S2,
Supplementary data). Following final data cleaning and aggregating by taxonomic assignment,
110 OTUs remained, of which 27 assigned to family level, 41 to genus and 33 to species and 7
to species complexes (Figs. S3 and S4, Supplementary data). The two mainly consumed
species, Berchemia zeyheri and Ziziphus mucronata belong both to the plant family
Rhamnaceae, therefore we chose to include genus and species level assignments. And family
level assignments, representing ~10% of total reads, were finally not considered for statistical
analyses in order not to increase variation between samples by bioinformatic choices. Relative
read abundance (RRA; the number of a specific sequence divided by the total number of reads

within a sample) were used for analyses if not stated otherwise.
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Data analyses

All analyses were done with R software (Version 4.0.2). We defined season as follows, with
the middle of a month as the seasonal delimitation?®?: August — November (spring), November
— March (summer), March — May (autumn), May — August (winter). The wet season comprises
summer and autumn and the dry season winter and spring. As such we considered seasonality
in terms of seasons but not possible fluctuations between years since we expected no

significant annual variation in vegetation (see’?).

The variation in composition of consumed plants between groups was assessed and
represented graphically by non-metrical dissimilarity scaling (NMDS) using RRA data and Bray-
Curtis dissimilarity matrixes with one data point per sample. In addition, we aggregated data
per adult female as the mean of RRA, to decrease effects of unbiased sampling, and repeated
the NMDS. Data was subset by season and investigated for group effects on dietary variation.
In addition, the data was aggregated per adult female after sub-setting the data by season to
account for seasonal effects and increase the resolution. Pairwise comparisons between
groups were deemed appropriate to assess variation between pairs of groups specifically. The
homogeneity of group dispersions was tested with the betadisper function in the veGan
packagel®. If these were homogenous, we performed a permutational multivariate analysis
of variance (PERMANOVA with 9999 permutations and Bonferroni correction) with Bray—Curtis
dissimilarity matrices of RRA data as dependent variable. To test the effect of the group on
diet composition the variable group was included in the model as well as sample nested in
individual monkeys to account for pseudo-replication and, if applicable, season. Heterogenous
104

dispersions, were taken into account by using beta regression models with the BETAREG

package. Thus differences in proportions of dietary plant species per group were assessed and
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the joint-tests function in the EMMEANS packagel® indicated the main effects of the models. To
investigate variation between adult females at the individual level and to follow up on the

analyses in Chapter 2, intragroup variation was assessed for summer.

In addition, individual specialisation (V) was calculated, frequency-based, per individual and
per sample with the Rinsp packagel®. The proportional similarity index PS; is defined here as
dietary overlap between an individual/a sample and its group and estimates the diet similarity

in terms of consumed plants between a sample and the average diet of its group:

PSi=1-0.53%|pi - g

with pjj being the frequency of category j in the individual i’s diet, and q; the frequency of

category j in the group'®. The index V

V=1-PS,

goes from 0 to 1, with O defining more similar and 1 more dissimilar diets. First, V was
calculated per individual in relation to the respective group. A single value was retained here,
the mean per individual, and the inter-individual variation plotted in relation to the group’s
mean (coloured by group). Second, V was calculated for each sample and the inter-sample

variation plotted per group (coloured by individual), again in relation to the group’s mean.

Results

Figure 1 illustrates the consumed plant items composition per sample and individual and its
respective group affiliation across all seasons. In Fig. 1A all samples are considered

independently not taking into account pseudo-replication. Intragroup dispersions were
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heterogenous and IGV was not observed between the five studied groups using beta
regression models (Fratio = 1.09, p-value = 0.3614). When data was aggregated per individual
(Fig. 1B), a significant effect of the variable group was observed by PERMANOVA (R2 = 0.12, p-

value < 0.0001).
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Figure 1. Non-metrical dissimilarity scaling (NMDS) of all groups over all seasons using Bray-Curtis distances for A) non-
aggregated relative read abundance (RRA) data, i.e. showing 1226 data points and B) RRA data aggregated per monkey, i.e.
showing 87 data points.

In order to minimise seasonal effects, the data was subsequently subset per season. For non-
aggregated data, the betadisper function indicated heterogenous dispersions between groups
for all seasons. For none of the four seasons, we observed a significant effect of the variable
group when the five groups were considered together (Fig. 2A-D). Testing the groups pairwise
all seasons combined, we observed significant effects of the factor group for all group
comparisons (Table S2, Supplementary data). However, the seasonal effect was always larger
and no distinct clustering was observed in the graphical representation by NMDS (Fig. S5,

Supplementary data).
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Figure 2. Non-metrical dissimilarity scaling (NMDS) using Bray-Curtis distances of relative read abundance (RRA) data, subset
by season. For A. summer, B. autumn, C. winter and D. spring.

For data aggregated per individual, group dispersions were homogenous for summer and
winter and the group variable was significant, measured by PERMANOVA (R2 = 0.20, p-value <
0.0001; Figs. S6A, S6C, Supplementary data). No significant effect of the group variable was
found in autumn and spring using beta regression models (autumn Fratic = 1.82, p-value =

0.1226; spring Fratio = 2.1, p-value = 0.0734; Figs. S6B, S6D, Supplementary data).
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As a follow up analysis of Chapter 2, we focused on summer for intragroup analyses and
pairwise tests. Figure 3A illustrates for Ankhase (AK) the clustering per season on the
intragroup level for all samples independently, however, the effect is not significant. Figure
3B shows inter-individual variation for the season where we expect the most distinct
patterns®®. For AK, the sample distribution between individuals was relatively even.
PERMANOVA was not significant (R2 = 0.10666, P = 0.3857) for sample with the individual
monkey as nested factor taking into account pseudo-replication, suggesting relatively
homogenous intragroup feeding behaviour for adult females. However, without nesting

samples in individuals, there was significant variation between samples, indicating individual

effects.
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Figure 3: Non-metrical dissimilarity scaling (NMDS) using Bray-Curtis distances of RRA data. A. Ankhase (AK) across seasons,
different shapes and colours represent different seasons (273 samples of 12 individuals). B. Ankhase in summer, included are
all individuals with > 5 samples, different shapes represent different individuals (65 samples of 8 individuals).

The same pattern has been observed for BD, KB, NH and LT, although for the latter group there

were few samples in summer (Fig. S7, Supplementary data). The observed homogenous
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feeding behaviour at the intragroup level between adult females allowed to investigate if
intergroup variation was greater than intragroup variation. Figure 4 illustrates the results of
pairwise testing focused on summer with violet arrows indicating observed IGV and orange
arrows group pairs with non-significant effect of group (Table S3, Supplementary data).

However, these results have to be taken with caution due to strong sampling biases in

particular for Lemon Tree.

Figure 4: Aerial view of the average home ranges of the five studied groups at iNkawu Vervet Project (IVP). Ankhase (AK), Baie
Dankie (BD), Kubu (KB), Lemon Tree (LT) and Noha (NH). The arrows show if pairwise comparisons were significant for the
group variable in summer. Violet arrows indicate significant effect of the group variable, orange arrows indicate not significant
effect of the group variable (Table S3, Supplementary data).

Figure 5 shows the inter-sample variation (V) in relation to the respective group, each sample

was considered independently despite possible effects of pseudo-replicates. Fig. 5A shows the
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variation score of all samples coloured by social group. IGV in terms of differences between
groups’ means of V were not observed. LT disposes the lowest mean and BD the highest, which
might indicate higher and lower group cohesion, respectively, in terms of foraging behaviour.
BD and NH seem to show more diverse foraging tendencies (more samples with relative high
V) but different sample numbers affect these results. To inquire about individual niches
compared to the group mean, Fig. 5B-F show these variation scores per group with samples
coloured by individuals. There seems to be more variation between individuals, i.e. that
certain individuals forage differently from the rest of the group (V closer to 1), although
sampling biases skew the representation. In addition, seasonal variation is not considered
here, although overall specialisation scores was generally higher in the wet season (Figs. S8

and S9, Supplementary data).
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Figure 5: Inter-sample variation (V) in relation to social group. The vertical lines represent the groups’ means. A) Inter-sample
variation coloured by groups Ankhase (AK), Baie Dankie (BD), Kubu (KB), Lemon Tree (LT) and Noha (NH). B-F) Inter-sample
variation in relation to the respective group coloured by individual. B) Ankhase, C) Baie Dankie, D) Kubu, E) Lemon Tree and F)
Noha.

Discussion

A previous assessment of variation in foraging behaviour in summer between four of the
neighbouring groups living in IVP (AK, BD, KB and NH) indicated that the social factor group
may have an effect on feeding habits and that adult females well represent a group’s diet®®.
Following these preliminary analyses on limited sample numbers, the aim of the present study
was to increase sample numbers and to assess IGV across seasons for adult females only,
including with LT an additional group. However, while we observed in some cases significant
results for the variable group, in particular in pairwise comparisons, there was less variation
between the groups than expected. Overall, based on DNA metabarcoding of faecal samples
targeting the plant part of the diet, we observed relatively homogenous foraging behaviour
between the groups and individuals. Our results confirmed the strong effect of season, that
was already observed in’® and that was larger than any group effect. Subsetting the data per
season allowed a more detailed assessment of the latter effect, however, it was only
statistically significant for data aggregated per individual or for certain pairwise group
comparisons. It should be noted here that the statistical tests were not always the same
depending on the distribution of dispersions between samples and the centroid. While of
course heterogenous distribution of dispersions are in principle not favouring distinctions
between groups, it may also be that one test is more sensitive to variation than the other one,
due to logit transformation of the data in the regression models (i.e. PERMANOVA > regression

models).
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The relatively small effect of the variable group between female adults in this population does
not allow to reject the assumption of intergroup variation. However, it could indicate that our
hypothesis of more distinct IGV for the philopatric sex was disconfirmed and that on the
contrary the diet of adult females is homogenous across groups. This could be explained by
similar nutrient needs of this social category, in particular due to pregnancy and nursing. By
limiting the analyses to adult females, we controlled for variation due to sex and partly age.
Another explanation could be that the plant part of the diet of all vervets sharing the same
environment is more or less the same, responding in the first place to seasonal fluctuation and

plant availability. Vervet monkeys are known to be opportunistic feeders.

Both hypotheses could be assessed prospectively in our project. To inquire about different
feeding behaviour between different social categories, the focus on a single group and
inclusion of all individuals could be fruitful. There is a complementary dataset available that
comprises plant sequences of individuals of all age and sex classes of the largest group, BD (N
=950, including adult females). Based on these data, it is possible to analyse at the intragroup
level the effect of more social factors, e.g. sex, age and social networks and investigate
possibly about sex effects already in juveniles. To assess the second hypothesis, that plant
items might not be the most relevant part of the diet to trace IGV, feeding on arthropod or
maybe also vertebrates could be assessed. The sequencing of the above-mentioned BD
samples targeting arthropods is in preparation as part of a master project. These parts of the
diet may reveal more pronounced differences, either between social categories depending on
sex and age or between individuals or matrilines, depending on rank. For the prospective
analyses, we also need to include more variables and do these also per plant species. The

group is a strong social structure in vervet monkeys. But it is a dynamic structure that needs
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to be conceptualised as such; we need to include group size and group composition as factors
(e.g. number of individuals per age and sex category and consequent ratios). Regarding single
plant species, we have seen that seasons were often dominated by foraging of single plant
species, e.g. Berchemia zeyeriin summer and Ziziphus mucronata in autumn and winter. Single
plant assessments for the most consumed plants might show more distinct feeding patterns

between groups or again also between social categories.

Due to the opportunistic way of sampling, there is a sampling bias in the study. Given the 1226
samples of 87 individuals, ideally each female adult should have been sampled 14.09 times
equally distributed over all seasons. By looking at Table S1 and Fig. S1 this was not the case
here. For example, LT is less habituated than other groups and the overall seasonal sampling
bias (more samples in the dry season) may be caused by the fact that more field experiment
are undertaken in winter and spring and thus more people are in the field and/or because the
scarcer vegetation allows to spot the faecal samples more easily. Biases in the sampling entail
inevitably biases in the results, as may be the case for pairwise comparisons in summer. A key
question is how to deal with these skewed sample numbers and how to account for replicates
per individual. Aggregated RRA data per individual or per season and individual resulted in
more distinct differences between the groups for the presented data than per sample
assessments (Figs. 1, 2 and S6, Supplementary data). A possible explanation is that
aggregation of the data allowed to level down sampling biases, resulting in more equal data
points per individual, another one is that dispersions were homogenous due to aggregation
and PERMANOVA could be used (see above). Also in the intragroup analyses in summer, we
observed different results whether samples were nested in individuals or not. While that

might indicate effects of the individual, we have also seen that intraindividual variation is high,
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i.e. samples of the same individual show different patterns. The question remains open if the
group affiliation is more important than individual preferences or feeding habits. In any case,
social structure plays a key role in this species; therefore we could also question the
independence of the data points in terms of matrilines (mothers are indicated in Table S1,
Supplementary data). Other levels of analyses may be of interest below the group-level, such
as matrilines and dyads or individuals. We could test for a social learning effect on dietary
choice from mothers to offspring, or among samples of other members of the same matriline
provided that there is enough variation for plant foraging, otherwise this could be undertaken
using arthropod sequence data for BD. Combining a social network approach with dietary
sequence data could highlight whether physical proximity equals similar diets. Despite the
mixed results of the present chapter, we think that eDNA-based analyses can complement
other study methods in a fruitful way and that generally the study of behavioural plasticity at

the group level can add much to the conservation of cultural diversity of species.
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General discussion

Our planet faces rapid changes, entailing population declines and the challenge to adapt on
evolutionary short timeframes. In order to direct and prioritise conservation measures, the
most vulnerable groups, habitats or zones need to be defined. Conservation management
already uses measurements of genetic diversity (“genetic hotspots”) to target the most
threatened populations and areas. The idea to define such targets based on behavioural or
even cultural diversity is relatively recent’47¢1%7 3s is the idea of animal culture (and also still
debated). Definitions of animal culture include the persistence of traditions and knowledge
over time, that is, transmitted by social learning, see for example%®1%, While social learning

110 culture seems as such reserved to social,

of non-group living or solitary animals is possible
group-living species. To study culture in the wild is a challenge that seems beyond the scope
of eDNA-based methods alone; a focus on the influence of social factors, however, may

highlight the causes of behavioural diversity. Sociality is in this sense a prerequisite for culture

(and less debatable) and gained recently increasing interest for research.

Although it is also generally challenging to study sociality in the wild, methodological progress
and the emergence of alternative methods contributed valuable insights into the behavioural
ecology of species and sometimes cultural evolution!!?, In particular, technical progress has
allowed the development of a wider variety of methods to study behaviour in the wild. There
are now valid alternatives at choice to direct observational monitoring, which is extremely
time-consuming, complicated in case of rare and elusive animals or even dangerous or
unethical in some cases. Assessments of whole ecosystems as well as behavioural studies on
broad spatial and temporal scales represent great challenges for traditional observational

methods. Among these techniques are e.g. camera-traps that represent certainly advantages
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for the mere detection of organisms in difficult accessible field'®!1? and belong to the lesser
invasive methods adapted for monitoring of unhabituated organisms. For the study of
sociality, they can provide valuable information and avoid habituation effects to human
observers but are also somehow limited geographically and temporally as well as in terms of
flexibility?”. The use of drones is another example that may help to study sociality efficiently

albeit likely inflicting stress on the studied animals®’.

Like the above-mentioned approaches, eDNA-based studies may add valuable information
and opportunities to study sociality in the wild. The term eDNA refers to the genetic material
that organisms leave in their respective environment and which can be recovered by collecting
environmental samples, the DNA subsequently extracted and analysed?. The sampling of

113 3nd time-effective

environmental samples (e.g. soil, water or faeces) is standardisable
compared to traditional methods as observation. Technical progresses and ever-decreasing
costs, particularly in next-generation sequencing technologies, have made eDNA a valuable
study tool in many research fields, among others ecology, invasive species management and
biomonitoring®. Starting from a single environmental sample, eDNA approaches open a wealth
of information regarding species and populations, communities, and complete ecosystems
and biodiversity. In addition, eDNA-based approaches are considered non-invasive, since
organisms can be detected without the need to observe or disturb them in their respective
environments, which opens exciting opportunities for behavioural ecologists. In the best case
scenario, the same samples can be used to assess genetic and behavioural diversity®®. eDNA
analyses allow not only to study elusive species, among others, but also elusive behaviours.

Indeed, it enables sometimes to complement observational data as in the case of insect

consumption that is a feeding behaviour usually difficult to observe with high taxonomic
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resolution. Our comparison between DNA metabarcoding and traditional focal data sampling
has illustrated inter-method congruency and in addition higher taxonomic resolution and
coverage for DNA metabarcoding of plant and arthropod diet items than behavioural

observations’®.

The iNkawu Vervet Project (IVP) in Mawana Game Reserve, South Africa, represents a very
special research context to study sociality. Genetics, ecology and sociality are considered the
main explanations for behaviour®!. In the present study population, there is constant gene
flow between the groups due to male dispersal®, limiting the influence of genetic
explanations. Although we must admit that our vegetation assessment was temporally
constrained, the ecology seems similar for all groups living in close proximity. According to the
method of exclusion®”21, behavioural variation might therefore be explained by social factors.
A major advantage of the study system is the assignment of faecal samples to individuals as
well as the available long-term (over ten years) life history data. This allows to directly link
social data to dietary information based on sequence data. The different assessments based
on the collected faecal samples provide for interesting analyses. In Chapter 1, we described
the diet of vervet monkeys studied at IVP. For this we compared focal and DNA metabarcoding
data for the plant and insect part of the diet. A strong seasonal effect was documented; with
the two dominantly consumed plant species Berchemia zeyheri in summer and Ziziphus
mucronata in winter. Shannon diversity was the highest in summer, therefore the analysis of
intergroup variation (IGV) in Chapter 2 focused on the samples collected during this season
because selective behaviour were more likely®®. We observed significant IGV between the four
studied groups, which was more accentuated for certain pairwise comparisons of adult

females than for all individuals combined. We postulated, based on the social organisation of
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the species, that the philopatric sex represents more homogenously a group’s diet. Therefore,
we focused on adult females and an enlarged the sample size and temporal scope in Chapter
3. However, the analyses in this chapter did not confirm the hypothesis of a more distinct
feeding behaviour of the member of the philopatric sex, here limited to adult females, and
instead suggested relatively homogenous foraging behaviour of adult females across groups.
We have seen with our data that it is complicated to measure the influence of social factors
on dietary variation for opportunistic and omnivorous feeders. We may have the ideal study
system, but not imperatively the ideal diet to study. Our endeavour to link social factors to
dietary variation may be more fruitful for other species foraging more diversely and/or where
simple presence/absence data is sufficient for clear findings. For example, the detection of
nuts and crabs in the diet of chimpanzees (Pan troglodytes verus) as an indicator of different
group traditions may be such a case!. For the vervets in our study groups, an assessment of

dietary items that are rarely consumed, e.g. vertebrates, could also yield interesting results.

In addition, many factors influence the results of DNA metabarcoding and we have discussed
the limits of DNA metabarcoding at length above. Both bioinformatic choices and data
treatment affect the results**11>, RRA data is the most adapted to reflect abundances and
mirror true biomass*?. However, RRA is the most sensitive to biases due to different primer
affinities of organisms present in eDNA pools**11®. Among potential biases, we highlighted the
PCR-induced ones also since these are considered the most important. In order to overcome
those, we have designed the bait set for the TSC approach (see Project+). TSC follows a
different logic to achieve target enrichment than PCR amplification, since the increase in
target sequences is achieved by reducing non-target sequences®!. The main challenge for the

design of bait sets targeting broader taxonomic groups is to find the best compromise
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between specificity and flexibility. We are confident that this approach has the potential to
yield more realistic biomass estimates and to provide a reliable tool for quantitative

assessments using eDNA.

While DNA metabarcoding implies the above-mentioned limitations, it is nevertheless a
valuable tool for assessments of ecosystems, diets or population monitoring. Behavioural
ecologists can rely on it for many different research questions, among which the study of
sociality. There are further research questions beyond the group level and specifically
targeting the influence of social factors on behaviour. This always leads implicitly to the
guestion where behavioural plasticity ends and variation begins. Unlike the transmission of
genetic information, social transmission of information may follow other than vertical
pathway, i.e. from parents to offspring. It can be reverse-vertically from offspring to parents,
horizontally among one generation (related or unrelated) or obliquely across generations and
unrelated individuals’?. Although social learning can reduce the costs of asocial learning, it is
not per se a warranty to increase fitness!®. To be optimal, and hence adaptive, it is
hypothesised that individuals are guided by “social learning strategies’ (SLSs) that influence
when and which social information to copy and from whom??’. SLSs, also named ‘transmission
biases’, can be content or context dependent; they can supposedly change over time, be
combined and employed simultaneously (see for review!!?). Context dependent SLSs are more
relevant in our study system; e.g. to study if the sex of an individual can influence the choice
of the role model (in terms of sex of the role model) since copied behaviour may vary
depending on sex and therefore differ in usefulness depending on sex!!8. Such sex effect on
dietary choices has been observed already for juvenile orangutans®?. In vervets, a female-

model transmission bias has been documented in general®*°, however, also a higher
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behavioural flexibility of the dispersing sex, i.e. males®>%8. Additional sequence data is
available, in particular for the largest group, BD, with the most intragroup variation observed
for the samples tested restricted to one summer®, Plant diet data is already available for
additional 474 samples of males, juveniles and infants (total number of analysed samples for
BD 950). Based on these samples, a variety of research questions could be assessed, as a
model-based bias or sex-effect focusing on juveniles. Analogous to the sex effect in juveniles,
studying a general sex effect is worthwhile. Adult males can disperse several times in their
lifetime; in addition to (for now hypothetic) sex-specific knowledge acquired through model-
biased learning when juvenile, these males can potentially learn different behaviour in each
group and may hence dispose a greater behavioural repertoire than females that remain in
their natal group. Faecal samples of adult males would consequently dispose a more diverse
diet than those assigned to females and juveniles. In addition, studying behavioural plasticity
of dispersing males can highlight the interplay of foraging behaviour learnt socially in the natal
group and potential conformist food choice to their new group as highlighted
experimentally®>. Another hypothesis is to consider immigrant males as source of information
and innovation. Adaptive behavioural responses to fast changing environments, information,
food sources, new predators, etc. can be critical for the survival of long-lived species'®.
Innovation is therefore evolutionary important and in particular for social groups. Dongre et
al. (2021) studied experimentally innovation and the spread of novel information in IVP by
exposing five groups to a novel food (i.e. peanuts). In two groups the innovators were
immigrant males, in the third an infant, and in the two remaining groups, the behaviour was
imported by immigrant males. It was also observed that the new behaviour was copied faster
from immigrant males than from the infant!!®. Adult males seem to play a critical role for

innovation and spread of information over group boundaries through dispersal. While the
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study of innovation in social groups using social network approaches is promising to learn

more about social learning strategies!?®

, it represents a great challenge in the wild. eDNA-
based techniques have the advantage to ‘'show’ also non-observed behaviour and can increase
spatio-temporally the study coverage, but sampling strategies need to be adapted (e.g. focus
on small numbers of individuals but increase samples numbers per individual). Once more,

eDNA can be a valuable complement to other methods and thus interdisciplinary approaches

may lead to great study outcomes.

Social learning is not the only factor to consider; foraging strategies can be influenced by a
number of other factors, some of which extrinsic (food abundance, diversity and distribution,
seasonality or predation risk but also conspecifics) and others intrinsic to the forager (body
mass and social status in the group, i.e. rank, or the developmental stage). While we tried to
control for some of these like plant abundances and seasonality, others can be confounding
and should be assessed specifically. For example, there are life history traits that likely
influence foraging strategies. The reproductive status of females in particular does infer
specific needs in nutrients since pregnancy and lactating can increase energy demands of e.g.

121

nitrogen and calcium. Vervets are seasonal breeders** and females at IVP give birth roughly

from October to December which coincides with the beginning of summer when food is

122 it could be assessed if

diverse and abundant. Since insects contain high levels of proteins
pregnant or lactating females consume significantly more insects relative to males or female
juveniles. With DNA metabarcoding here again a measure of absolute biomass is not possible
to verify if these females increase their food intake in general. However, physiological
measurements could be a valuable complement here (e.g. nitrogen stable isotopes) to assess

101

their interplay with dietary choices™®*. With arthropod feeding behaviour, other hypotheses
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can be tested that are relevant to assess the influence of social factors on diet. Catching and
handling arthropods requires skills that may depend on age and experience or be socially
learnt, it could be used to assess an age effect. Another hypothesis is that the consumption of
highly nutrient food as arthropods and vertebrates depends on the rank of an individual, i.e.
the social status in the group. Mannion et al. (2022) favour combinations of ecological,
physiological and behavioural assessments to inquire about cultural foraging practices, in
particular when animal culture is not only accepted but gains attention for conservation

actions0!

. eDNA data may not be sufficient alone to answer complex questions in the realm
of animal culture but can serve as valuable complement to multidisciplinary approaches. In
this thesis, the interdisciplinary approach between the fields of behavioural ecology and

molecular biology yielded interesting insights into the behavioural ecology of vervet monkeys,

with potentially more in the near future.
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and DNA metabarcoding data
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Appendix S1: Table S1: Species of local database, in bold species with identical sequences.

Family

Species

Anacardiaceae
Anacardiaceae
Araliaceae
Arecaceae
Bignoniaceae
Boraginaceae
Burseraceae
Cactaceae
Cactaceae
Caesalpiniaceae
Capparaceae
Celastraceae
Celtidaceae
Combretaceae
Combretaceae
Ebenaceae
Euphorbiaceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae

Fabaceae

Searsia pyroides, Searsia natalensis
Sclerocarya birrea

Cussonia spicata

Phoenix reclinata
Jacaranda mimosifolia
Ehretia rigida

Commiphora neglecta
Cereus jamacaru

Opuntia ficus-indica
Schotia brachypetala
Boscia albitrunca
Gymnosporia senegalensis
Celtis africana

Combretum erythrophyllum
Combretum apiculatum
Euclea crispa, Euclea undulata, Diospyros dichrophy
Euphorbia ingens
Euphorbia tirucalli
Dalbergia armata
Dalbergia obovata

Senna didymobotrya

Sesbania punicea
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Appendix S1: Table S1: Species of local database, in bold species with identical sequences.

Family

Species

Anacardiaceae
Anacardiaceae
Araliaceae
Arecaceae
Bignoniaceae
Boraginaceae
Burseraceae
Cactaceae
Cactaceae
Caesalpiniaceae
Capparaceae
Celastraceae
Celtidaceae
Combretaceae
Combretaceae
Ebenaceae
Euphorbiaceae
Euphorbiaceae
Fabaceae
Fabaceae
Fabaceae
Fabaceae

Fabaceae

Searsia pyroides, Searsia natalensis
Sclerocarya birrea

Cussonia spicata

Phoenix reclinata
Jacaranda mimosifolia
Ehretia rigida

Commiphora neglecta
Cereus jamacaru

Opuntia ficus-indica
Schotia brachypetala
Boscia albitrunca
Gymnosporia senegalensis
Celtis africana

Combretum erythrophyllum
Combretum apiculatum
Euclea crispa, Euclea undulata, Diospyros dichrophylla
Euphorbia ingens
Euphorbia tirucalli
Dalbergia armata
Dalbergia obovata

Senna didymobotrya
Sesbania punicea

Mundulea sericea
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Flacourtiaceae
Lamiaceae
Lamiaceae
Meliaceae
Mimosaceae
Mimosaceae
Mimosaceae, Caesalpiniaceae
Moraceae
Myrtaceae
Myrtaceae
Olacaceae
Oleaceae
Pentapetaceae
Rhamnaceae
Rhamnaceae
Rubiaceae
Rubiaceae
Rutaceae
Sapindaceae
Sapindaceae
Sapotaceae
Solanaceae
Solanaceae
Verbenaceae

Vitaceae

Dovyalis caffra

Premna mooiensis

Volkameria glabra

Melia azedarach

Vachellia tortilis, Vachellia sieberiana
Dichrostachys cinerea

Vachellia nilotica, Caesalpinia decapetala
Ficus sycomorus

Psidium guajava

Eucalyptus camaldulensis
Ximenia caffra

Olea europaea

Dombeya rotundifolia

Berchemia zeyheri

Ziziphus mucronata

Gardenia volkensii

Coddia rudis

Citrus limon

Hippobromus pauciflorus

Pappea capensis

Sideroxylon inerme

Solanum seaforthianum

Solanum aculeastrum

Lantana camara, Lippia javanica

Rhoicissus tridentata
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Appendix S1: Table S2 Species included in positive controls for Sper01 and Arth02 assays, in

the order of 2-fold dilutions.

Metabarcode | Species

Sper01 Taxus baccata, Salvia pratensis, Populus tremula, Rumex acetosa, Carpinus
betulus, Fraxinus excelsior, Picea abies, Lonicera xylosteum, Abies alba, Acer
campestre, Briza media, Rosa canina, Capsella bursa-pastoris, Geranium
robertianum, Rhododendron ferrugineum, Lotus corniculatus

Arth02 Acheta domesticus, Timema douglasi, Harmonia axyridis, Galleria mellonella,

Pyrrhocoris apterus, Blaptica dubia, Isoperla rivulorum, Silo pallipes

107




Appendix S1: Table S3 Plant genus and species in observational focal follows and detected in faecal samples. Plant indicators for seasons were identified using
Indicator value analyses (Indval; Dufréne & Legendre, 1997). For database assignments: L = assigned with local database, G = assigned with global database, NA

= no sequence available for the used metabarcode.

Observational Data DNA metabarcoding data
Season indicator Plant category
Genus/species Frequency/ Season indicator . Frequency/ Total read Data-
observed 12315 >0.2, ¥** Genus/species detected 823 counts base
- RRA > 0.2, ***
+ +
Berchemia zeyheri 704 summer+autumn, Berchemia zeyheri 811 1285128 summer+autumn, L tree
0.397 0.460
Boscia albitrunca 2 Boscia albitrunca 15 417 L tree
c Ipini
aesalpinia 84 spring, 0.255 V. nilotica/C. decapetala 82 4621 L tree/shrub
decapetala
Cereus jamacaru 752 spring, 0.324 Cereus jamacaru 365 53092 L cactus
Clausena anisata 2 Clausena anisata 0 0 G shrub
Coddia rudis 145 autumn, 0.236 Coddia rudis 31 324 L shrub
Cussonia spicata 2 Cussonia spicata 0 0 L tree
i
Dalbergia armata 92 Dalbergia armata 80 8113 guzt;;n n+winter, L liane




Dichrostachys
cinerea

Dovyalis caffra

Ehretia rigida

Euclea crispa

Euclea undulata

Euphorbia ingens

Euphorbia tirucalli

Gardenia volkensii

Gymnosporia
senegalensis

Hippobromus
pauciflorus

Lantana camara

1346
132 spring, 0.340
785 spring, 0.233
249 spring, 0.332
16
6
3
51
29
68 summer, 0.244
15 autumn, 0.216

Dichrostachys cinerea

Dovyalis caffra

Ehretia rigida

E. crispa/E. undulata/
D. dichrophylla

E. crispa/E. undulata/
D. dichrophylla

Euphorbia ingens

Euphorbia tirucalli

Gardenia volkensii

Gymnosporia senegalensis

Hippobromus pauciflorus

L. camara/Lippia javanica

685

559

523

321

321

23

444

202

95218 winter, 0.295
163527
236935 spring, 0.585
98890 spring, 0.446
98890 spring, 0.446

0

0

483

0
225809 spring, 0.345
14426 autumn, 0.238

small tree/shrub

small tree/shrub

small tree/shrub

tree

small tree/shrub

cactus

shrub

small tree/shrub

small tree/shrub

tree

shrub
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Opuntia ficus-

indica 37 Opuntia ficus-indica 3 34 L cactus
Premna mooiensis 391 g}f)zr;négﬂummer, Premna mooiensis 309 48541 s(,)}f)zrizn3g+summer, L tree
Schotia 15 Schotia brachypetala 18 2490 L tree
brachypetala

Searsia sp 688 gszt;;nmspring, S. pyroides/S. natalensis 638 256910 spring, 0.339 L tree/shrub
Vachellia karroo 7 NA 0 0 NA tree
Vachellia nilotica 1763 gu;g(r)n n+winter, V. nilotica/C. decapetala 82 4621 L tree/shrub
Vachellia sp 323 spring, 0.464 NA 0 0 NA tree
Vachellia tortilis 2109 autumn, 0.423 V. tortilis/V. sieberiana 817 772456 autumn, 0.768 L tree
Zanthoxylum 2 NA 0 0 NA tree
capense

Ziziphus mucronata 2497 gu:; (r)n n+winter, Ziziphus mucronata 765 511273 winter, 0.681 L tree
NA 0 Aizoon 467 50557 autumn-+winter, G herb/shrub

0.203
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NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Aloe

Alternanthera pungens

Asparagus

Basella alba

Blepharis

Blepharis maderaspatensis

Capparis

Combretum

Commiphora neglecta

Crotalaria

Diospyros

Dombeya rotundifolia

Dysphania

309

447

45

205

31

37

208

18695

26

41

87987

7161

190

17

38455

30

2112

65

various

herb/shrub

herb/shrub

climbing plant

herb/shrub

herb

herb/shrub

shrub

small tree/shrub

herb/shrub

tree

tree

herb
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NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Eragrostis superba

Erythrina

Euphorbia

Ficus sycomorus

Hibiscus

Jasminum

Kohautia

Mundulea sericea

Ocimum

Ormosia

Oxalis

Pappea capensis

Pereskia

21

699

43

325

51

104

343

6481

197

114664 autumn, 0.452

16

12193

128

11

36621 spring, 0.218

144

24

grass

tree

various

tree

shrub

shrub

herb/shrub

shrub

herb/shrub

small tree/shrub

herb/shrub

tree

cactus

112



NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Phyllanthus
maderaspatensis

Plinthus

Priva

Priva cordifolia

Psidium guajava

Rhoicissus tridentata

Sclerocarya birrea

Senna didymobotrya

Sida

Sideroxylon inerme

Solanum seaforthianum

Solidago virgaurea

19

17

555

212

225

11

2943

141

109

winter+spring,
0.245

69468

272

31942

586

autumn+winter,
0.324

4949

1040

1098

696

524

herb

herb/shrub

herb/shrub

herb/shrub

shrub

shrub

tree

herb/shrub

herb/shrub

tree

shrub

herb/shrub
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NA

NA

NA

NA

Viscum minimum

Volkameria glabra

Vigna

Waltheria indica

37

6829

431

47

217

autumn, 0.242

hemi-parasite

tree

herb/shrub

herb/shrub
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Appendix S1: Table S4 Taxonomy of detected arthropod items in 823 faecal samples, total

read counts over all samples.

Order Family Count Frequency
Araneae Miturgidae 3734 7
Blattodea Hodotermitidae 98835 438
Termitidae 21619 46
Coleoptera NA 59596 265
Anthribidae 297 3
Brentidae 12321 77
Buprestidae 295 4
Chrysomelidae 38345 300
Curculionidae 8126 18
Elateridae 321 2
Hydrophilidae 212 3
Scarabaeidae 572 6
Tenebrionidae 1076 8
Diptera NA 3069 7

Cecidomyiidae 408 6




Drosophilidae 2702 20
Tephritidae 1645 9
Hemiptera Alydidae 9594 131
Cicadidae 1286 2
Coreidae 250 7
Pentatomidae 1012 26
Pyrrhocoridae 197 7
Lepidoptera NA 71362 372
Erebidae 464 5
Lasiocampidae 458 6
Nepticulidae 1446 24
Noctuidae 4724 52
Nymphalidae 248 5
Mantodea NA 178 2
Mantidae 927 19
Sibyllidae 69 2
Neuroptera NA 180 5
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Odonata NA 283 2
Aeshnidae 247 2
Libellulidae 149 2
Orthoptera NA 611 6
Acrididae 7196 81
Gryllacrididae 170 4
Gryllidae 3636 29
Pamphagidae 783 11
Tettigoniidae 1368 19
Thysanoptera Thripidae 29 2
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Appendix S1: Figure S1: Meteorological conditions have been assessed for the entire
sampling period in terms of temperature (at the top;

https://www.worldweatheronline.com/umfolozi-weather-averages/kwazulu-natal/za.aspx)

and rainfall (at the bottom; https://www.weathersa.co.za/home/historicalrain). The period
when focal screenings have been conducted is indicated in red, the one for eDNA sampling in

green.

30
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Appendix S1: Figure S2. Design of a blocking primer for vervet and human DNA for the Arth02
primer pair, allowing the amplification of target arthropod species. In this case, the 5'end of
the blocking primer overlaps eleven nucleotides of the 3'-end of the reverse Arth02
amplification primer (Reverse_primer). The ideal position for the blocking primer is at the end
of the PCR fragment where the variation between the sequence of the species to be blocked
and the sequences of the target species is highest!. A C3 carbon spacer must be added on the
3'-end of the blocking primer to prevent its 3'-extension?4. In addition of human, vervet,
blocking primer and Arth02 reverse primer, representative arthropod sequences are also

shown in the alignment.
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Appendix S1: Figure S3. Stacked bar plots resuming the proportion of read counts assigned

to different taxonomic levels by using particular database options for A. the Sper01 assay and

B. the Arth02 assay.
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Appendix S1: Figure S4: Spearman rank correlations and coefficients based on total numbers
per month of different dietary items as observed during focal follows and detected in faecal

samples for A. plant data and B. arthropod data.
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Appendix S1: Figure S5: Spearman rank correlations and coefficients based on mean count

and RRA per month for all plant species present in both datasets and with a minimum of 350
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observations, with the exception of those that had identical metabarcodes and matched
several species in the focal dataset (i.e. E. crispa/E. undulata/D. dichrophylla and V. nilotica/C.

decapetala). The observed plant V. tortilis corresponds to V. tortilis/sieberiana in the eDNA

dataset.
A B -
Season indicator plants
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Appendix S1: Figure S6. A. Mean counts per date of seven consumed plant species observed
during focal screenings that are indicators for seasons (shown are those plants with Indval
value > 0.2, which were observed > 350 times and which do not share sequences with other
observed species, Appendix S1: Table S3). B. Mean RRA per date of the same seven consumed
plant species in faecal samples, only included RRA > 0.001. All species, except C. jamacaru,
are also season indicator species (> 0.2) in the RRA dataset (Appendix S1: Table S3). The
observed plant V. tortilis corresponds to V. tortilis/sieberiana in the eDNA dataset. Note that
this representation serves to compare methods and that there are a number of additional
indicator species and genus in the metabarcoding dataset not included here (Appendix S1:

Table S3).
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Appendix S1: Figure S7: Spearman rank correlations and coefficients based on mean count

and RRA per month for all arthropod categories as shown in Fig. 2B.
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Appendix S1: Figure S8: Principal component analysis (PCA), based on relative read
abundances (RRA) of consumed arthropod families detected in faecal samples (R2 = 3.6 %).

The four seasons are represented by different colours and the texts represent the centroids.
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eDNA methods for intergroup dietary variation

Supporting Information

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; 15" November 2018). Discrepancies
between samples/individuals and individuals/group possible when age categories changed between
15™ 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.

Group Total Adult F AdultM  Juvenile F Juvenile M Infants
AK 64/19 (26) 34/9(8) 5/1(1)  9/4(5) 16/5(5) 0/0(7)
BD 78/38 (66) 42/16(22) 16/11(12) 4/4(5)  16/8(10) 0/0(17)
KB 165/18 (22) 24/6 (6) 14/1(1) 65/6(6) 62/5(5)  0/0(4)
NH 65/28 (43) 26/11(14) 4/3(4)  9/3(3)  26/11(12) 0/0(10)
Total 372/104 (157)  126/42 (50) 39/14 (18) 87/17 (19) 120/31 (32) 0/0 (38)

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).
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eDNA methods for intergroup dietary variation

The faecal samples and observations rows indicate the number of these found within their respective

isopleths.

GPS AK50 AK95 BD50 BD95 KB50 KB95 NH50 NH95
Faecal samples 84 107 99 188 91 120 133 213
Faecal samples total 108 108 190 190 120 120 221 221
Observations 461 604 1280 1946 401 657 920 1436
Observations total 605 605 1957 1957 662 662 1445 1445

Table $3: 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.

Confusion matrix AK BD NH KB Sensitivity  Specificity
AK 7 1 0 0 0.54 0.96
BD 3 11 3 0 0.92 0.79
KB 3 0 7 0 0.70 0.90
NH 0 0 0 6 1.00 1.00

2
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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.
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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.
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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 (pseudo Fso= 1.44, R?=0.11, P = 0.12).
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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.
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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).
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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).

133



57

58

59

60

61

62

eDNA methods for intergroup dietary variation

AK BD
1.0 1.0
0.5 05
" "
8 g
0.0 0.0
= =
z z
0.5 0.5
1.0 -1.0
1.0 -05 0.0 05 1.0 1.0 0.5 0.0 05 1.0
NMDS1 NMDS1
NH KB
1.0 1.0
05 05
. .
g g (
0.0 0.0
= =
z -
0.5 0.5
Adult female
Adult male
Juvenile female
Juvenile male
1.0 -1.0
1.0 0.5 0.0 05 1.0 1.0 0.5 0.0 05 1.0
NMDS1 NMDS1

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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Supplementary data Chapter 3

Table S1: Sample numbers per adult female, group and season. IDs of females are represented by the first four letters of their
names. Different matrilines start with different letters.

Group  Monkey ID  Mother Total summer autumn winter spring
Ghid Ghan 44 12 7 9 16
Ging Gaga 35 10 4 8 13
Godu Gele 22 2 2 8 10
Gubh Gugu 41 15 4 8 14
Gugu Gaga 18 7 2 3 6

> Mamo NA 3 1 4 1

5 | Neok Nkos 3 0 0 0 3

® Ndaw Ndon 17 5 1 5 6
Ndik Ndon 1 1 0 0 0
Ndon Nkos 32 6 5 6 15
Nkos NA 22 5 3 4 10
Nyan Nkos 29 5 4 12 8
12 TOTAL 273 73 32 66 102
Aapi Asis 20 2 5 6 7
Asis NA 10 2 1 7 0
Eina Enge 27 8 5 6 8
Enge NA 1 0 5 3
Gese NA 0 0 3 3
Heer Haki 17 1 4 7 5
Hibi Hipp 2 0 0 0
Hipp Haki 4 1 1 0 4
Hond Heer 15 3 2 6 4

® Lbli NA 5 2 1 1 1

g Miel Mooi 31 7 5 12 7

5 | Noal Numb 1 0 1 0 0

® Nooi Numb 21 8 1 7 5
Numb NA 7 2 0 2 3
Nurk Numb 24 5 4 7 8
Obse Ouli 2 0 1 1
Oerw Ouli 1 0 0 2
Oort Ouli 14 3 3 3 5
Ouli NA 18 2 3 6 7
Pann Snor 8 4 1 0 3
Piep Prin 22 4 3 6 9
Potj Prin 25 6 2 11 6
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Puol Prin 17 3 2 10 2
Rede Riss 18 4 2 5 7
Riss NA 24 3 2 8 11
Sari Snor 2 0 0 0 2
Siel Snor 20 3 2 3 12
Sirk Siel 6 2 1 1 2
Snor NA 1 0 0 1 0
29 TOTAL 383 99 58 123 133
Aara Aare 13 1 1 2 9
Aare Amaz 17 6 0 5 6
Amur Amaz 8 4 2 0 2
Mara NA 2 0 1 4
Ness NA 10 8 0 0 2
= Yalu Yeni 8 6 1 0 1
g | vamu Yalu 12 2 0 3 7
Yara Yalu 18 1 1 3 13
Yelo Yeni 1 1 0 0
Yeni NA 6 6 0 0
Yuko Yeni 10 2 0 3 5
11 TOTAL 111 39 6 17 48
Daen Dian 12 0 0 5 7
Dais Dian 17 1 2 6 8
Deli Dian 13 0 1 5 7
Dewe Deli 16 1 0 7 8
Dext Deli 8 1 1 2 4
Dian NA 11 1 1 4 5
| Digh Dian 9 0 0 3 6
S | Dore Dian 18 1 1 7 9
§ Lail Laur 4 0 0 0 4
Lanc Laur 20 0 0 11 9
Laur Lizz 1 0 0 0 1
Lill Lizz 22 1 1 12
Lizz NA 12 0 0 7 5
Loui Lizz 20 2 2 5 11
14 TOTAL 183 8 9 69 96
Beir Bela 1 1 0 0 0
Z Bela Bogo 33 8 3 8 14
8 | Gaya Gene 34 8 5 5 16
Gene NA 3 2 0 1 0
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Gran Gene 28 7 2 8 11
Gris Gran 1 1 0 0 0
Guat Gene 3 1 0 0 2
Lima Lhas 9 2 1 3 3
Prai Pret 20 7 1 5 7
Prat Prai 1 1 0 0 0
Pret Pari 15 3 2 2 8
Raba Roma 16 4 3 5 4
Renn Roma 8 1 0 3 4
Reva Roma 9 4 0 3 2
Rioj Roma 12 1 2 6 3
Roma NA 1 0 0 1 0
Rosl Roma 3 3 0 0 0
Upps NA 21 3 3 5 10
Xala Xaix 24 5 4 7 8
Xian Xaix 32 7 7 10

Xinp Xian 2 2 0 0 0
21 TOTAL 276 88 41 72 97

Table S2: Results of permutational multivariate analysis of variance (PERMANOVA with 9999 permutations and Bonferroni
correction) for pairwise comparison between all five groups (Bray-Curtis dissimilarity matrix ~ Group + Seasons +
Sample/Monkey_ID).

Source df SumOfSqs R2 PseudoF p
AK, BD
Group 1 1.192 0.00552 4.3607 2e-04 ***
Season 3 20.841 0.09651 25.4144 le-04 ***
Sample:Monkey _ID 40 14.461 0.06697 1.3226 3e-04 ***
Residual 610 166.741 0.77216
Total 655 215.942 1.00000
AK, KB
Group 1 0.583 0.00473 2.4104 0.0198 *
Season 3 14.518 0.11790 20.0222 le-04 ***
Sample:Monkey _ID 22 7.752 0.06296 1.4579 6e-04 ***
Residual 356 86.043 0.69878
Total 383 123.133 1.00000
AK, LT
Group 1 1.692 0.01188 6.8653 le-04 ***
Season 3 16.738 0.11748 22.6368 le-04 ***
Sample:Monkey _ID 25 8.646 0.06069 1.4031 4e-04 ***
Residual 425 104.750 0.73524
Total 455 142.469 1.00000
AK, NH
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Group

Season
Sample:Monkey_ID
Residual

Total

BD, KB
Group
Season
Sample:Monkey_ID
Residual
Total

BD, LT
Group
Season
Sample:Monkey_ID
Residual
Total

BD, NH
Group
Season
Sample:Monkey_ID
Residual
Total

KB, LT
Group
Season
Sample:Monkey_ID
Residual
Total

NH, KB
Group
Season
Sample:Monkey_ID
Residual
Total

NH, LT
Group
Season
Sample:Monkey_ID
Residual
Total

32
511
548

39
449
493

42
518
565

49
604
658

24
264
293

31
350
386

34
419
458

1.052
25.582
10.118
123.860
172.361

1.047
12.336
14.772
123.113
166.366

2.992
13.055
16.165
143.321
184.680

1.846
20.316
16.771
164.014
214.032

2.608
8.000
10.678
61.355
92.177

0.440
13.723
9.577
83.585
122.849

2.652
15.370
12.428
102.865
141.046

0.00610
0.14842
0.05870
0.71860
1.00000

0.00629
0.07415
0.08879
0.74001
1.00000

0.01620
0.07069
0.08753
0.77605
1.00000

0.00863
0.09492
0.07836
0.76631
1.00000

0.02829
0.08679
0.11584
0.66562
1.00000

0.00359
0.11171
0.07796
0.68039
1.00000

0.01881
0.10897
0.08811
0.72931
1.00000

4.3402
35.1801
1.3045

3.8176
14.9965
1.3814

10.8139
15.7285
1.3911

6.7994
24,9383
1.2604

11.2201
11.4740
1.9144

1.8445
19.1543
1.2936

10.8038
20.8693
1.4889

2e-04 ***
le-04 ***
6e-04 ***

6e-04 ***
le-04 ***
le-04 ***

le-04 ***
le-04 ***
le-04 ***

le-04 ***
le-04 ***
8e-04 ***

le-04 ***
le-04 ***
le-04 ***

0.0744
le-04 ***
0.0020 **

le-04 ***
le-04 ***
le-04 ***

Significance codes: *** 0.001; ** 0.01; * 0.05.
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Table S3: Results of permutational multivariate analysis of variance (PERMANOVA with 9999 permutations and Bonferroni
correction) for pairwise comparison between all five groups in summer (Bray-Curtis dissimilarity matrix ~ Group +
Sample/Monkey_ID).

Source df SumOfSqs R2 PseudoF p
AK, BD
Group 1 1.555 0.03896 5.4090 0.0005 ***
Sample:Monkey ID 20 5.479 0.13726 0.9529 0.6321
Residual 103 29.612 0.74188
Total 125 39.916 1.00000
AK, KB
Group 1 0.2384 0.00865 0.9681 0.4186
Sample:Monkey _ID 15 4.3001 0.15598 1.1641 0.1856
Residual 83 20.4393 0.74140
Total 100 27.5683 1.00000
AK, LT
Group 1 0.5407 0.02424 2.0050 0.0020 **
Sample:Monkey ID 14 4.1338 0.18529 1.0949 0.2688
Residual 56 15.1018 0.67691
Total 72 22.3099 1.00000
AK, NH
Group 1 0.503 0.01351 1.7664 0.0971
Sample:Monkey ID 18 5.230 0.14035 1.0194 0.4317
Residual 103 29.359 0.78779
Total 123 37.267 1.00000
BD, KB
Group 1 0.4249 0.01432 1.5841 0.1507
Sample:Monkey _ID 20 5.4484 0.18368 1.0157 0.4392
Residual 74 19.8481 0.66912
Total 96 29.6629 1.00000
BD, LT
Group 1 0.5028 0.02309 1.6287 0.0345 *
Sample:Monkey _ID 19 5.1929 0.23845 0.8853 0.8320
Residual 47 14.5106 0.66629
Total 68 21.7782 1.00000
BD, NH
Group 1 1.210 0.03149 3.9537 0.0013 **
Sample:Monkey _ID 23 6.525 0.16980 0.9270 0.7248
Residual 94 28.768 0.74866
Total 119 38.426 1.00000
KB, LT
Group 1 0.5148 0.04242 2.6043 0.0040 **
Sample:Monkey ID 14 3.9973 0.32935 1.4443 0.0288 *
Residual 27 5.3374 0.43977
Total 43 12.1368 1.00000
NH, KB
Group 1 0.1782 0.00650 0.6731 0.6842
Sample:Monkey ID 18 4.8557 0.17697 1.0188 0.4317
Residual 74 19.5947 0.71414
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Total 94 27.4382 1.00000

NH, LT
Group 1 0.4915 0.02302 1.6202 0.0496 *
Sample:Monkey_ID 17 4.8372 0.22661 0.9380 0.6768
Residual 47 14.2572 0.66792
Total 66 21.3459 1.00000

Significance codes: *** 0.001; ** 0.01; * 0.05.
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Figure S1: Cumulative sample numbers per group, wet (summer and autumn) and dry season (winter and spring).
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Figure S2: A) Distribution of number of consumed items (genus and species level). B) Number of consumed items per sample
(genus and species level).
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Figure S3: Relative read abundance (RRA) data of consumed plant genera and species cumulated by season. Plant items
consumed only once were omitted from this graph.

141



Consumed plant genera and species

z
z

=1

Group
=
[

=
]

000 025 050 075 100
RRA
B Aizoon sp M Cissampelos sp M Eragrostis sp M Musa balbisiana I senna didymobotrya/Vachellia nilotica
I Artemisia sp I citrus sp B Eragrostis superba B ocimum sp I sennasp
I Asparagus sp B coddia rudis B Erythrina sp I Opuntia ficus-indica I sidasp
I Asystasia sp I Combretum erythrophylium B Evolvulus sp B Oxaiis sp I solanum aculeastrum
I Avenasp I commiphora neglecta B Ficus sp I Pappea capensis I Solanum sp
I Baphia racemosa I corchorus sp B Flueggea virosa I Parkia bicolor I Tephrosia sp
B Barleria sp I Crabbea sp M Galium sp I Pereskia aculeata M Theobroma sp
B Berchemia zeyheri B Crossandra sp M Gardenia volkensii M Polygala sp I Tylecodon racemosus
I Blepharis maderaspatensis B crotalaria sp B Gymnosporia senegaliensis [l Premna mooiensis M urochioa sp
B Blepharis sp B cynanchum sp M Helinus sp M Privasp I Vacheliia nilotica/Bianceae decapetala
I Boscia albitrunca M Dalbergia armata I Hibiscus sp [ Pterocactus gonjianii I Vacheliia sp
Caesalpi i maria sp [l Dic I Hippobromus paucifiorus I Rhoicissus tridentata. I Vachellia tortilis/sieberiana
I capparis sp N Digitaria sp I 1pomoea sp I Rhussp [ viscum minimum
I cassiafistula M o« i rispa [ Jasmir I salixsp Il Waltheria indica
B cedrus sp M Diospyros sp B Kohautia sp I schotia brachypetala I zanthoxylum sp
I ceropegia sp I Dovyalis caffra I Lantana camara/Lippia javanica [ Sclerocarya birrea M zinnia sp
B Chamaecrista sp M Enretia rigida B Melhania ovata Searsia natalensis/pyroides il Ziziphus mucronata

Figure S4: Relative read abundance (RRA) data of consumed plant genera and species cumulated by season. Plant items
consumed only were included in this graph. Family-level assignations were not shown but included in the calculation of RRA,
i.e. representing the missing data to attain 1. The 27 recorded plant families were: Anacardiaceae, Acanthaceae, Adoxaceae,
Amaryllidaceae, Arecaceae, Apocynaceae, Asteraceae, Cactaceae, Chenopodiaceae, Commelinaceae, Convolvulaceae,
Crassulaceae, Cucurbitaceae, Euphorbiaceae, Fabaceae, Hyacinthaceae, Malvaceae, Orchidaceae, Pedaliaceae, Poaceae,
Rhamnaceae, Rosaceae, Rubiaceae, Salicaceae, Solanaceae, Verbenaceae, Vitaceae.
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Figure S7: Non-metrical dissimilarity scaling (NMDS) per group over all seasons using Bray-Curtis distances with non-
aggregated relative read abundance (RRA) data (on the left) and in summer at the intragroup level with shape indication
individual monkeys (on the right, except for LT due to low sample numbers). A) BD: 383 of 29 individuals; in summer, included
are all individuals with > 3 samples, different shapes represent different individuals (61 samples of 13 individuals), B) KB: 111
of 11 individuals; in summer, included are all individuals with > 2 samples, different shapes represent different individuals (36
samples of 8 individuals), C) NH: 276 of 21 individuals; in summer, included are all individuals with > 3 samples, different
shapes represent different individuals (59 samples of 11 individuals) and D) LT: 183 of 14 individuals; in summer to low sample
number (8 samples of 7 individuals).
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Figure S8: Inter-sample variation (V) compared to the group and wet/dry seasons. The wet season comprises summer and
autumn and the dry season winter and spring. Colours indicate the social group.
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Figure S9: Inter-sample variation compared to the group was generally higher in wet season (summer and autumn) than in
dry season (winter and spring). For illustration we chose individuals with high samples numbers and relatively evenly
distributed among seasons; all individuals belong to the group Ankhase (AK). The plots on the left and right side represent

the same data.
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Abstract

1. Ecological studies rely greatly on the measurements of abundances and biomass.
Quantifying these based on DNA present in environmental (eDNA) samples is an important
step towards more effective biomonitoring, but it is also complicated. For example, PCR-

induced biases represent a major challenge for DNA metabarcoding studies.

2. The combination of targeted sequence capture and NGS (TCS) provides a promising
alternative to other reduced-representation sequencing approaches that may result in more
realistic biomass representations. Therefore we describe here the design process of a bait set

for TCS targeting insect cytochrome c oxidase subunit | (COI) DNA.

3. The main challenge for the design of bait sets targeting broad taxonomic groups is to find

the best compromise between specificity and flexibility.
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Introduction

The use of environmental DNA (eDNA) has become a key component of various ecological
studies, and it represents an important research domain for future biodiversity and
conservation management®’°, While the current biodiversity crisis affects most if not all
taxonomic groups, insects exhibit particularly high declines'?>12, Thus monitoring of insect
diversity and biomass is needed. Biodiversity data for insects still often relies on traditional
sampling methods, i.e. the morphological identification of trapped specimens. These
traditional methods are time- and labour-intense, and depend on taxonomic expertise, which
is a declining skill and may e.g. not always identify cryptic life stages. The observation of
feeding on arthropods is challenging and taxonomic resolution of observational studies
mostly limited'?’. Macroscopic identification of insect remains in faeces or stomach contents
is complicated, rare or soft-bodied taxa are consequently missed out**. Molecular methods
like DNA barcoding have also been applied to achieve the identification of organisms. One
important advantage of eDNA methods is that it is non-invasive and does not imply any harm
for ecosystems?. While early eDNA studies were mostly based on PCR followed by Sanger
sequencing or on gPCR assays, the advent of next-generation sequencing (NGS) technologies
enabled the simultaneous sequencing of complex DNA mixtures in environmental samples,
and therefore more exhaustive assessmentsl. DNA metabarcoding has recently provided
valuable insights and thus highlighted the importance to consider arthropod diet
components, e.g. in primatology'?®12°, Different types of environmental samples have been
used to explore insect diversity illustrating the huge potential spectrum of applications (e.g.

131

water!?, faeces®3, soil'3°, bulk tissue samples that is mixtures of insects specimens!®!, spider

webs!3? or air3? and plant surface substrates!?).
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However, while DNA metabarcoding® is widely used and enables valuable insights, the
method implies certain biases, in particular concerning DNA amplification3°™*! and hence
quantification issues*?*3. Measurements of abundances and biomass are highly relevant in
ecological studies, therefore quantifying DNA present in eDNA pools is needed yet at the same
time extremely difficult. A number of studies resort to relative read abundances (RRA) as
semi-quantitative proxy, e.g. for network approaches and food web analyses!®*°. In order to
monitor and report insect decline, reliable measurements of abundance, biomass and

biodiversity are needed, and hence also quantitative assessments.

While whole-genome sequencing is possible nowadays, it remains demanding in terms of
DNA quality, cost, time and data storage, and to obtain the requested information complete
genomes are not always needed®®. In order to find good compromises in terms of costs,
sample numbers and loci, there are many different strategies of reduced-representation
sequencing or genome-subsampling, aiming to obtain subsets of genomic data. Among those,
the most often applied are restriction-site associated digestion methods (RADseq), which
targets the sites next to restriction enzyme sites33, transcriptome sequencing (RNAseq),

134 and targeted sequence capture (from now

which targets the expressed exome of tissues
on TSC, also known as hybridisation capture, sequence capture, target capture). The
usefulness of RADseq and RNAseq for the analyses of DNA mixtures is limited, therefore we
do not discuss these further (but see for a comparison between RADseq and sequence

capture!®).

The combination of targeted sequence capture and NGS has been suggested as convenient
alternative to overcome PCR-induced biases and provide more reliable quantification

measures®’>8, The principle here is to create DNA or RNA baits that are complementary to

152



target sequences. Single stranded DNA is then hybridised to these biotinylated
oligonucleotides and physically bound (“captured”). That means the baits are marked with
biotin that can bind to biotin receptors located on magnetic beads!*®. Off-target DNA is
subsequently washed away after the hybridisation of target DNA to the baits which is then
processed for sequencing®®®. As such, TSC follows a different logic to achieve target
enrichment than PCR amplification, since the increase in target sequences is achieved by
reducing non-target sequences®?. It has been shown that TSC enables sequencing of distantly
related species by using only one bait species for probe design3”:138, This is due to the relative
acceptance of mismatches between probes and target sequences thus rendering the

approach “flexible”®!. For a comprehensive review of the TSC approach, see®8.

The first TSC assays were developed for biomedical research purposes**14° and are applied
widely nowadays in this field. The applications of TSC, targeted sample types and taxonomic
groups are diverse, e.g. used for the analysis of ancient DNA (aDNA)*!, museomics!38142 and
non-model organisms3’. The main features of sequence capture that make it a suitable
method for analyses of degraded and low-quality DNA samples are: 1) little input DNA
needed, e.g. for species of conservation concern or museum specimens; 2) the flexibility of
capture, i.e. the relative acceptance of mismatches between probes and target sequences; 3)
that short fragments are targeted with short baits and 4) that coverage of targeted loci can

be increased specifically compared to WGS*3,

The majority of studies is based on tissue or blood samples, in the biomedical field, and aims
at single species or tagged samples in mixed libraries in phylogenomic studies. A few studies
analysed multiple species assemblies based on bulk tissue samples of invertebrates!31143 and

fish larvae#*1% and the methodology is tested and applied increasingly to eDNA samples. For
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example, Wilcox et al. (2018) analysed water samples using one PCR-generated probe per
targeted taxon, the results showing a positive correlation between target sequences and
initial DNA after correcting for mitochondrial copy number variations among taxa!*®. Gauthier
et al. (2020) compared TSC targeting COIl to DNA metabarcoding on freshwater zoobenthos
mock communities. They considered dissimilarity to bait (<15 %) as crucial for successful
enrichment!¥’. Seeber et al. (2019) designed RNA baits based on 38 selected mammal
mitogenomes and compared this assay to classical PCR using water and sediment samples.
Interestingly, while this study highlights the potential to amplify divergent and rare species
with TSC, a quantitative mock community assay included in the study indicates possible biases
regarding quantitative assessments depending on the divergence between baits and
targets'#® (similarly to PCR-induced biases). Giebner et al. (2020) compare TSC to DNA
metabarcoding on Malaise trap samples and mock communities for cytochrome ¢ oxidase
subunit | (COI) and 185%°. Beaudry et al. (2021) designed a 16S rRNA bait set for microbial
communities, tested on faecal samples and mock communities!®°. Successful characterisation
of Larix population dynamics (~6700 years ago) using lake sediment cores, show the utility of

TSC for genomic analyses of ancient eDNAL,

A number of studies have developed bait sets for insects, mostly per insect order, using ultra-
conserved elements (UCE), see references in*? and more recent for Psocodea?d,

154 and Coleoptera’®. These markers have the advantage of being conserved

Hemiptera
across distant taxa, thus increasing the capture success, however, offering limited taxonomic
resolution when applied simultaneously to closely related taxa. Here the focus is not the

phylogeny or phylogeography of restrained taxonomic groups but DNA mixes with the prior

aim of universal detection i.e. identification of insects, therefore restricting the genetic target
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regions to standard markers traditionally used for species identification and thus present in
public sequence databases. The Folmer region is a fragment of COI that has been used widely
in animal DNA barcoding?>®'>, This fragment combines the advantages of conserved priming
sites and highly variable regions, as it is protein-coding, and allows hence for species-level
identifications in many cases. We describe here the design strategy for a set of baits targeting
the Folmer region across the taxonomic group of Insecta and outline an experimental design

to assess its specificity, sensitivity and quantification potential.

Bait Design

The capture with baits of TCS protocols can be done array-based or in-solution. However, in-
solution sequence capture has become predominant®®1°8, There is a multitude of convictions
concerning the choice of target loci. It goes from genomic, e.g. single nucleotide
polymorphisms (SNPs) or UCEs, to genetic approaches targeting few genetic regions; there is
no consensus over coding vs. non-coding regions either, and it depends on for example the
research question and sample numbers. For further discussion about marker types and their
usefulness in phylogenetic studies, as well as an interesting concept of a composable bait set,
for frogs in this case, see'®. As for loci, there are many different approaches for bait design,
the choice depends ultimately on each project (research question, budget, available genomic
resources, etc.). For example, if reference genomes are available, these can be used for the
design of baits for the same species or closely related species!3”138148 That also allows for
the development of TSC assays for ancient DNA>14l |f such genomic resources are
unavailable, the first step of a design can be RADseq to obtain sequences as preprint for RNA

baits (RADcap?®®) or that are directly transformed to biotinylated RNA-baits (HyRAD42:161,162)
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In a similar logic, other studies have used PCR products as probes instead of RADseq
output!?41% an approach also suited for non-model species'®3. The mentioned designs are
suited for single species or a group of closely related species. Attempts to design baits for
broader taxonomic groups can either combine different sets of baits designed per taxonomic
unit!*® or often draw on multisequence alignments, for a comprehensive review of bait design
strategies and all other study steps, see!*®. The “wide” approach of Giebner et al. (2020) is
tempting: to target two genes for a broad range of phyla in one bait set with a design based
on a limited number of publicly available sequences. They use 4,970 sequences of 10 phyla
for mitochondrial COl and 300 sequences of 20 phyla for nuclear 18S, which are clustered and
then aligned to serve as input for BaitFisher'®*. However, the results point out that the
capture success in terms of coverage is limited indicating that a too wide design of baits fails
to capture all present organisms. And yet, the experimental design of the study has a flaw
which impedes assessing the full potential of the baits, i.e. while the baits are designed for a

range of phyla, the positive control includes only arthropod species#°.

The aim of the present study is to design a set of baits that, preferentially unbiased and
completely, captures mitochondrial COlI DNA of the whole taxonomic group of Insecta. We
dismissed the approach to design baits or cluster per taxonomic subgroup, for example per
insect order, since we wanted to rely on sequence diversity for the targeted genes and not on
the taxonomic system. We downloaded all available insect sequences for the target gene in
GenBank (~2.4M for COIl). We annotated these sequences to keep only Folmer fragments of
~650 bp, resulting in 1,258,592 dereplicated sequences. There are a number of softwares that
can help for the design, e.g. BaitFisher!®*, that uses multisequence alighments as input to

create bait sets depending on user-defined parameters, or R packages as SupeRbaits®.
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Although the latter seems a promising tool in principle, it is not practical for our purpose
because it considers every input sequence independently and would thus design redundant
baits. In addition, these tools were not useful for our data since they rely on multisequence
alignments and we had too many sequences for alignment. Instead the bait design was done
following the methodology of Beaudry et al. (2021). For this final design, input sequences are
clustered with USEARCH!®® and one centroidal sequence per cluster retained. For the
centroidal sequences, baits are designed, which are then once more clustered with USEARCH,
again retaining one representative bait sequence per cluster’®, The main parameters to
choose for the design concerned bait length, tiling and clustering threshold. While the
standard recommendation for bait sets by a company such as Daicel Arbor Biosciences (Ann
Arbor, MI) is 80 bp baits, 2x tiling and 95 % clustering, we had to find the best compromise
between number of baits and efficiency of the bait set. The tiling density indicates how much
the baits overlap. The higher the tiling, the higher the coverage of targeted regions. That
means higher tiling density is better for degraded DNA. The clustering threshold describes the
sequence identity cut-off used for a group of related sequences for which to keep one
representative sequence. The challenge is to ensure, on the one hand, that all genetic
divergence is covered equally by baits to avoid capture biases or non-capture. No sequence
should be more divergent than the chosen threshold. And on the other hand, to prevent the
capturing of off-target DNA if the chosen threshold is too low. After assessment of diversity
scores and sequence similarities in the compiled sequence data, chosen parameters were 80
bp baits with 90 % overlap and 80 % sequence identity. The application of these parameters
resulted in a bait set of ~56,626 baits, which is ~92 baits per target nucleotide (pers.
communication Brian Brunelle). To limit non-target capture of organisms likely present in our

samples, the baits were checked against the RefSeq bacterial database as well as primate and
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bat genomes. The filtered sequences were then send to BioCat GmbH (Heidelberg, Germany)

for final design and synthesis of a myBaits Hybridization Capture Kit (40-60K).

Experimental design

Mock community preparation

For Phase | of the experiment (see Table 1), we will analyse artificial mock communities of
tissue-derived insect DNA. Insect specimens were identified morphologically and total
genomic DNA was extracted using the Qiagen DNeasy Blood and Tissue DNA Purification Kit
(Qiagen, Hilden, Germany) following the manufacturer’s protocol. To confirm morphological
identification, all DNA extracts were sequenced on both strands using standard Sanger
sequencing technology at Microsynth AG (Balgach, Switzerland) and checked manually for
errors using MEGA version 10.1.0'%7. PCR reactions were done with primers
LCO1490/HC02198%7 following the conditions of>3. Amplification success and fragment size
was verified on a 1.5 % agarose gel stained with ethidium bromide before purification of the
PCR products using the QlIAquick PCR Purification Kit (Qiagen, Hilden, Germany). In addition,
the extractions were quantified using real-time gPCR targeting mitochondrial DNA (ARTHO02
primers?, conditions as for DNA metabarcoding, but for 45 cycles plus 10,000 fold diluted
SybrGreen, Thermo Fischer Scientific, USA). Four different tissue-derived insect mock
communities of known mitochondrial DNA concentrations will be prepared: 10 species
equimolar, 10 species variable concentration, 40 species equimolar, 40 species variable
concentration. In addition, non-insect taxa will be added to MCs to test for the

amplification/capture of off-target DNA (e.g. gastropods, annelids and frogs).
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eDNA samples

For Phase Il of the experiment (see Table 1), eDNA samples will be included. eDNA extracts of
scat samples from different organisms are available, disposing different dietary

characteristics:

Vervet monkeys (Chlorocebus pygerythrus), an omnivorous species but mostly feeding on
plants and occasionally on arthropods'®®. Samples were collected in at the iNkawu Vervet
Project (IVP), Mawana game reserve, South Africa. Based on the results of Brun et al. (2022,
i.e. Chapter 1 of the present manuscript), samples could be chosen showing high diversity of

arthropod species with DNA metabarcoding.

Various bat species (see Table S1), presumed insectivorous and thus limiting off-target
capture and likely representing the most diverse insect detection. Samples have been

collected in the region of Grenoble, France, from August to September 2018.

A single macaque (Macaca fascicularis) living in a separate enclosure at the Bioparc Genéve,
Switzerland. In a controlled feeding trial, the macaque was given desert locusts (Schistocerca
gregaria) and mealworm beetle larvae (Tenebrio molitor) in different weighted proportions
(Table S2) for ten successive afternoons, respectively, with two-days-breaks in-between
conditions. The insects were given in addition to the usual diet including various items as
fruits, vegetables, meat and eggs. However, the enclosure comprises an outdoor area, feeding
on other insects can hence not be excluded. The experiment was performed from June to

August 2021. For these samples the proportions of original biomass are known.

From faecal samples of vervets and the macaque, 0.5 cm3 of scat were collected with gloves
and a plastic spoon from inside the scat into 20 mL HDPE scintillation vials (Carl Roth GmbH,
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Karlsruhe, Germany), and whole bat samples were collected into 2 mL Eppendorf tubes, then
covered with silica gel beads and stored at ambient temperature until DNA extraction. DNA

extractions were performed as in Brun et al. (2022; i.e. Chapter 1 of the present manuscript).

DNA enrichment

For the DNA metabarcoding assay samples will be amplified with a primer pair targeting
mitochondrial COIl insect DNA (ZBJ-ArtF1c/ZBJ-ArtR2c®%, hereafter ZBJ), according to the
recommended thermal profile. The PCR reactions will be performed in triplicates in a final
volume of 20 pL. The mixture contains 1 U AmpliTaq Gold 360 mix (Thermo Fischer Scientific,
USA), 0.04 pg of bovine serum albumin (Roche Diagnostics, Basel, Switzerland), 2 uM of
human-blocking primer (i.e. 5’-AGGGATAACAGCGCAAYTCTATTCTAGAGTC-C3-3’7%) and 0.2
UM of tagged forward and reverse primers and 2 plL of template DNA. For ZBJ the PCR consists
of a two-cycle step-down PCR: 3 mins at 94 °C, 16 cycles of 30 s at 94 °C, 30 s at 61 °C
(decreasing 0.5 °C/cycle) and 30 s at 72 °C, followed by 24 cycles of 30 s at 94 °C, 30 s at 53 °C
and 30 s at 72 °C with a final elongation of 10 mins at 72 °C. Extraction, non-template and
positive controls as well as blanks will be included. Amplicon pools will be purified using the
MinElute PCR Purification Kit (Qiagen, Hilden, Germany) and quantified using a Qubit 2.0
Fluorometer (Life Technology Corporation, USA). Library preparation will be performed using
e.g. a TruSeq DNA Library Prep Kit (lllumina, San Diego, CA, USA). Final libraries will be
guantified by gPCR, normalized and pooled before 150 paired-end sequencing on the lllumina

Miniseq Sequencing System (Illumina, San Diego, CA, USA).
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The TSC will be performed with the manufacturer’s protocol, myBaits Standard or myBaits
High Sensitivity for Hybridization Capture for Targeted NGS version 5.01 (Daicel Arbor
Biosciences, USA) after library preparation with an Illumina protocol using dual indexing (e.g.
TruSeq Library Prep Kit; lllumina). While for the mock communities the Standard protocol can
be used (if at least 100 ng/library), the High Sensitivity protocol with two capture rounds is
recommended for eDNA samples. Each capture reaction can be done with a maximum of 7
uL library volume, which should be suspended in either nuclease-free buffer or water and
concentrated if needed. In a first step, libraries are mixed with various components (adapter
blockers, etc.) and then denatured. After denaturation libraries are combined with other
hybridisation reagents, among which the biotinylated baits. Hybridisation temperature
depends on presumed target divergence to baits (60/62/65°C or 55/61/63°C for Standard or
High Sensitivity; the higher the temperature, the less flexible the assay). The baits hybridise
16h-24h to complementary sequences and are then bound to streptavidin-coated beads
during a warm wash, i.e. at the same temperature as the hybridisation step. For the Standard
protocol, libraries are then ready for amplification, quantification and sequence preparation.
For the High Sensitivity protocol, libraries are amplified before a second round of
hybridisation capture, wash and amplification and only then double-captured libraries are
quantified and prepared for sequencing as usual. Enriched libraries will be sequenced on an
[llumina Miniseq platform (2x 150 bp paired-ends). One of each MCs will be prepared for
shotgun sequencing (non-enriched libraries). For an outline of the experimental phases, see

Table 1.
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Table 1: Overview over the experimental design.

PHASE I: 8 reactions

Mock communities (MCs)

PHASE II: 8 reactions

eDNA samples

1 MC equimolar (10 species)

1 MC equimolar (40 species)

Available to include:

N vervet scats

(%]
Ll
-
% 1 MC variable concentrations (10 | N bat scats
g species)
N macaque scats

1 MC variable concentrations (40

species)
% DNeasy Blood and Tissue extractions of | NucleoSpin Soil Kit DNA extraction
E insect tissue
o
<
& Sanger COI
oc
a.
E Quantification of mtDNA by gPCR
S
= Preparation of various MCs

TSC Standard with COI baits TSC High Sensitivity with COI baits

e 4 MCs in duplicates (N=8) e 4 samplesin duplicates (N=8)

-
2
w
E DNA metabarcoding with COlI DNA, ZBJ | DNA metabarcoding with COl DNA,
;—‘:‘ primers ZBJ primers
2
[¥1]
‘z‘ e 4 MCs in triplicates (N=24) e 4 samples in triplicates
a (N=24)

Shotgun sequencing of non-enriched | Shotgun sequencing of non-enriched

libraries, one of each MCs (N=4). libraries (N=4).
[0}
2
(9]
2
L
8 Illumina MiniSeq 2x 150 bp Illumina MiniSeq 2x 150 bp
Ll
wv
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Perspective data analyses

The presented experimental design allows to assess and compare the assays’ results in terms

of specificity, sensitivity, quantification and consider effects of MC composition.

SPECIFICITY: Assay specificity can be assessed in terms of detection probabilities of the target
taxa for Phase |, since the composition is known. We expect TSC to be more flexible and less
specific, i.e. the detection of all taxa is expected but also more non-target DNA capture. The
DNA metabarcoding assay risks not to detect all taxa due to amplification biases but should
not amplify non-target taxa. Therefore DNA metabarcoding may outcompete TSC in terms of

specificity.

SENSITIVITY: In particular relevant to assess the sensitivity are MCs with variable
concentrations in Phase I. For TSC there is a trade-off between sensitivity vs specificity*’. We
expect it to be more sensitive but less specific than the DNA metabarcoding assay. Taxa
present in low concentrations should be detected with TSC while target competition risks to

limit amplifications in PCR.

QUANTIFICATION: The quantification potential of DNA metabarcoding and TSC can be
compared, i.e. if linear corelations of relative DNA concentration can be established between
the sample and sequence results®®. PCR-induced and TSC-induced biases can be compared.
Here, the baseline of the shotgun sequencing for eDNA samples and known concentrations
of MCs can serve as reference. We hypothesise that TSC will show higher fidelity to the true
relative abundance of each sequence in the MCs and higher magnitudes compared to the
DNA metabarcoding approach. As primers do not equally align to different sequences, we

anticipate a bias of over-representation towards taxa whose sequences are more similar to
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the primer sequence and analogously an under-representation with increasing number of
mismatches. As for direct shotgun sequencing we expect an unbiased representation of
sequences but, depending on the sequencing depths, rare sequences may not be

represented.

COMPOSITION: In addition, the effect of different species assemblies of MCs in terms of
numbers and concentrations will be assessed. As argued by Pifiol et al. (2019), the
composition of a mixture presumably influences the quantification potential in DNA
metabarcoding; i.e. mixtures with i) more species and ii) variable concentrations perform
better®®. Our design permits to test for both hypotheses. For TSC we expect no difference in

terms of detection.

Conclusion

The mitochondrial gene region COIl has been established as the standard marker for animal
barcoding due to its high interspecific taxonomic resolution?®. Although its length (658 bp)
makes it less suitable for DNA metabarcoding studies where DNA is mostly degraded and
hence fragmented?, this can be overcome by using COlI mini barcodes!’%'’!, Despite the
popularity of COl markers for eDNA studies, it is nonetheless difficult to design truly universal
PCR primers for the highly variable protein coding gene COI. Divergence in priming sites may
imply mismatches between primers and targets and hence PCR-induced biases, resulting in
non-amplification of degraded or too divergent DNA and thus skewed taxa
representation'’?>173, Furthermore, COIl is not as specific for short barcodes as for the

complete Folmer region. Therefore including a second gene region, more specific for shorter
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barcodes, in the experimental set up could be desirable. Additionally, with the gradual
development from morphological identifications of specimen over DNA barcoding of isolated
specimen to DNA metabarcoding of complex DNA mixtures, the importance of reference
databases steadily increased. Without any verification by morphological assessment, the
correct assignment of sequences becomes a crucial step for reliable results. While public
sequence databases (namely GenBank and BOLD) are most comprehensive for the Folmer
region for animals, a multi-locus approach is nonetheless recommended to increase
taxonomic coverage and avoid ambiguous assignments®*174. 16S mitochondrial rDNA (16S)
has been proposed as powerful alternative to COI for insect detection!’®. Comparisons
between COIl and 16S primers resulted in less biased detection scores for aquatic insects using
16S, which translates into more realistic biomass representations’>. The disadvantage of this
marker, however, is that reference databases are not as representative as for COl. The risk of
incorrect assignment of sequences is higher the shorter the barcode if reference databases
are incompletel’®. Therefore, a combination of COl and 16S genes has been recommended

for DNA metabarcoding studies, e.g.2317’,

We attempted to include baits targeting 16S in our design, however, abandoned this idea for
the moment due to a lack of genetic reference material. There were ~51K sequences available
for 16S in Genbank. We reduced these to 29,176 sequences, all of them ~650 bp long, based
on targeted fragment and length. There were clear biases in abundances of sequences
between taxonomic families, depending on the marker (e.g. more than 10,000 COI sequences
for the Psychodidae family and not one corresponding sequence for 16S). In order not to bias
our TSC assay due to database issues, we therefore abandoned the idea of a combined bait

set for both genes. However, a subsequent design of 16S baits could serve to expand the
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experiment and to test for the effects of targeted genetic region and databases. For this, the
DNA metabarcoding assay could be complemented by using a primer targeting 16S, e.g.

INSEO1! and conduct complementary data analyses as described below.

METABARCODES AND GENETIC REGIONS: The performance of the different primers and probes for
COI and 16S could be assessed in terms of specificity and taxonomic resolution. The ZBJ
primers have originally been designed for the analysis of bat guano and extensively used for
bat diet studies (e.g.2>178183), The diet of many bat species is dominated by Lepidopteran and
Dipteran species, both orders amplify well with this primer set. There has been critics

presuming the bias of these primers towards these orders'’?

and effectively not all orders
seem to amplify equally!’®1”’. The eDNA samples allow for comprehensive methodological
tests since included bat species are strictly insectivorous whereas vervet monkeys mostly feed
on plants and occasionally on arthropods!®®. Therefore, the latter samples are supposed to
contain lower concentrated target insect DNA and more diverse components. The
comparison between sample types for this primer as well as of different markers for the same
sample type may yield interesting results, i.e. comparing COl and 16S for insects in bat guano

(for a previous comparison showing complementarity, see!’’). We expect more reliable

biomass estimation with Inse01! than ZBJ, whereas the taxonomic resolution remains unclear.

DATABASES: The influence of reference databases can be evaluated for the MCs by using local
reference databases containing all sequences vs public databases. We postulate the
taxonomical assignment to be better for COI than for 16S when relying on public reference
databases only'’, In a recent study, Tournayre et al. (2020) compared the performance of 12
DNA metabarcodes, whereof ten COl and two 16S, on arthropod mock communities and bat

guano samples. While COI outperformed 16S for bat guano, the authors related this to less
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complete public databases, in silico analyses showing a good performance for 16576, It would
be interesting to see if this effect remained the same when using complete local databases.
However, we assume that taxonomic resolution is higher for COI given its interspecific

variability.

The main challenge for the design of bait sets targeting broader taxonomic groups is, in
general, to find the best compromise between specificity and flexibility. If target DNA is
divergent from available baits, i.e. if the clustering threshold is too high, there is a risk not to
capture target species equally well resulting in biases or false-negative detections. And if the
threshold is too low, i.e. the assay is too flexible, there is a risk to capture non-target DNA.
The presented bait set was designed to detect — ideally unbiased — all insect species with
correct biomass correlations. The experimental design was conceived to evaluate it the best
possible. Overall, TSC assays present the potential to overcome some biases typical to DNA
metabarcoding, that is mainly PCR-induced biases, and hence provide the opportunity to
result in reliable biomass representations. When eDNA samples analysed by TSC provide such
biomass information, eDNA can reveal even more insights into ecosystems. Our specific bait
set could advise on conservation efforts for a taxonomic group of high conservation concern

playing a key role for many organisms and ecosystems.
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Table S1: Available bat scats of various or unknown bat species, sampled in France.

ID Commune Lieu Date Species Method
1 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
Rhinolophus
2 Polignac, FR Grotte de la Denise 25.08.18 ferrumequnum capture
3 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
4 Polignac, FR Grotte de la Denise 25.08.18 Plecotus auritus capture
5 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
6 Polignac, FR Grotte de la Denise 25.08.18 Myotis myotis capture
7 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
8 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
9 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
10 Polignac, FR Grotte de la Denise 25.08.18 Myotis daubentonii capture
11 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
12 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
13 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
14 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
15 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
16 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
17 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
18 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
19 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
20 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
21 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
22 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
23 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
24 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
25 Choranche, FR Grotte de Gournier 16.09.18 Pipistrellus pipistrellus capture
26 Choranche, FR Grotte de Gournier 16.09.18 Nyctalus noctula capture
27 Choranche, FR Grotte de Gournier 16.09.18 Myotis myotis capture
28 Choranche, FR Grotte de Gournier 16.09.18 Plecotus austriacus capture
29 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
30 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
31 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
32 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
33 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
34 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
35 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
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36 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
37 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
38 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
39 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
40 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
41 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
42 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
43 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
44 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
45 Chatelus, FR Grotte de Bournillon 17.09.18 NA capture
46 Chatelus, FR Grotte de Bournillon | 17.09.18 NA capture
52 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection
53 Chatelus, FR Grotte de Bournillon 17.09.18 NA collection

Table S2: Macaque (Macaca fascicularis) faecal samples collected during a controlled feeding trial conducted in the Bioparec,
Geneva, Switzerland. The macaque was given desert locusts (Schistocerca gregaria) and mealworm beetle larvae (Tenebrio
molitor) in different weighted proportions for ten successive afternoons, respectively, with two-days-breaks in-between

conditions.
ID Date Desert locusts [%] Mealworm beetle larvae

[%]
MACO01 29.06.21 50 50
MACO02 30.06.21 50 50
MACO03 01.07.21 50 50
MACO04 02.07.21 50 50
MACO05 03.07.21 50 50
MACO06 04.07.21 50 50
MACO7 05.07.21 50 50
MACO08 06.07.21 50 50
MACO09 07.07.21 50 50
MAC10 08.07.21 50 50
MAC11 11.07.21 20 80
MAC12 12.07.21 20 80
MAC13 13.07.21 20 80
MAC14 14.07.21 20 80
MAC15 15.07.21 20 80
MAC16 16.07.21 20 80
MAC17 17.07.21 20 80
MAC18 18.07.21 20 80
MAC19 20.07.21 20 80
MAC21 23.07.21 90 10
MAC22 24.07.21 90 10
MAC23 25.07.21 90 10
MAC24 26.07.21 90 10
MAC25 27.07.21 90 10
MAC26 28.07.21 90 10
MAC27 29.07.21 90 10
MAC28 30.07.21 90 10
MAC29 31.07.21 90 10
MAC30 01.08.21 90 10
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Additional article 1: Comprehensive coverage of human last meal components revealed

by a forensic DNA metabarcoding approach
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Comprehensive coverage of human
last meal components revealed

by a forensic DNA metabarcoding
approach

Judith Schneider'*, Eduard Mas-Carrié'*, Catherine Jan?, Christian Miquel?,
Pierre Taberlet®*, Katarzyna Michaud? & Luca Fumagalli?**

Stomach content analyses are a valuable tool in human forensic science to interpret perimortem
events. While the identification of food components of plant and animal origin has traditionally
been conducted by macro- and microscopical approaches in case of incomplete digestion, molecular
methods provide the potential to increase sensitivity and taxonomic resolution. In particular, DNA
metabarcoding (PCR-amplification and next generation sequencing of complex DNA mixtures) has
seen a rapid growth in the field of wildlife ecology to assess species’ diets from faecal and gastric
samples. Despite clear advantages, molecular approaches have not yet been established in routine
human forensics to investigate the last meal components of deceased persons. In this pilot study

we applied for the first time a DNA metabarcoding approach to assess both plant and vertebrate
components of 48 human stomach content samples taken during medicolegal autopsies. We obtained
a final dataset with 34 vertebrate and 124 vegetal unique sequences, that were clustered to 9 and 33
operational taxonomic units (OTUs), respectively. Our results suggest that this approach can provide
crucial information about circumstances preceding death, and open promising perspectives for
biomedical dietary surveys based on digested food items found in the gastrointestinal tract.

Postmortem stomach content analyses are an essential tool in forensic science. In addition to e.g. pathologi-
cal or toxicological investigations, the identification of organic material of plant and animal origin may give
valuable information not only about the last meal components but also the last hours surrounding death and
its time-frame, as well as establishing a link between a victim and a suspect or a location'~*. Macroscopic and
microscopic inspection is the standard method to morphologically identify food items found in the stomach of
deceased persons when autopsies are performed. However, this approach is of limited efficiency especially if food
components have been rendered non-identifiable due to chewing and the digestive processes occurring in the
highly acidic environment of the stomach. In addition, the structure of food items can be too similar between
different taxa to allow unambiguous taxonomic identification.

Over the last decade, molecular methods have increasingly been employed to study the diet components
of several non-human organisms, due to the advances in DNA amplification and sequencing technologies. In
particular, DNA metabarcoding (i.e. the simultaneous PCR-amplification with universal primers and next gen-
eration sequencing (NGS) of complex DNA mixtures*) has been used in the field of wildlife ecology to assess a
species diet and to infer prey-predator relationships or ecological networks based on faecal samples (e.g.>"'?).
Short DNA metabarcodes, usually less than 150 base pairs (bp)'’, ideally combine high taxonomic coverage and
resolution, and have the great advantage to be applicable to degraded DNA, which is the very characteristic of
digested food samples. So far, the only study available on humans tested in a clinical context the methodologi-
cal feasibility of using DNA metabarcoding of faecal samples to compare the inferred plant components with
self-reported lists of eaten items, highlighting the potential of this approach!?. Alternatively, the analysis of
stomach content samples, although invasive, provides the advantage that aliments (and consequently DNA) are
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Figure 1. Barplot representing the sum of relative read abundances (RRA) for vertebrate (left panel) and plant
(right panel) items across all samples at family level. Human reads were removed before calculating RRA scores.

less digested and degraded than after their passage through the intestinal tract'’. DNA metabarcoding studies
of stomach content samples have already been done to assess the diet of wildlife taxa such diverse as e.g. krill'%,
Norwegian lemmings'®, Antarctic toothfish'’, spiders'’, Pygmy devil rays'® and bugs'.

Despite their clear advantages, molecular approaches have surprisingly not yet been established in routine
human forensics to comprehensively investigate the last meal components of deceased persons (but see?” in a
very different context). The few studies published to date focused on the identification of a single taxon or food
items (i.e. tomato and pepper seeds in faeces, mushrooms in clinical forensic samples, dandelion juice in the
stomach of a presumed murder victim) using amplified fragment length polymorphism (AFLP) analysis®"** or
PCR followed by Sanger sequencing®?*. While these studies demonstrate the interest to genetically identify
digested food for forensic purposes, the scope of species-specific assays remains limited and their respective
development time-consuming. In addition, the use of solid or structural intact particles as a source of DNA is
not always possible when dealing with (partially) digested stomach contents.

To overcome these limitations, in this study we applied for the first time a DNA metabarcoding approach to
test its potential to assess both plant and vertebrate components of human stomach content samples, taken during
medicolegal autopsies. We identified several plant and animal taxa, consistent with previous food consumption
descriptions in the studied region. Our results suggest that this method could reveal crucial information in
providing corroborative evidence about the last hours preceding death. Besides being useful for purely forensic
objectives, our study opens promising perspectives in the wider context of human dietary surveys based on
digested food items found in the gastrointestinal tract or in faecal samples.

Results

After all quality filtering steps and merging of the data of all 48 samples, the final dataset for the Vert01 assay
contained 34 different vertebrate sequences, clustered into 9 operational taxonomic units (OTUs), excluding
human DNA. The Sper01 assay contained 124 different plant sequences, clustered into 33 OTUs. The relative
read abundance (RRA) of animal and plant items is summarised per assay for all samples combined (Fig. 1). The
heatmap shows RRA of all OTUs found per individual sample (Fig. 2). Total RRA of all OTUs per sample and
replicate can be found in Supplementary Table S2.

We obtained plant sequences for all samples but one (CG16) that did not retain any OTUs after all filtering
steps. We successfully amplified non-human vertebrate DNA in 34 samples, the remaining 14 resulted only in
human DNA sequences.

We statistically tested for an effect of the digestion degree on the amount of different sequences retained
per sample (both plants and animals) using a Pearson correlation test, but found no significant correlation
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Figure 2. Heatmap representing relative read abundances (RRA) of detected items per sample. Values inside
each box show the standard deviation of the mean between replicates. RRA scores have been calculated
separately for vertebrates and plants. Within each sample, Sper01 OTUs not constituting at least 10% of RRA
and Vert01 OTUs below 5% are not shown in the heatmap. We indicate Family.Genus.species assignments
according to the ecotag command, along with the common name of all edible species or group of species
(written in bold in brackets) which resulted in a 100% match with the NCBI database after manually blasting
every sequence. NAs are shown in order to better visualise taxonomic resolution of the ecotag assignments.

(r(42) =0.20, p=0.18). We also tested for the effect of days since death (time between death and autopsy), but
found no significant correlation (r(42) = 0.10, p = 0.49) neither for plants nor for animals.

Discussion

In this study we successfully applied a DNA metabarcoding approach to identify consumed food items of plant
and animal origin in human stomach content samples, even when digestion was advanced and macroscopic
inspection no longer possible. A wide panel of common and less common edible food items were found, includ-
ing meat, fish, legumes, cereals, nuts, fruits and spices. So far, gastric content analyses in a forensic context are
typically based on microscopic and macroscopic identification of food items (reviewed e.g. in'). However, this
approach is characterised by low taxonomic resolution, low sensitivity, and proves ineffective when meal leftovers
are rendered unidentifiable due to chewing and digestive processes. In the field of molecular ecology, studies
on animals have shown that morphological identification of prey items in the stomach underestimates prey
diversity, which is particularly true when digestion is advanced (e.g.**). The only study to date applying DNA
metabarcoding to infer human diet was based on faecal samples and did not assess any animal components of
diet, although including a controlled feeding trial of an animal-based diet'?. The comparison of the obtained
plant DNA sequences to self-reporting indicated that, while some items were not reported but detected by DNA
metabarcoding, all but one self-reported items were detected (the only exception being coffee), thus highlighting
the sensitivity of the method. The present study, based on a random sampling of 48 human stomach contents
collected during routine autopsies, includes a higher number of vegetal items and shows for the first time the
successful detection of dietary items of animal origin. We found no correlation between the diversity of species
detected and the time since death or digestion degree, which advocates for the utility of this methodology. The
Vert01 primer set, highly specific to vertebrates, enables to distinguish between commonly eaten animal taxa
and is clearly advantageous over morphological identification. In line with regional eating habits and previously
published diet surveys, we found within the 48 samples mainly pig, cattle/dairy and OTUs assigned to the
plant families Poaceae, Rosaceae and Asteraceae (likely cereals, fruits, lettuces; Fig. 1). We did not detect coffee
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(Coffea spp.) in any of the stomach content samples, in line with'?, which might be due to a degrading effect of
roasting procedures on DNA, the absence of this popular beverage in all of the stomach samples being unlikely.
Similarly, although common in Swiss eating habits, we also did not detect potato, which is usually eaten boiled
or baked. Note that additional edible plant species, not listed in Fig. 2 since not constituting at least 10% of RRA
but with 100% match with the database, were also detected (e.g. buckwheat, citrus fruits, flax, mangoes, sesame;
Supplementary Table S2). Because we could obviously not compare our results to self-reported diets, we applied
very stringent filtering parameters to avoid the occurrence of false positives (see Bioinformatic data treatment).
It is beyond the approach of this study to distinguish between the animal source and a final processed food
item (e.g. dairy or egg products) based on the obtained DNA sequences. However, this could be achieved by
complementing the primer set with a bacterial marker (to e.g. identify the presence of a particular cheese?’) or
using proteomics (see below).

Overall, the Vert01 metabarcode is able to discriminate well among commonly eaten genera. However, owing
to its limited taxonomic resolution (72.4% at the species level, based on in silico testing'"), species-level distinc-
tion is not always possible (e.g. between perch and pikeperch) or between potentially-eaten wild species and their
conspecific domestic counterparts (e.g. wild boar and pig). In Fig. 2, we present the taxonomical assignation
done using ObiTools together with a common name, selected after manually inspecting each sequence using
BLAST and only considering 100% matches with edible species. In some cases, the common name refers to a
group of species because the barcode was not specific enough to distinguish between genera or species. This is
more relevant concerning plants, as the Sper01 metabarcode length ranges from 10 to 220 bp, implying that some
items with shorter metabarcode and/or closely related phylogenetically could not be distinguished to genus or
species level due to limited resolutive power. This is related to the nature of this universal plant marker, which
has been designed to target a region of the trnL intron of chloroplast DNA which lacks taxonomic resolution
within several plant families (only 21.5% resolution at the species level®'!) but has wide taxonomic coverage.
This trade-off meant for our study that we could genetically not distinguish between some close species which
are clearly different morphologically (e.g. stone fruits, cucurbits). To overcome this issue and increase the taxo-
nomic resolution of the results, it is possible to envisage multiplexing within the same PCR of additional primers
specifically targeting groups of species that cannot be identified at the species level by the P6 loop of the trnL
intron. Such a strategy has already been implemented to distinguish between Carpinus betulus and Corylus avel-
lana in bison diet?®. Furthermore, it must be outlined that by using these primer sets only, diet assessment is not
comprehensive as it does not target all possibly present food products. Even so-called universal primers may
result in preferential amplification of some taxa over others and non-amplification of target taxa?**°. For this
pilot study, we chose to use two universal PCR primer pairs with wide taxonomic coverage but limited specific
resolution, in order to detect a broad range of items. To gain resolution for specific vertebrate or plant taxonomic
groups (e.g. fish, birds, cereals) or target taxa not covered by these primers and which could be of forensic inter-
est (e.g. marine crustaceans and molluscs, algae, fungi), it is possible to complement Vert01 and Sper01 with
additional, taxonomically-restricted PCR metabarcoding primers described in the literature (e.g.>'; examples
reviewed in'"). Taxonomic assignation of an unknown DNA sequence strongly depends on the exhaustiveness
and quality of a reference database, either public as e.g. GenBank or custom-made/local (reviewed in*). In case
of a priori knowledge of the overall consumed diet in samples, local databases may be restrained to the expected
DNA sequences, which subsequently improves taxonomic assignment. For this study we in silico compiled
databases containing all possible sequences amplified by our markers, but restricted these to vertebrates and
spermatophytes (i.e. seed plants), respectively.

The duration of stomach emptying has been estimated by the percentage of a meal present in a stomach?, but
this process is influenced by several variables including the type and volume of consumed food, lifestyle and
health, and can therefore last from few hours to days*. While one could argue that plant items usually remain
longer in the stomach, our findings do not allow to draw robust conclusions about correlations of certain food
items and digestion times. In order to establish hypotheses useful for time-frame estimations, additional experi-
ments are necessary. In a controversial case of death, MS-based proteomics provided additional information
through the analysis of food-derived proteins and peptides in the gastric content sampled at autopsy, indicating
a last breakfast of milk and bread. While this method is certainly promising, it might reveal difficult if digestion
is in an advanced stage, and has a less comprehensive scope than a DNA metabarcoding assay®’. Furthermore,
the effect of food processing techniques on DNA quality must be taken into account since cooking denatures
e.g. proteins which in turn renders DNA amplification preferential to immunological approaches’. Different
cooking treatments (variable duration of boiling, frying, baking) of tomato seeds showed that DNA extraction
yielded in good quality DNA only for fresh seeds®, while digestion did not destroy DNA?!. Hence, there might
be an implicit bias of DNA metabarcoding to preferentially detect non-processed food (i.e. raw versus cooked).
Another issue of environmental DNA-based methods is that it is not possible to distinguish between different
states of food products based on DNA sequences. As mentioned before, we could not discriminate between e.g.
grapes/wine, fruits/juices, beef meat/dairy products or chicken meat/eggs, since the DNA sequence of a derived
product is identical to the DNA sequence of its source. While it is less common to encounter such biases for
plants, mainly in cereal-derived products, it has to be taken into account when extrapolating diet patterns from
DNA metabarcoding results.

Stomach content sampling is invasive, but advantageous or even required with certain animal species and in
particular circumstances, including definitely the human forensic context. An advantage of stomach content over
faecal samples is that food is in an early stage of digestion before passing through the pyloric sphincter into the
intestines, thus the effects of inhibition by bacteria or enzymes and degradation of DNA are less significant''®,
While some food particles such as seeds sometimes remain identifiable, even morphologically, after passing
through the digestive system?!, others do not and the same applies to DNA which is degraded by the digestive
processes taking place in the intestinal tract. In a controlled feeding experiment on insects, the detectability of
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food DNA in different types of dietary samples showed that regurgitates and entire animals (including stomach
content) outperformed faeces regarding detectability of prey DNA'. While food journals in dietary surveys may
contain errors or deliberate omissions'?, they are a comprehensive and easily accessible method of human diet
assessment. However, in case of deceased persons that option is no longer available.

Stomach content analyses provided crucial information for criminal investigations about cases of sudden and
unexplained death on numerous occasions in recent years, enabling investigators to interpret perimortem events
in detail (case examples reviewed in?). The results of this pilot study show that human stomach content analyses
by DNA metabarcoding can be used as a complementary tool to traditional forensic macro- and microscopic
approaches, with clear advantages such as an almost unlimited flexibility in terms of nature and range of taxa
targeted, as well as high sensitivity and taxonomic resolution. Consequently, information that might otherwise
remain undetected can be revealed, highlighting timings and circumstances surrounding the last hours of a
person and his/her food intake. In a broader perspective, taking into account the potential improvements and
refinements described above, and the growing amount of research literature available for wildlife species (i.e.
environmental DNA-based studies), our results open up promising and novel prospects in the broader framework
of human biomedical investigations of dietary patterns, based on partially or fully digested food found in the
gastrointestinal tract or in faecal samples.

Methods

Sample collection. In this proof of concept study, we selected 48 anonymised frozen stomach content sam-
ples collected during medicolegal autopsies performed at the Lausanne University Center of Legal Medicine
(Switzerland) in 2015. The inferred time span between death and autopsy was noted. For each sample, a degree of
digestion as defined in*, ranging from 1 (no signs of digestion, mainly solid components) to 4 (complete diges-
tion, only liquid content), was given after macroscopic inspection (Supplementary Table S1). Following gentle
mixing to ensure representativity, subsamples of 45-50 mL were transferred to BMT-50-S tubes for grinding
with stainless steel beads (IKA, Staufen, Germany) and stored at -20 °C until DNA extraction.

DNA extraction. Two independent extractions per sample were performed using the DNeasy mericon Food
Kit (Qiagen, Hilden, Germany) recommended for this sample type®**°. A subset of the extractions was tested for
inhibitors with quantitative real-time PCR (qPCR) applying different dilutions in triplicates. qQPCR reagents and
conditions were the same as in DNA metabarcoding PCR reactions (see below), with the addition of 10,000 fold
diluted SybrGreen (Thermo Fisher Scientific, USA). Following these analyses, all samples were diluted fivefold
before PCR amplification. All extractions were performed in a laboratory restricted to forensic or low DNA-
content analyses.

DNA metabarcoding assay. In order to assess a broad range of potential food components in human
diet, samples were amplified using two different primer pairs, targeting taxa of both animal and vegetal origin.
The first primer pair targets a 56-132 bp gene fragment of the 12S mitochondrial DNA gene in vertebrates
(Vert01'%; corresponding to 12SV5F/R*), allowing the amplification of animal-derived components of human
diet. A human-blocking primer® that binds human DNA sequences to limit their amplification was added. As
shown in a previous study?®, the chosen concentration of the human-blocking primer (see below) corresponds to
the best compromise between the efficiency of the amplification of the vertebrate species and the blocking effect
over the unwanted target. The second primer pair amplifies the P6 loop of the trnL intron (UAA) of chloroplast
DNA (10-220 bp) and targets plant components of the diet (Sper01'’; corresponding to g/h**). To allow attribu-
tion of DNA sequences to samples, primers were tagged with eight variable nucleotides added to their 5'-end
with at least five differences between tags. The PCR reactions were performed in a final volume of 20 L, using
96-well plates. The mixture contained 1 U AmpliTaq Gold 360 mix (Thermo Fisher Scientific, USA), 0.04 ug
of bovine serum albumin (Roche Diagnostics, Basel, Switzerland), 2 uM of human-blocking primer (coupled
with Vert01 primers only), 0.2 uM of tagged forward and reverse primers and 2 pL of fivefold diluted template
DNA. PCR cycling conditions were denaturation for 10 min at 95 °C, followed by 40 cycles of 30 s at 95 °C, 30 s
at 49 °C (Vert01) or 52 °C (Sper01), and 1 min at 72 °C, with a final elongation step of 7 min at 72 °C. For each
assay, we included: (i) extraction negative controls; (ii) PCR negative and positive controls; (iii) blanks. Blanks
correspond to empty wells on the PCR plate (i.e. no primer, no template) enabling to estimate the percentage
of tag switches®. Both DNA extraction duplicates were amplified in triplicate (i.e. six PCR amplifications per
sample were performed in total). Amplification success and fragment sizes were confirmed on a 2% agarose gel.
Amplicons were pooled per plate, purified using a MinElute PCR Purification Kit (Qiagen, Hilden, Germany)
and quantified using a Qubit 2.0 Fluorometer (Life Technologies Corporation, USA).

Two sequencing runs were performed, the first one to test the method on 12 samples (CG01-CG04, CGO06-
CG12, CG14), the second run including the remaining 36 samples. For the first run, library preparation and
sequencing were performed at Fasteris facilities (Geneva, Switzerland). Libraries were prepared using the Meta-
fast protocol (https://www.fasteris.com). A paired-end sequencing was carried out in an Illumina HiSeq 2500
(2x125 bp; Illumina, San Diego, CA, USA) using the HiSeq SBS Kit v4 (Illumina, San Diego, CA, USA) follow-
ing the manufacturer’s instructions. For the second run, library preparation was performed using the TruSeq
DNA PCR-Free Library Prep Kit (Illumina, San Diego, CA, USA) with an adjusted beads ratio of 1.8 to remove
small fragments. After adapter ligation, libraries were validated on a fragment analyser (Advanced Analytical
Technologies, USA). Final libraries were quantified, normalised and pooled before 150 paired-end sequencing
on an Illumina MiniSeq sequencing system with a Mid Output Kit (Illumina, San Diego, CA, USA).
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Bioinformatic data treatment. The bioinformatic processing of the raw sequences output was performed
using the ObiTools package®. The following steps were done separately for each library (i.e. per PCR plate con-
taining each 12 samples and controls). Initially, forward and reverse reads were assembled with a minimum
quality score of 40. The joined sequences were assigned to samples based on unique tag and primer combina-
tions allowing two mismatches on primers and no mismatches on tags. Assigned sequences were then derepli-
cated, retaining only unique sequences. All sequences with less than 100 reads per library were discarded as well
as those not fitting the above stated metabarcode lengths. This was followed by two different clustering methods.
First, pairwise dissimilarities between reads were computed with the obiclean command and lesser abundant
sequences with single nucleotide dissimilarity were clustered into the most abundant ones'’. Second, we used
the sumaclust algorithm*' to further refine the resulting clusters based on a sequence similarity of 97%. Using
the program ecoPCR*? on the EMBL 2019 release, we built two databases by running in silico PCRs based on
primer sequences and expected metabarcode lengths for Vert01 (16,292 sequences, Supplementary Data S1) and
Sper01 (18,636 sequences, Supplementary Data S2). These databases were restricted to vertebrate and sperma-
tophyte taxa, respectively. Sequences were assigned to taxa present in the database using the ecotag command,
with a similarity threshold of 97%. Operational taxonomic units (OTUs) with similarity lower than 97% were
eliminated from the dataset.

Further data cleaning and filtering was done in R (version 3.6.2). Sequences that were more abundant in
extraction and PCR controls than in samples were considered as contamination and removed. To account for
tag switching, we considered the leaking of a sequence to be directly linked to its abundance. To test this, we
performed Wilcoxon signed-rank tests between samples and blanks and consequently removed from all samples
a given ratio of presumed tag-leaked sequences. Dysfunctional PCR replicates were also discarded, i.e. with too
small overall reads count based on library-dependant thresholds'’. Final count of reads was transformed to RRA
in order to have a normalised and comparable dataset between samples and sequencing runs. In the next step,
PCR replicates were merged by sequence and extraction. Sequences that were present in only one out of three
PCR replicates were removed, in line with*2. This approach allowed us to discard single OTUs instead of whole
PCR replicates. Finally, we combined the extraction duplicates of a sample, and calculated the mean count per
OTU for each sample as well as the standard deviation.

For this resulting dataset (124 plant and 34 animal sequences), we re-assessed the taxonomic assignment
done by ObiTools (ecotag) in order to assign a common name to each OTU, acknowledging in particular the
limitations of the Sper01 metabarcode for domesticated varieties that share identical sequences for the trnL-P6
locus. We blasted* each sequence (Sper01 and Vert01) on the NCBI database and compared the results with
the ecotag assignments.

Ethical statement. Study protocol was approved by the Cantonal Commission on Ethics in Human Research
(Lausanne, Switzerland). Since the analyses do not concern the human genome but only aim at amplifying and
analysing animal and plant DNA for research purposes, and since samples were completely anonymised, the
study protocol does not require informed consent.

Data availability
The datasets analysed during the current study are available from the corresponding author on reasonable request.
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and resolution, non-invasiveness and easiness of sampling, but remain challenging for
terrestrial fauna. However, in remote desert areas where scattered water bodies at-
tract terrestrial species, which release their DNA into the water, this method pre-

sents a unique opportunity for their detection. In order to identify the most efficient
method for a given study system, comparative studies are needed. Here, we compare
CT and DNA metabarcoding of water samples collected from two desert ecosystems,

the Trans-Altai Gobi in Mongolia and the Kalahari in Botswana. We recorded with
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CT the visiting patterns of wildlife and studied the correlation with the biodiversity

captured with the eDNA approach. The aim of the present study was threefold: (a) to
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1 | INTRODUCTION

Large-scale biodiversity loss has been documented in all types of
ecosystems around the globe due to anthropogenic and climate
change effects (Butchart et al., 2010; Diaz et al., 2019; Rosenzweig
etal., 2008; WWF, 2020). Reliable biodiversity surveys are therefore
needed to assess species conservation status over time and to plan
and monitor management measures (Pimm et al., 2014), including the
identification of biodiversity hotspots (Brooks et al., 2006; Myers
et al,, 2000). Desert ecosystems have been neglected in terms of
scientific and monitoring efforts, resulting in knowledge gaps par-
ticularly for remote areas with difficult access, although they harbor
diverse biological assemblages (Brito et al., 2014; Durant et al., 2012,
2014) and cover almost one fifth of the earth's land (Safriel et al.,
2005). As climate change may impact environmental conditions in
desert ecosystems disproportionately faster (Loarie et al., 2009),
these unique systems should be placed at the center of attention.
Biomonitoring aims to provide detailed data on species' dis-
tribution, abundance, and diversity. Conventional, observer-based
methods, such as visual censuses and systematic trapping, are
time- and labor-intensive and mostly focus on a limited number
of taxa (Thomsen & Willerslev, 2015). Technology-based methods
gain importance in conservation research (Stephenson, 2020),
whereof we compare two in this study. Non-invasive camera traps
(CT) with infrared sensors are widely employed for conservation
research and monitoring, in particular for larger terrestrial mam-
mals (Caravaggi et al., 2017; Salvatori et al., 2021). They are be-
coming less effort-intensive thanks to Al-based tools to sort CT
datasets. Nevertheless, there are also limiting factors for unbi-
ased detectability of species, such as movement range (Burton
et al., 2015; Caravaggi et al., 2020) or body mass. Small mammals
are usually underrepresented in CT because their size is insuf-
ficient to trigger the camera sensor (Leempoel et al., 2020; but
see Littlewood et al., 2021). They provide information on species'
abundances, density, and richness while allowing for multispe-
cies monitoring (Rovero & Zimmermann, 2016). Environmental
DNA (eDNA) approaches offer valuable biodiversity assessment

conservation strategies.
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investigate how well waterborne eDNA captures signals of terrestrial fauna in remote
desert environments, which have been so far neglected in terms of biomonitoring ef-
forts; (b) to compare two distinct approaches for biomonitoring in such environments;
and (c) to draw recommendations for future eDNA-based biomonitoring. We found
significant correlations between the two methodologies and describe a detectability
score based on variables extracted from CT data and the visiting patterns of wildlife.
This supports the use of eDNA-based biomonitoring in these ecosystems and encour-
ages further research to integrate the methodology in the planning and monitoring of

biomonitoring, camera traps, deserts, DNA metabarcoding, eDNA, water bodies

tools given the simultaneous analyses of complex DNA mixtures
that enable to detect species' presences, estimate diversities,
and relative abundances. Advances in DNA sequencing technol-
ogies facilitated an increase in eDNA studies over the last de-
cade (Bohmann et al., 2014; Ruppert et al., 2019; Taberlet et al.,
2018; Thomsen & Willerslev, 2015). In particular, DNA metabar-
coding (i.e., PCR amplification of short but informative barcodes
with universal primers and next-generation sequencing (NGS) of
DNA mixtures (Taberlet et al., 2012)) allows the simultaneous
assessment of whole communities. Most of these studies focus
on aquatic organisms from freshwater ecosystems (Belle et al.,
2019; Rees et al., 2014). Water samples are well suited to collect-
ing eDNA due to high distribution capabilities of eDNA in water
bodies (Rodgers & Mock, 2015; Valentini et al., 2016). Sampling
being standardizable and relatively fast, the method requires only
single visits to study sites (or repeated visits for temporal moni-
toring). Waterborne eDNA reflects temporally accurate biodiver-
sity information due to the limited persistence of free eDNA in
water for days or maximally weeks (Barnes & Turner, 2016). DNA
degradation is the main cause impeding detection by eDNA-based
techniques. Experimental studies have shown that the persistence
of free aqueous eDNA (not bound to particles, i.e., sedimentary
eDNA) depends on a number of factors, with, for example, higher
temperatures, more solar radiation, and neutral or acidic pH lead-
ing to shorter detection periods (Pilliod et al., 2014; Strickler et al.,
2015). However, its persistence depends on dynamic interactions
of various biotic (e.g., rate of DNA shedding, microbial activity) and
abiotic factors, hindering the drawing of general patterns. While
most studies have been carried out in temperate areas, but see
(Coutant et al., 2021; Ishige et al., 2017; Mena et al., 2021; Sales
etal., 2020; Seeber et al., 2019), sampling eDNA from remote des-
ert water bodies is particularly challenging because of DNA deg-
radation, which is expected to be accelerated by extreme seasonal
and daily temperature variations and high UV-B exposure found
in this type of environment, technical difficulties caused by the
filtration of typically turbid water samples (Egeter et al., 2018) and
restrained accessibility. There are few studies to date using water
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FIGURE 1 Sampling locations in (a) the Kalahari Desert and (b) the Trans-Altai Gobi Desert. Dark gray areas in each map indicate the
extension of the Kalahari Desert and the Trans-Altai Gobi Desert, respectively

samples to assess biodiversity in an arid or semi-arid environment,
but see (Egeter et al., 2018; Seeber et al., 2019). Despite these
challenges, eDNA methods may reveal valuable tools for general
biodiversity assessments and the monitoring of iconic and threat-
ened species in precious ecosystems with reduced accessibility.
Environmental DNA from terrestrial animals has been mostly
assessed by analyzing scats (De Barba et al., 2014; Kartzinel et al.,
2015; Swift et al., 2018), soil (Leempoel et al., 2020; Yoccoz et al.,
2012; Zinger et al., 2019), stomach content samples (Kennedy
et al., 2019; Masonick et al., 2019; Soininen et al., 2013), leeches
blood meals (Abrams et al., 2019; Nguyen et al., 2021; Tilker et al.,
2020; Weiskopf et al., 2018; Wilting et al., 2021), or carrion flies
(Calvignac-Spencer et al., 2013; Gogarten et al., 2020; Rodgers
et al., 2017; Schubert et al., 2015). Bulk tissue samples (mixtures
of, e.g., insects or other macroinvertebrate specimens) are also in-
creasingly used not only to assess invertebrate diversity but also
as an indirect way to sample vertebrate DNA (Lynggaard et al.,
2019). However, animals also leave DNA traces in water while
drinking or bathing, which means this water can be sampled and
analyzed to detect non-aquatic organisms. This has first been
proven using PCR and Sanger sequencing in an experimental set-
ting with coyote DNA (Rodgers & Mock, 2015). Further studies
successfully analyzed eDNA of terrestrial animals shed in water
bodies sampled across different natural environments, from salt-
licks in a Bornean tropical forest (Ishige et al., 2017), water bodies
(Seeber et al., 2019; Ushio et al., 2017, 2018) and ponds (Harper
et al., 2019), stagnant and running water combined (Mena et al.,
2021), to rivers and streams (Coutant et al., 2021; Sales et al,,
2020; Sales et al., 2020). This approach is particularly relevant for
desert ecosystems with extreme conditions, where waterholes
are small and scattered, leading to a spatial concentration of ter-
restrial animals that must gather and use the few available water
sources (Davis et al., 2017; Razgour et al., 2018; Vale et al., 2015).
Albeit the close association of water resources and desert species,
there are also numerous adaptations to reduce their dependence

and some species, such as gazelles, do not always comply with this
expectation, as documented in the Trans-Altai Gobi (Nasanbat
et al.,, 2021).

While CT and eDNA are two key tools available for species mon-
itoring, there is limited information available to help researchers
choose the most appropriate method for their needs, to compare
performance, and decide whether and when methods can be used
together (Stephenson, 2020). In order to enable inter-method com-
parability and their complementary use, comparative studies are
therefore needed. Here, we compare CT and eDNA, with a focus on
vertebrate terrestrial taxa in two desert ecosystems. While eDNA
approaches are still relatively recent, CT have been used far longer
but are undergoing increased attraction for conservation monitor-
ing (Rovero & Zimmermann, 2016). The complementary use of these
two methods can be appropriate for many situations and in particular
for environments that are not favorable for observer-based monitor-
ing. Analyzing images of CT allows us to quantify relative densities
of species per sampling site. Based on these data, we can identify
variables that best describe visiting patterns and assess whether
they are mirrored by eDNA sequence data. We expect, for example,
to find DNA of those taxa that visit regularly, in great numbers and
shortly before sampling. The aim of the present study was threefold:
(a) to investigate how well waterborne eDNA captures signals of ter-
restrial fauna in remote desert environments, (b) to compare two
approaches for biomonitoring in such environments, and (c) to draw
recommendations for future eDNA-based biomonitoring.

2 | MATERIALS AND METHODS
2.1 | Sampling sites
Camera traps and water sampling were conducted at 10 differ-

ent sites in the Gobi Desert in Mongolia and four different sites in
the Central Kalahari Game Reserve, within the Kalahari Desert in
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Botswana (Figure 1 and Table S1). The water bodies were natural in
Mongolia and artificial in Botswana.

The Great Gobi A Strictly Protected Area (SPA) in Trans-Altai
Gobi was created in 1975, covers 44,000 km? and hosts emblem-
atic species such as the snow leopard (Panthera uncia), the brown
bear (Ursus arctos), the Asian wild ass (Equus hemionus) and the
Bactrian camel (Camelus ferus). For a detailed description of the
environmental conditions of this ecosystem, see Nasanbat et al.
(2021).

The Central Kalahari Game Reserve was created in 1961 and
covers 52,800 km?, where ecotourism is a fundamental source of
income (Stone et al., 2017). It hosts a great diversity of emblematic
African large mammals including the African elephant (Loxodonta
Africana), the cheetah (Acinonyx jubatus), the lion (Panthera leo), the
brown hyena (Parahyaena brunnea) and the South African oryx (Oryx
gazella).

2.2 | Water sampling

At each sampling location (Figure 1), one water sample was taken
following the methodology of Pont et al. (2018), with modifica-
tions. The water was filtered through a VigiDNA 0.45 uM cross-
flow filtration capsule (SPYGEN), with disposable 200 ml sterile
syringes for each filtration capsule. For the Mongolian samples,
10 L of water was filtered at each location. For the Kalahari sam-
ples, filtered volumes varied from 1 to 10 L (average 6.3 L) de-
pending on water body size and water turbidity. To avoid eDNA
degradation, water in the capsule was replaced by 80 ml of CL1
conservation buffer (SPYGEN) and stored at room temperature.
Sampling in Mongolia took place in August 2018 and in Botswana
in May 2019 (for all details on sampling locations and samples see
Table S1).

2.3 | DNA extraction

Extractions were performed in a pre-PCR laboratory dedicated to
low DNA-content analyses, using a protocol modified from Pont et al.
(2018). The filtration capsules were shaken for one hour at 420 rpm
and agitated manually for 2 min to ensure a maximum DNA yield
from the filter. From each capsule, 45 ml was poured into three sepa-
rate 50 ml Falcon tubes (15 ml each) and 33 ml of 96% ethanol and
1.5 ml of 3 M sodium acetate (pH 5.2) were added before overnight
incubation at -20°C. After precipitation, tubes were centrifuged at
7000 g for 30 min at 6°C. Supernatants were discarded, and tubes
were incubated at 56°C for 10 min to evaporate residual ethanol.
720 pl of ATL buffer from the DNeasy Blood & Tissue Extraction Kit
(Qiagen) and 40 pl of proteinase K were added, and the mixture was
transferred to 2 ml Eppendorf tubes for at least 2 h of incubation at
56°C. The DNA extraction was pursued at step 6 of the NucleoSpin
Soil Kit protocol (Macherey-Nagel). The three sub-samples were

L wiLEy-®
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pooled in the extraction column. Elution was done with 2 x 100 ul of
SE buffer. Negative controls were included at all steps.

The extractions were tested for inhibitors with real-time quan-
titative PCR (qPCR) applying different dilutions in triplicates. gPCR
reagents and conditions were the same as in PCR amplification (see
below), with the addition of SybrGreen (Thermo Fisher Scientific).
Based on the results, all samples were subsequently diluted 10-fold
before PCR amplification.

2.4 | DNA metabarcoding

DNA extracts were amplified with two primer sets. The first primer
pair targets a fragment of the mitochondrial 12S rRNA gene in ver-
tebrates (VertO1 (Taberlet et al., 2018), corresponding to 12SV5F/R
in (Riaz et al., 2011)), the second targets a fragment of the mitochon-
drial 16S rRNA gene of mammals (MammO2 (Giguet-Covex et al.,
2014; Taberlet et al., 2018)). Human-blocking primers were added
to the PCR mixes to prevent amplification of human DNA contami-
nants (for details of all primers, see Table S2). The total PCR volume
was 20 pl, including 2 ul of template DNA and 1 U AmpliTaq Gold
360 mix (Thermo Fisher Scientific), 0.16 mg/ml of bovine serum al-
bumin (BSA, Roche Diagnostics), 2 uM of human-blocking primer,
and 0.5 uM of each tagged forward and reverse primer (i.e., prim-
ers with eight variable nucleotides added to their 5' end, allowing
further sample identification, see (Taberlet et al., 2018)). Each sam-
ple was amplified in 12 replicates per primer in three separate PCR
plates. Thermocycling conditions were as follows: denaturation at
95°C for 10 min, followed by 40 cycles of 30 s at 95°C, 30 s at 49°C
and 57°C for VertO1 and MammO2, respectively, 1 min at 72°C, with
a final elongation step of 7 min at 72°C. Each 96-well PCR plate con-
tained 12 blanks, eight negative extraction controls, eight negative
PCR controls, and eight positive controls (DNA assemblies of spe-
cies not present in the studied regions). Blanks correspond to empty
wells and allow to estimate the proportion of tag switches (i.e., false
combination of tags, generating chimeric sequences) occurring dur-
ing the sequencing process (Schnell et al., 2015). Successful amplifi-
cation was confirmed on a 1.5% agarose gel, and PCR products were
subsequently pooled per PCR plate. Pooled amplicons were purified
using a MinElute PCR Purification Kit (Qiagen). Purified PCR prod-
ucts were quantified using a Qubit 2.0 Fluorometer (Life Technology
Corporation).

Library preparation was performed using a TruSeq DNA PCR-
Free Library Prep Kit (lllumina) with an adjusted beads ratio of 1.8
to remove small fragments. After adapter ligation, libraries were val-
idated on a fragment analyzer (Advanced Analytical Technologies).
Since larger and smaller fragments besides the target size remained
after this step, additional post library bead purifications were per-
formed. To remove large and small fragments from MammO2 li-
braries, a ratio of 0.7 was used followed by a ratio of 1.1. For
Vert01 libraries, a ratio of 1 was used to remove small fragments.
Final libraries were quantified by gPCR, normalized to 1 nM and
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pooled before 150 paired-end sequencing on an Illumina Miniseq
Sequencing System with a Mid-Output Kit (Illumina).

2.5 | Bioinformatic data analyses

The bioinformatic processing of the raw sequence output was con-
ducted using the OBITools package (Boyer et al., 2016). The sub-
sequent steps were followed separately for each library. Forward
and reverse reads were assembled with a minimum quality score
of 40 and assigned to samples based on unique tag and primer
combinations, allowing two mismatches with primer, and identical
sequences were clustered. All sequences with less than five reads
per library were discarded as well as those not corresponding to
primer specific barcode lengths, that is, 56-132 bp for Vert01 and
53-84 bp for MammO02 (Taberlet et al., 2018). This was followed
by two different clustering methods. First, pairwise dissimilarities
between reads were computed and lesser abundant sequences
with single nucleotide dissimilarity were clustered into the most
abundant ones. Second, using the sumaclust algorithm, we re-
duced remaining clusters based on a sequence similarity of 97%
(Mercier et al., 2013). Sequences were then assigned to a taxon
using a reference database in two steps. First, in silico PCRs were
performed with the ecoPCR software (Ficetola et al., 2010) on the
whole EMBL repository to build reference databases for both me-
tabarcodes (4455 MammO02 sequences; 16,292 Vert01 sequences,
Appendix S1). Taxonomic assignments with these databases were
performed using a 95% sequence similarity threshold. Unassigned
sequences after this step were discarded from downstream analy-
ses. Second, each taxonomic assignment was manually inspected,
and each sequence queried using the BLAST algorithm of GenBank
to account for potential mis-assignation, because we used a rela-
tively low similarity threshold. This is more likely to occur for the
VertO1 metabarcode, because the amplicons can be very similar
between close species. For cases with multiple candidate species,
the geographic range was taken into account to select the correct
species.

Further data cleaning and statistical analyses were conducted
in R (version 4.0.2). Sequences that were more abundant in ex-
traction controls as well as in negative and positive PCR controls
than in samples were considered contaminants and removed as
well as known common contaminants that were not expected in
the study areas (Furlan et al., 2020). To account for tag switch-
ing, we considered the leaking of a sequence to be directly linked
to its abundance. We performed Wilcoxon signed-rank tests to
assess the relationship between samples and blanks. Removal
of tag-leaked sequences was done independently per library.
Dysfunctional PCR replicates with too small read counts were also
discarded. Absolute sequence read counts were transformed to
relative read abundance (RRA). Sequences not present in at least
two PCR replicates were discarded from downstream analyses.
Finally, RRA values were grouped across replicates to obtain a
mean value per sample (for a reference data cleaning workflow,

see Axtner et al. (2019)). Environmental DNA was considered both
as presence/absence and as RRA data for comparison with CT
data.

One location in Kalahari (Bots1) had to be excluded from the
analyses due to insufficient amplification, possibly due to a problem
during sampling, storage, and/or the DNA extraction step.

2.6 | Camera trapping and image coding

Camera traps were set up on sampling sites (Figure 1) between 40
and 70 days before water sampling, in such a way as to cover a max-
imum of the water bodies and shorelines. In the Trans-Altai Gobi
Desert, we used Reconyx HyperFire HC600 (Reconyx), with trigger
time of 0.2 s, recovery speed of 0.9 s, sensitivity set to “medium,”
and detection range/field of view of 30 m/42°. We also used Scout
guard 565F model camera, with a trigger time of 1.2 s, a recovery
speed of 1s, and a detection range/field of view of 10 m/52°. In the
Kalahari Desert, we used Reconyx Professional HP2X HyperFire 2,
with a trigger time of 0.2 s, a recovery speed of 1s, and a detection
range/field of view of 24 m/40°.

We retained images spanning up to 40 days before water sam-
pling to be able to compare between locations. Images were man-
ually examined and the number of individuals per taxon, the time
and date of visit recorded in hourly intervals (to minimize the risk of
counting several times the same individuals). We coded all individ-
uals in the pictures, regardless of their interaction with the water
body, assuming that their presence implied a need for water. Animals
were identified to the lowest possible taxonomic rank (species or
genus). For each taxon, we recorded body mass extracted from
PanTHERIA (Jones et al., 2009; Pigot et al., 2020), the total number
of visits, the number of days of last visit before sampling, and the mean
frequency of visits as potential explanatory variables.

Based on these variables, we built an equation to evaluate the
quantity of DNA of a given species in a given location, under the
assumption that taxa frequenting a water body more often would be
more likely to be detected and yield more reads. To this end, we used
the maximum number of individuals recorded in a single picture for
each taxon i at each station j, within each hour interval t (N,). First,
we calculated a CT based DNA detectability score with:

Dj=m; y — (1)

where m; is the body mass of species i and Ny is the maximum number
of individuals recorded in a single picture of species i at station jand at
time t [days] before water sampling.

This equation gives a value of the cumulative DNA detectability
(DU.) for each taxon in each location at a particular time, which we
then summed up over the 40 days before water sampling to obtain
a cumulative DNA detectability score through time. This approach
assumes that the eDNA added by a taxon in the water remains con-
stant until its next visit and reaches its maximum concentration at
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the end of the recording period. We assume that the quantity of re-
leased DNA is proportional to species body mass m;.

The second index (Drij) is based on Equation (1) but considers the
relative cumulative quantity of DNA in the water body at the end of

the recorded period.

Dry = H (2)
2D

The above-mentioned indexes do not account for the presence
and constant turnover of eDNA of other taxa over the days preced-
ing a visit, that is, the pool of eDNA in the water body. We recalcu-
lated the scores from Equation (2) to account only for the last 5 days
before sampling (DrSH.), to reduce the pooling effect. Our three de-
tectability formulas were tested using the MammO2 dataset only.
Overall, we excluded the VertO1 data because the amplification of
mammals and birds using this primer yields mainly mammal and only
a limited number of bird sequences (see Figure S2 for an overview

on bird detection).

2.7 | Statistical analyses
We investigated the individual effect of all CT-derived variables
(days of last visit before sampling, total number of visits separately,
body mass, and mean frequency of visit) on the eDNA data, both quali-
tatively (presence/absence) and quantitatively (logit RRA).

The relative read abundances (RRA) were transformed to avoid
zero values using Equation (3) with a sample size (S) of 12 samples
per site (Smithson & Verkuilen, 2006):

(RRA % (S—1) +1/2)

r
RRA" = 3

A logit transformation was subsequently used to achieve

normality:

logit (RRA') = oo @

The non-linear correlations between some of the CT-derived
variables suggested a more complex role of each variable to ex-
plain detectability (Figures S1 and S2). We aimed at disentangling
from our hypothesis which variables were best explaining the ob-
served eDNA detection. First, we used Kendall rank correlations to
test separately the effect of each variable. Second, we used gener-
alized linear mixed models (GLMM), with the Ime4 package (Bates
et al.,, 2015), to investigate to what extent the variables (scaled and
centered) influenced the likelihood of eDNA being detected. A lo-
gistic regression was performed on the presence/absence eDNA
data and a normal regression for the RRA data (logit RRA) on the
CT-derived variables. eDNA data (present/absent) were fitted to
the explanatory variables extracted from CT data with a binomial

w | s
v R T ILEY

TABLE 1 Results of the logistic regression for 0/1 eDNA data
(categorical approach) and linear regression for the RRA data
(quantitative approach)

Presence/absence Logit(RRA’)
Dy (Equation 1) p <0.001 p <0.001
AIC = 186.62 R?=0.136
Drii (Equation 2) p=0.372 p=0.879
AIC = 238.85 n.s.
Dr5; p=0.526 p=0.157
AIC = 60.79 n.s.
Days of last visit before p <0.001 p=0.065
sampling LG
Total number of visits p <0.001 p <0.001
R?=0.29
Mean frequency of visits p <0.001 p <0.001
R?=0.133
Body mass p<0.01 p <0.001
R?=0.12

Note: We used logit transformation on the RRA data and removed 0 and
1 values from the dataset to test for the linear regression, as shown in
Equations 3 and 4. Significant p-values are shown in bold, n. s., stands
for not significant. R? values show the Adjusted R?.

distribution (Model 1, Supporting Information). Third, we used lin-
ear mixed-effect models (LMM), with the Imer package (Kuznetsova
etal., 2017), to investigate the influence of the variables on the RRA
data (Model 2, Supporting Information). For both model selections,
we used Akaike information criterion (AIC) to select the model with
the best fit, that is, the lowest AIC value, to reduce overfitting or
underfitting the model (Burnham & Anderson, 2002). We chose the
qualitative approach (Table 1, Model 1) to further investigate eDNA
detection probability based on CT-derived variables because of its
better explanatory power and ecological significance compared to
the quantitative approach (Table 1, Model 2). We recalculated the
predicted values of Model 1 for the three variables separately (days
of last visit before sampling, total number of visits, and body mass) and

combined through the cumulative detectability (D, Equation 1).

i

3 | RESULTS

3.1 | DNA metabarcoding

After all quality filtering steps, we retained 1,254,585 reads of 93
different OTUs for the VertO1 assay that were assigned to 37 taxa.
747,628 reads of 51 different OTUs were assigned to 36 taxa for the
MammO2 assay (all species detected by eDNA can be found in Table
S4, Supporting Information). We detected 18 taxa in the Trans-Altai
Gobi and 21 in the Kalahari. VertO1 and MammO2 primers are over-
lapping for some taxa, that is, these taxa can be amplified by both
primer sets. Bird species detected with both eDNA and CT can be
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FIGURE 2 Comparison between areas of study, detection methods, and primers used for birds and mammals separately. The y-axis

represents the number of different species in each particular location

found in Figure S2. While most mammal taxa were detected by only
one primer pair, nine were shared between assays in Kalahari and 16
in Gobi (Figure 2). Despite not being a prior goal of this project, we
compared primer specificity and found that eight mammal taxa in
Gobi and one in Kalahari were detected exclusively with the VertO1
primer set. The numerous presences of birds in the VertO1 dataset
contributed to the variable detection score between primers, as we

did not detect bird sequences in the MammO2 results.

3.2 | Camera traps

We identified 38 taxa in Kalahari and 22 in Gobi with CT
(Figure 3, Table S3, Table S4, Supporting Information). One camera
from Kalahari could not be recovered, and this location was there-
fore excluded from all analyses (Bots2). Using the variables retrieved
from the images, we assessed the correlations between them to
better understand the visiting patterns of the recorded species. We
observed a negative exponential correlation between total number of
visits and days of last visit before sampling (R2 =0.35, p-value < 0.001,
Figure S1A) and between total number of visits and mean frequency of
visits (R = 0.31, p-value < 0.001, Figure S1B).

3.3 | Comparison between eDNA and camera
trap data

In total, 84 taxa were identified combining data from CT and
eDNA, 59 in Kalahari and 31 in Gobi. Some species were present
in both areas. Detailed overview on the performance of detection
methods can be found in Figures 2 and 3, as well as primer differ-
ences within the successfully amplified species. Note that each
occurrence in Figure 2 indicates a single species for each particu-
lar location.

3.4 | Detectability score and eDNA

Camera traps results were used as a reference to compare the
detectability score of the eDNA approach in these environments.
Using the score from Equation (1), we separated the cumulative
curves by positive and negative eDNA results (Figure 4). D; in-
creases drastically if there were visits to the water body the day
before sampling or the same day. We found significant correlations
with eDNA data for the raw CT variables and with the detectabil-
ity score ij (Equation 1), both for the quantitative (RRA) or the
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FIGURE 3 Bubble plot representing the detected mammalian species by each method. (a) Species recorded with camera traps in the
Kalahari Desert. (b) Species detected with eDNA in the Kalahari Desert. (c) Species recorded with camera traps in the Trans-Altai Gobi

Desert. (d) Species detected with eDNA in the Trans-Altai Gobi Desert

presence/absence measure. Relative detectability approaches (D"i,-
and Dr5ij) poorly explained the eDNA results compared to the abso-
lute D; approach (Table 1).

3.5 | Modeling eDNA detection

The explanatory variables showed significant correlations with
eDNA results when tested individually, except days of last visit before
sampling for RRA (Table 1). We first used eDNA presence/absence
data as our model response variable (Model 1). Variance in Model 1

was significantly explained by days of last visit before sampling, total
number of visits but not body mass (log transformed), which also had
the lowest AIC score. In Model 2, the quantitative response variable
(logit RRA) was not significant for any possible combination (Model
2, Supporting Information).

The lower fit of the RRA data led us to further explore the pres-
ence/absence approach (Model 1) regarding detectability by eDNA.
Figure 5 illustrates the relationship between CT data and eDNA de-
tection for the cumulative detectability score (Dil.) (Figure 5a) and for
each of the three variables independently (Figure 5b-d), which were
used to build the detectability score equation (Equation 1).
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FIGURE 4 Detectability curves for each of the sampled areas calculated using Equation (1). Lines in the "0" box indicate that no eDNA
could be recovered. Lines in the "1" box yield eDNA. This figure does not show species which were recorded only once, but these were

included in Figure 3. Each species is represented by a silhouette

4 | DISCUSSION

Studying fauna in terrestrial environments using eDNA is gener-
ally more challenging than in aquatic habitats because the presence
and concentration of eDNA is less homogeneous across the area of
sampling (Leempoel et al., 2020; Lyet et al., 2021). To study terres-
trial and semiaquatic environments using eDNA, sampling water can
therefore be more advantageous over other sample types (Harper
et al., 2019; Rodgers & Mock, 2015). Biomonitoring in arid or semi-
arid ecosystems represents an additional challenge given the harsh
environmental conditions and often vast spatial areas. However, the
rare and spatially dispersed water bodies attract organisms and op-
erate as DNA pools that record and temporarily preserve the infor-
mation of visiting animals, thus representing unique opportunities
for sampling. In this study, we successfully show the detection of
terrestrial fauna using desert water. We analyzed the correlation be-
tween CT image data and eDNA sequence data and showed the in-
terplay between the visiting patterns of species and the probability
to detect them using eDNA. We detected terrestrial organisms in all
our water samples with both primer sets, which illustrates the capac-
ity of our assays to detect terrestrial fauna using waterborne eDNA

from desert ecosystems. While CT is widely used for biomonitoring,
only few studies compare CT and eDNA data for terrestrial animals
(Leempoel et al., 2020; Lyet et al., 2021; Mena et al., 2021; Sales
et al., 2020; Sales et al., 2020) and fewer explored the potential of
waterborne eDNA for arid and semi-arid ecosystems. Seeber et al.
(2019) used samples of water bodies in two African ecosystems to
study the presence of mammal species, comparing a hybridization
capture approach to conventional PCR. Furthermore, Egeter et al.
(2018) sampled water in three Saharan water bodies for a mainly
methodological DNA metabarcoding study focusing on the water fil-
tration process. We observed clogging of the filters during filtration
in the Kalahari due to the turbidity of the water resulting in variable
volumes (Table S1), although we used the filter pore size as recom-
mended by Egeter et al. (2018). Alternatively, Abrams et al. (2019)
and Weiskopf et al. (2018) investigated the suitability of leech-
derived eDNA as a survey tool for vertebrate species by comparing
it to CT detections. Taking the analyses one step further, Tilker et al.
(2020) combined the data obtained with these approaches to iden-
tify species responses to environmental factors.

DNA metabarcoding relies on “universal” primers that are
designed for restrained taxa or groups. Variable numbers of
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FIGURE 5 (a) Modeled prediction of eDNA detection for cumulative detectability (Equation (1). (b-d) Modeled prediction for each
variable involved in Equation (1) separately. All with p-value below 0.001. Size of the dots indicates count of occurrences, and gray scale
indicates the area. The black line indicates the model's predicted values with its confidence interval in gray

mismatches between primers and templates are the presumed main
cause for the preferential amplification of certain taxa and the un-
der- or non-representation of others (Pifol et al., 2015; Pifol et al.,
2019). The multiplexing of primers and barcodes is an attempt to
minimize these effects (Alberdi et al., 2018; Galan et al., 2018; Jusino
et al., 2019; Krehenwinkel et al., 2017). However, in our study, while
we chose the VertO1 primers to target birds and reptiles in addition
to mammals, mammal sequences were also the most amplified with
Vert01 primer, duplicating eDNA detections. The redundancy of the
information raises the question of the utility of primer multiplexing
in this context (Figure 2).

The presence of trace DNA of humans and domesticated an-
imals in eDNA studies represents a common issue, the possible
sources of such contaminations being numerous (Furlan et al.,
2020). We removed the obvious cases (pig, cow); however, we kept
two taxa in the Kalahari dataset which are ambiguous and uncon-
firmed by CT. The detection of Equus sp. DNA in one Kalahari sam-
ple could be explained by the presence of horse, zebra, or donkey
or the transport of such DNA, for example, by a predator. In addi-
tion, in the Kalahari samples, we amplified DNA assigned to Canis
sp. (dog/wolf). The sequences differ from the ones found in the
Gobi samples, therefore excluding a cross-contamination, but its
source remains unclear.

Previous CT vs. eDNA studies found that smaller animals are
less likely to trigger CT and risk being overlooked in this type of bio-
monitoring studies (Leempoel et al., 2020; Lyet et al., 2021; Sales
et al., 2020). Smaller species probably release less DNA into the
water than larger species and are hence less likely to be detected
due to the presence of other species' DNA. Mena et al. (2021) con-
ducted a comparative study of different traditional survey meth-
ods (pitfalls, grids, mist nets, and CT) and aquatic eDNA for the
detection of terrestrial mammals in tropical forests. The overall re-
sults point out the benefits of eDNA surveys, in terms of detection
scores, labor-effort and costs, but depend very much on the spe-
cies and sampling area. It must be noted that in the present study,
we analyzed 40 days of CT data and compared it to the results of
only one water sampling event for each locality (Figures 2 and 3).
This has to be kept in mind when evaluating the performance of
the eDNA assays, since a 40 days period is well beyond the per-
sistence of free eDNA in water according to literature (Barnes &
Turner, 2016). In the light of these shortcomings, we consider it
encouraging to have detected relying on eDNA more than half of
the mammals recorded with CT (Figure 2). We also acknowledge
the limitations of taking a single sample per water body, as it may
be underrepresenting the wildlife diversity. Additional samples
from the same water body would likely increase detected species
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numbers, and we advocate that future studies aim to determine the
optimal number of samples per location.

In this study, DNA was already present in the water prior to the
placement of CT and the a priori DNA composition is unknown. We
used the RRA approach as a proxy for species abundances, but it
could be biased by the variable body mass of a species or by its be-
havior (e.g., drinking, bathing, and defecating), which affects the
release of DNA (Harper et al., 2019). We did not find different detec-
tion scores between methods for nocturnal/diurnal species, but this
is due to the capacity of CT to detect nocturnal species, contrasting
to line transects (Coutant et al., 2021). For Gobi, the coverage of
species is biased by the overwhelming presence of Bactrian cam-
els (Camelus ferus). These animals are big and recurrent in the area,
as confirmed by CT. To overcome this limitation, we suggest adding
blocking primers for dominant species, if known beforehand. The
usage of blocking primers is recommended for this type of study (De
Barba et al., 2014; Vestheim & Jarman, 2008). Egeter et al. (2018)
used VertO1 primers without human-blocking primers and obtained
68% of total reads assigned to hominids. In our study, we had fewer
human sequences (9.36% of sequences for MammO02 and 37.5%
for Vert01), indicating a good performance of the blocking primer.
A higher concentration of blocking primer than the one we used
would increase the risk of co-blocking targeted taxa (Shehzad et al.,
2012; Taberlet et al., 2018). In fact, the high abundance of camel
and human DNA could explain the low detection rates of other less
recurrent species, mainly carnivore species, despite the frequent
CT recordings. For example, the locally rare and emblematic brown
bear (Ursus arctos), whose residual population in the Gobi Desert
numbers a few dozen individuals, was detected only once with the
Vert01 primer pair (and therefore is not present in Figure 3d). This
low detection of carnivore eDNA was also observed for Botswana
and could indicate that further factors, such as drinking technique or
contact with water (bathing), are involved besides the species body
mass, see for example (Lyet et al., 2021). We therefore encourage
future metabarcoding studies to investigate the factors associated
with successful eDNA detection of carnivores.

The negative correlation between the variables total number of
visits and days of last visit before sampling (Figure S1A) was expected
because species visiting a water body many times are also likely to
have visited it recently, and it could only be biased by migratory or
nomad species that visit a water body in great numbers but low fre-
quency. We excluded this potential confounding effect because taxa
with high total number of visits were also the ones with the lowest
mean frequency between visits (Figure S1B). Hence, we were able to
use these variables as predictors to calculate and model eDNA de-
tection probabilities.

We tested several equations to combine the explanatory vari-
ables retrieved from CT data into a comprehensive index to account
for the expected detectability of species in each location, both using
a categorical (0/1) and quantitative (RRA) approach (Table 1). When
visualizing the increasing detectability score Dij (Equation 1) by eDNA
detection (Figure 4), there was a sudden increase for some species
at the end of the monitored period. Such increase is due to the visits

occurring not long before water sampling, which have a major impact
on the overall score through time. Dr; and Dr5; could not be visual-
ized across time because only single values per species and location
can be obtained. We found better correlation between RRA and Dr5;
compared to Drij (Table 1), probably due to lower DNA degradation,
but none were significant, which highlights the complexity of defin-
ing detectability scores. However, these scores are a simplification of
reality, as they do not account among other factors for DNA decay
(Barnes & Turner, 2016). Using RRA as a proxy for species relative
abundance must, however, be taken with caution because of the bi-
ases that DNA extraction, amplification, and sequencing imply (for an
overview of the biasing factors, see (Fonseca, 2018). Furthermore,
the categorical approach homogenizes the coverage of each species
and, in practice, increases the weight of low RRA species in our test
(Deagle etal., 2019). This is of particular interest when using RRA data,
as it provides a more realistic proxy in terms of abundances. Overall,
the better correlation of RRA for Dr5ij suggests the RRA approach
to be a better proxy for species detection when water samples are
taken frequently. The categorical approach is recommended when
the sampling is done only once (as in the present study) or sparsely.
In addition, these scores only make sense when comparing CT and
eDNA data. Still, the characteristics of the sampled area need to be
accounted for when drawing detectability scores. For instance, Lyet
et al. (2021) sampled river water to detect mammal species and they
defined their detectability score based on the camera trap detection
rate and the pluviometry of the day. Nonetheless, our results are
promising, and optimizing the accuracy of these scores will improve
cross-validation of both methodologies, both for comparative stud-
ies and when using eDNA as a complementary tool to CT. However,
the complexity of interacting ecological factors complicates building
a simple equation to reliably infer eDNA detection probability. In this
line, a purpose-built experiment should be carried out to tackle this
matter, with a limited number of species in a controlled environment.

Another goal of this study was to draw guidelines for future
studies aiming to use eDNA as a biomonitoring tool in desert envi-
ronments. We built models based both on eDNA 0/1 data (Model 1)
and RRA data (Model 2). All variables used in Model 1 except body
mass were significant, suggesting that the categorical transforma-
tion of our eDNA data is more advisable when the goal is species
detection rather than its relative abundance. We used this model as
a reference to calculate detection probabilities for each variable and
area independently, in order to disentangle the effect of each and
visualize them (Figure 5). Interestingly, the positive eDNA detections
based on Final cumulative detectability are clearly divided into two
groups (Figure 5a). This suggests that our detectability score fails to
properly reflect the true detectability of some species, which could
be explained by the poor correlation observed for days of last visit
before sampling (sparse distribution of non-detection occurrences,
Figure 5b) and body mass (Figure 5d). In this line, these last two vari-
ables should be studied more in depth to properly understand their
impact on eDNA detectability. The good fit of total number of visits
(Figure 5c¢) is, as mentioned before, influenced by days of last visit
before sampling (Figure S1B).
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Modeling with RRA data (logit transformed) was more ambitious
because we also had to cope with the issue of PCR-introduced biases,
which were minimized when transforming our eDNA data to a cate-
gorical approach. The best model fit was obtained with total number
of visits and days of last visit before sampling (Model 2), but none of
these variables were significant. The RRA per taxa is assumed to be
correlated to the released DNA, that is, the initial biomass of taxa in
a sample (Deagle et al., 2019). It was difficult to correlate RRA data
to visiting patterns to the water body. In fact, the degradation of
DNA in the water combined with the continuous turnover of new
DNA creates a complex multivariate dynamic system of DNA con-
centration and quality in the water body which is captured only once
at the moment of sampling. In our study, the 40 days range of CT
monitoring exceeds the duration free eDNA remains detectable in
water. This could explain the lack of significance for the explanatory
variables of Model 2. We tested this same model only with data from
the last 5 days before sampling (Dr5ii), and we obtained a better fit
but remaining non-significant. Nevertheless, the proposed DNA de-
tectability scores calculated from CT data successfully represented
the detection of species through eDNA, surpassing 75% of positive
detection for Dii scores above 25 (Figure 5a). Furthermore, species
that visited the water bodies more than 25 days before sampling
were never detected (Figure 5b), which indicates the maximum day-
span between sampling events. However, these numbers apply only
to our particular study system. DNA degradation and its detectabil-
ity through DNA metabarcoding are very sensitive to environmen-
tal conditions of the sampled area, and future studies should target
the effects of additional biophysical (such as pH, temperature, UV
radiation, water body size, and depth) or biological variables (such
as bacterial activity). Increasing the resolution and ecotype range of
this kind of study will contribute to defining the probability of spe-
cies detection through eDNA and contribute to improving sampling
strategy for future research.

The direct comparison of detection success is strongly biased
by the different survey lengths of this study and we found, there-
fore uncontested, CT to detect more taxa than the eDNA approach.
Both methods have undoubtedly pros and cons, and it is crucial to
weigh those and adapt the sampling strategy to the respective study
system. Our results on detectability suggest that CT is preferential
over eDNA for monitoring species when eDNA sampling cannot be
made at regular intervals or to cover long monitoring periods. It ul-
timately also depends on the targeted taxa, being preferential when
you study medium- to large-sized organisms which can be easily
differentiated morphologically (Mena et al., 2021). Species abun-
dances and densities can also be deduced from image data more
easily. However, to rely on cameras implies the risk of losing data
(over 40 days, 1/14 cameras were lost) and demands repeated vis-
its which may be complicated in remote areas (at least installation
and recovery of cameras), where eDNA sampling offers valuable
study opportunities (Mclnnes et al., 2021). Also, CT does not offer
the same options as eDNA in terms of possible population genetic
studies (Bohmann et al., 2018; Nguyen et al., 2021; Sigsgaard et al.,

L wWiLEy--
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2016, 2020; Tilker et al., 2020; Wilting et al., 2021) and the exten-
sion to other phyla (as, e.g., invertebrates, plants, and bacteria).
eDNA sampling is appealing due to its sensitivity, standardization,
and non-invasiveness, as well as the independence from taxonomic
experts for taxa identification. eDNA techniques may enable the
detection of elusive species and the taxonomic differentiation of
morphologically similar as well as of cryptic species (Thomsen &
Willerslev, 2015). In terms of quantifying the abundance of species,
the eDNA approach has to cope with the dynamics of DNA in the
water body released by the visiting individuals. They create a con-
tinuous turnover of available DNA that can easily bias the inference
from amplified DNA to species relative abundances. Furthermore,
genetic data at this scale are per se unable to provide certain pop-
ulation dynamic parameters (sex, age, and absolute numbers of in-
dividuals). As we have seen in our data, regular sampling in short
intervals is necessary to provide a complete picture in terms of spe-
cies richness. Alternatively, eDNA surveys can be used, for example,
on a broad geographic scale to get a first glimpse of the biodiversity
of the area that can be locally refined with CT (Sales et al., 2020).
In fact, the combination of the two methods is increasingly used in
biomonitoring studies (Sales et al., 2020; Sales et al., 2020), which
is advantageous due to their complementary strengths. This could
be particularly beneficial when the study system includes both large
and small taxa of interest. The water samples are going to be dom-
inated by the DNA of large taxa, which are easily recorded by CT,
but they complicate the amplification of small taxa. Dividing meth-
odological efforts, for instance by including blocking primers of the
large dominant species, will facilitate the detection of smaller spe-
cies, which are more likely to be missed by CT.

Our results show that water bodies concentrate information
about large remote regions that are difficult to access and moni-
tor using conventional, observer-based methods. They function as
eDNA reservoirs containing information about valuable ecosystems.
In light of the manifold risks facing wildlife—particularly species in
remote and threatened ecosystems—further cross-method tests are
needed, to validate their parallel application and support their inte-
gration into conservation monitoring strategies.
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