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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	12 months	 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.
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1  |  INTRODUC TION

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	(Nørgaard	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	
et al., 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; Piñol et al., 2015; Piñol 
et al., 2019).	Data	treatment	also	influences	the	outcome	(Calderón-	
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.

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	 1 year,	 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.

T A X O N O M Y  C L A S S I F I C A T I O N
Behavioural ecology, Biodiversity ecology, Conservation ecology, Conservation genetics, 
Ecological	genetics,	Genetics,	Population	ecology,	Trophic	interactions

F I G U R E  1 Juvenile	vervet	monkey	(Chlorocebus pygerythrus)	
feeding	on	fruits	of	Ziziphus mucronata.	©	Michael	Henshall.
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2  |  MATERIAL S 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	12 months,	but	they	overlapped	
for	6 months	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	2 min	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	10 days.	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 

tablets	(Vodacom	Smart	Table	2,	equipped	with	Pendragon	Forms	
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 μl	AE	buffer.	To	construct	a	local	database,	the	
whole chloroplast trnL	 (UAA)	 intron,	which	comprises	 the	P6	 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 μl.	The	mixture	contained	1×	PCR	Gold	Buffer	
(Thermo	Fisher	Scientific),	2 mM	MgCl2,	0.2 mM	of	dNTPs,	0.04 μg 
of	bovine	serum	albumin	(Roche	Diagnostics),	0.5	μM	of	forward	and	
reverse	primers,	1	U	of	AmpliTaq	Gold	(Thermo	Fischer	Scientific),	
and 2 μl	of	template	DNA.	PCR	cycling	conditions	were	10	min	dena-
turation	at	95°C,	followed	by	35 cycles	of	30 s	at	95°C,	30 s	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	 cm3	was	 collected	with	 gloves	 and	 a	 disposable	 plastic	 spoon	
from	 inside	 the	 scat	 into	 20 ml	HDPE	 scintillation	 vials	 (Carl	 Roth	
GmbH)	and	covered	with	10	ml	absolute	ethanol.	After	24–	36 h,	the	
ethanol	was	 replaced	 by	 silica	 gel	 beads	 and	 samples	 stored	 until	
DNA	extraction.
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2.5  |  DNA metabarcoding

2.5.1  |  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	15 min.	The	suite	of	the	protocol	was	as	recom-
mended	using	the	QIAvac	technology	(Qiagen),	with	a	final	elution	in	
100 μl	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–	220 bp,	 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–	168 bp,	 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	
20 μl	in	384-	well	plates.	The	mixture	contained	1	U	AmpliTaq	Gold	
360	mix	(Thermo	Fischer	Scientific),	0.04 μg	of	bovine	serum	albu-
min	(Roche	Diagnostics),	2	μM	of	human-	blocking	primer	(coupled	
with	Arth02	primers	only),	0.2	μM	of	tagged	forward	and	reverse	
primers	(i.e.	primers	with	eight	variable	nucleotides	added	to	their	
5′-	end,	allowing	sample	identification),	and	2	μl	of	template	DNA.	
PCR	cycling	conditions	were	10	min	at	95°C,	 followed	by	40 cy-
cles	 of	 30 s	 at	 95°C,	 30 s	 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	(H2O),	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	

F I G U R E  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).



    |  5 of 16BRUN et al.

artifactual	 sequences	 after	 tag	 switches	 during	 the	 sequencing	
process	 (Schnell	et	al.,	2015).	Amplification	success	was	verified	
for	a	subset	of	samples,	using	the	QIAxel	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	(Illumina)	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	qPCR,	normalized	and	pooled	before	150	paired-	
end	sequencing	on	the	Illumina	Miniseq	Sequencing	System	with	a	
High-	Output	Kit,	yielding	up	to	25	million	reads	(Illumina).

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–	220 bp	
for	Sper01	and	76–	168 bp	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	Sper01	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	 Sper01	database,	 both	with	
97%	thresholds.	In	addition,	in	order	to	test	the	effect	of	the	local	
database,	we	did	the	taxonomic	assignment	of	Sper01	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	
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  |  Data analyses

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;	Dufrêne	&	
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	Sper01	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	12 months	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	Arth02	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	

F I G U R E  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	Sper01	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	

F I G U R E  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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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	

F I G U R E  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).

F I G U R E  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.
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(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	 (Calderón-	Sanou	
et al., 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	 S6).	 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	(Mena	et	al.,	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.

AUTHOR CONTRIBUTIONS
Loic Brun:	 Formal	 analysis	 (equal);	 investigation	 (equal);	 writing	
–		 original	 draft	 (equal).	 Judith Schneider:	 Formal	 analysis	 (equal);	
investigation	 (equal);	 writing	 –		 original	 draft	 (equal).	Eduard Mas- 
Carrió:	 Investigation	 (equal);	 writing	 –		 review	 and	 editing	 (equal).	
Pooja Dongre:	 Investigation	 (equal);	 writing	 –		 review	 and	 editing	
(equal).	 Pierre Taberlet:	 Investigation	 (equal);	 supervision	 (sup-
porting);	 writing	 –		 review	 and	 editing	 (equal).	Erica van de Waal: 
Conceptualization	(equal);	data	curation	(equal);	funding	acquisition	
(equal);	project	administration	(equal);	resources	(equal);	supervision	
(equal);	validation	(equal);	writing	–		review	and	editing	(equal).	Luca 
Fumagalli:	Conceptualization	(equal);	data	curation	(equal);	funding	
acquisition	(equal);	project	administration	(equal);	resources	(equal);	
supervision	 (equal);	validation	 (equal);	writing	–		review	and	editing	
(equal).

ACKNOWLEDG MENTS
We	would	 like	 to	 thank	 the	van	der	Walt	 family	 for	permission	 to	
conduct	the	study	on	their	land.	We	are	very	grateful	to	the	whole	
IVP	team	who	assisted	 in	the	field	work	and	especially	the	on-	site	
manager	Arend	van	Blerk	who	organized	the	permits	and	shipment	
of	the	samples.	The	observational	research	was	approved	by	the	rel-
evant	local	authority	“Ezemvelo	KZN	Wildlife”	in	South	Africa.	The	
field	costs	during	data	and	sample	collection	were	funded	by	grants	
to	 EW	 from	 the	 Branco-	Weiss	 Fellowship-	Society	 in	 Science,	 the	
‘ProFemmes’	 grant	 of	 the	 Faculty	 of	Biology	 and	Medicine	 of	 the	
University	of	Lausanne	and	the	Swiss	National	Science	Foundation	
(grant	 number	 PP00P3_170624).	 At	 the	 time	 of	 writing,	 EW	was	
supported	by	 the	European	Research	Council	under	 the	European	

F I G U R E  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.



14 of 16  |     BRUN et al.

Union's	Horizon	2020	research	and	 innovation	programme	for	the	
ERC	 ‘KNOWLEDGE	MOVES’	 starting	 grant	 (grant	 agreement	 No.	
949379).	 This	 project	was	 supported	 by	 a	 Swiss	National	 Science	
Foundation	grant	to	LF	(nr.	310030_192512).	EM-	C	was	supported	
by	 a	 fellowship	 in	 Life	 Sciences	 (Faculty	of	Biology	 and	Medicine,	
University	of	Lausanne).

CONFLIC T OF INTERE S T
The	authors	note	 that	PT	 is	co-	inventor	of	a	patent	 related	 to	 the	
Sper01	primers	and	the	use	of	the	P6	 loop	of	the	chloroplast	trnL 
(UAA)	intron	for	plant	identification	using	degraded	template	DNA.	
This	patent	only	restricts	commercial	applications	and	has	no	impact	
on	the	use	of	this	locus	by	academic	researchers.

DATA AVAIL ABILIT Y S TATEMENT
The	DNA	metabarcoding	data	generated	for	this	study	are	available	
on	DRYAD	 (10.5061/dryad.6q573n621).	Sanger	sequences	 for	 the	
local	 database	 have	 been	 deposited	 in	 GenBank	 under	 accession	
numbers	OL898555-	OL898608.

ORCID
Loïc Brun  https://orcid.org/0000-0003-3009-9091 
Judith Schneider  https://orcid.org/0000-0003-2663-6130 
Eduard Mas Carrió  https://orcid.org/0000-0002-5875-0424 
Pierre Taberlet  https://orcid.org/0000-0002-3554-5954 
van de Waal  https://orcid.org/0000-0001-7778-418X 
Luca Fumagalli  https://orcid.org/0000-0002-6648-2570 

R E FE R E N C E S
Altmann,	J.	 (1974).	Observational	study	of	behavior:	Sampling	methods.	

Behaviour, 49,	227–	267.	https://doi.org/10.1163/15685	3974X	00534
Arrizabalaga-	Escudero,	A.,	Clare,	E.	L.,	Salsamendi,	E.,	Alberdi,	A.,	Garin,	

I.,	Aihartza,	 J.,	&	Goiti,	U.	 (2018).	Assessing	niche	partitioning	of	
co-	occurring	sibling	bat	species	by	DNA	metabarcoding.	Molecular 
Ecology, 27,	1273–	1283.	https://doi.org/10.1111/mec.14508

Arseneau-	Robar,	T.	J.	M.,	Taucher,	A.	L.,	Schnider,	A.	B.,	van	Schaik,	C.	P.,	
&	Willems,	E.	P.	(2017).	Intra-		and	interindividual	differences	in	the	
costs	and	benefits	of	intergroup	aggression	in	female	vervet	mon-
keys. Animal Behaviour, 123,	 129–	137.	 https://doi.org/10.1016/j.
anbeh	av.2016.10.034

Barrett,	 A.	 (2005).	 Foraging ecology of the vervet monkey (Chlorocebus 
aethiops) in mixed lowveld bushveld and sour lowveld bushveld of the 
blydeberg conservancy, Northern Province, South Africa.	University	of	
South	Africa.

Barrett,	 A.	 (2009).	 Spatial and temporal patterns in resource dispersion 
and the structure of range use and co- existence in a social omnivore 
Chlorocebus aethiops.	Ph.D	Dissertation.	University	of	South	Africa.

Bohmann,	K.,	Gopalakrishnan,	S.,	Nielsen,	M.,	Nielsen,	L.	D.	S.	B.,	Jones,	
G.,	Streicker,	D.	G.,	&	Gilbert,	M.	T.	P.	(2018).	Using	DNA	metabar-
coding	for	simultaneous	inference	of	common	vampire	bat	diet	and	
population structure. Molecular Ecology Resources, 18, 1050– 1063. 
https://doi.org/10.1111/1755-	0998.12891

Boyer,	F.,	Mercier,	C.,	Bonin,	A.,	 Le	Bras,	Y.,	Taberlet,	P.,	&	Coissac,	E.	
(2016).	 OBITOOLS:	 A	 UNIX-	inspired	 software	 package	 for	 DNA	
metabarcoding.	Molecular Ecology Resources, 16,	176–	182.	https://
doi.org/10.1111/1755-	0998.12428

Burgar,	J.	M.,	Murray,	D.	C.,	Craig,	M.	D.,	Haile,	J.,	Houston,	J.,	Stokes,	V.,	
&	Bunce,	M.	(2014).	Who's	for	dinner?	High-	throughput	sequencing	
reveals	bat	dietary	differentiation	in	a	biodiversity	hotspot	where	

prey	taxonomy	is	largely	undescribed.	Molecular Ecology, 23, 3605– 
3617.	https://doi.org/10.1111/mec.12531

Calderón-	Sanou,	I.,	Münkemüller,	T.,	Boyer,	F.,	Zinger,	L.,	&	Thuiller,	W.	
(2019).	 From	 environmental	 DNA	 sequences	 to	 ecological	 con-
clusions:	How	strong	 is	 the	 influence	of	methodological	 choices?	
Journal of Biogeography, 47, 193– 206. https://doi.org/10.1111/
jbi.13681

Canteloup,	C.,	Borgeaud,	C.,	Wubs,	M.,	&	van	de	Waal,	E.	 (2019).	The	
effect	of	social	and	ecological	 factors	on	the	time	budget	of	wild	
vervet	monkeys.	Ethology, 125, 902– 913. https://doi.org/10.1111/
eth.12946

Clare,	E.	L.	(2014).	Molecular	detection	of	trophic	interactions:	Emerging	
trends,	 distinct	 advantages,	 significant	 considerations	 and	 con-
servation applications. Evolutionary Applications, 7,	 1144–	1157.	
https://doi.org/10.1111/eva.12225

Cuff,	J.	P.,	Windsor,	F.	M.,	Tercel,	M.	P.	T.	G.,	Kitson,	J.	J.	N.,	&	Evans,	D.	M.	
(2022).	Overcoming	the	pitfalls	of	merging	dietary	metabarcoding	
into ecological networks. Methods in Ecology and Evolution, 13, 545– 
559. https://doi.org/10.1111/2041-	210X.13796

De	Barba,	M.,	Miquel,	C.,	Boyer,	F.,	Mercier,	C.,	Rioux,	D.,	Coissac,	E.,	
&	Taberlet,	P.	(2014).	DNA	metabarcoding	multiplexing	and	valida-
tion	 of	 data	 accuracy	 for	 diet	 assessment:	Application	 to	 omniv-
orous diet. Molecular Ecology Resources, 14, 306– 323. https://doi.
org/10.1111/1755-	0998.12188

Deagle,	B.	E.,	Thomas,	A.	C.,	McInnes,	J.	C.,	Clarke,	L.	J.,	Vesterinen,	E.	
J.,	Clare,	E.	L.,	Kartzinel,	T.	R.,	&	Eveson,	J.	P.	(2019).	Counting	with	
DNA	in	metabarcoding	studies:	How	should	we	convert	sequence	
reads	to	dietary	data?	Molecular Ecology, 28, 391– 406. https://doi.
org/10.1111/mec.14734

Drake,	L.	E.,	Cuff,	J.	P.,	Young,	R.	E.,	Marchbank,	A.,	Chadwick,	E.	A.,	&	
Symondson,	W.	O.	C.	(2022).	An	assessment	of	minimum	sequence	
copy	 thresholds	 for	 identifying	 and	 reducing	 the	 prevalence	 of	
artefacts	 in	 dietary	 metabarcoding	 data.	Methods in Ecology and 
Evolution, 13,	694–	710.	https://doi.org/10.1111/2041-	210X.13780

Dray,	S.,	&	Dufour,	A.	B.	 (2007).	The	ade4	Package:	Implementing	the	
duality	 diagram	 for	 ecologists.	 Journal of Statistical Software, 22, 
1– 20. https://doi.org/10.18637/	jss.v022.i04

Duffy,	J.	E.,	Cardinale,	B.	J.,	France,	K.	E.,	McIntyre,	P.	B.,	Thébault,	E.,	
&	Loreau,	M.	(2007).	The	functional	role	of	biodiversity	in	ecosys-
tems:	 Incorporating	 trophic	 complexity.	Ecology Letters, 10, 522– 
538. https://doi.org/10.1111/j.1461-	0248.2007.01037.x

Dufrêne,	M.,	&	Legendre,	P.	 (1997).	Species	assemblages	and	 indicator	
species:	The	need	for	a	flexible	asymmetrical	approach.	Ecological 
Monographs, 67, 345– 366. https://doi.org/10.2307/2963459

Ficetola,	G.	F.,	Coissac,	E.,	Zundel,	S.,	Riaz,	T.,	Shehzad,	W.,	Bessière,	J.,	
Taberlet,	P.,	&	Pompanon,	F.	 (2010).	An	 In	silico	approach	for	the	
evaluation	of	DNA	barcodes.	BMC Genomics, 11, 434. https://doi.
org/10.1186/1471-	2164-	11-	434

Ficetola,	 G.	 F.,	 Pansu,	 J.,	 Bonin,	 A.,	 Coissac,	 E.,	 Giguet-	Covex,	 C.,	 De	
Barba,	M.,	Gielly,	 L.,	 Lopes,	C.	M.,	Boyer,	F.,	Pompanon,	F.,	Rayé,	
G.,	 &	 Taberlet,	 P.	 (2015).	 Replication	 levels,	 false	 presences	 and	
the	estimation	of	the	presence/absence	from	eDNA	metabarcod-
ing data. Molecular Ecology Resources, 15, 543– 556. https://doi.
org/10.1111/1755-	0998.12338

Furlan,	 E.	M.,	 Davis,	 J.,	 &	 Duncan,	 R.	 P.	 (2020).	 Identifying	 error	 and	
accurately	 interpreting	 environmental	 DNA	 metabarcoding	 re-
sults:	 A	 case	 study	 to	 detect	 vertebrates	 at	 arid	 zone	 water-
holes. Molecular Ecology Resources, 20,	 1259–	1276.	 https://doi.
org/10.1111/1755-	0998.13170

Galan,	M.,	Pons,	J.-	B.,	Tournayre,	O.,	Pierre,	É.,	Leuchtmann,	M.,	Pontier,	
D.,	&	Charbonnel,	N.	(2018).	Metabarcoding	for	the	parallel	identi-
fication	of	several	hundred	predators	and	their	prey:	Application	to	
bat	species	diet	analysis.	Molecular Ecology Resources, 18,	474–	489.	
https://doi.org/10.1111/1755-	0998.12749

Gillet,	 F.,	 Tiouchichine,	 M.-	L.,	 Galan,	 M.,	 Blanc,	 F.,	 Némoz,	 M.,	
Aulagnier,	S.,	&	Michaux,	J.	R.	(2015).	A	new	method	to	identify	

https://orcid.org/0000-0003-3009-9091
https://orcid.org/0000-0003-3009-9091
https://orcid.org/0000-0003-2663-6130
https://orcid.org/0000-0003-2663-6130
https://orcid.org/0000-0002-5875-0424
https://orcid.org/0000-0002-5875-0424
https://orcid.org/0000-0002-3554-5954
https://orcid.org/0000-0002-3554-5954
https://orcid.org/0000-0001-7778-418X
https://orcid.org/0000-0001-7778-418X
https://orcid.org/0000-0002-6648-2570
https://orcid.org/0000-0002-6648-2570
https://doi.org/10.1163/156853974X00534
https://doi.org/10.1111/mec.14508
https://doi.org/10.1016/j.anbehav.2016.10.034
https://doi.org/10.1016/j.anbehav.2016.10.034
https://doi.org/10.1111/1755-0998.12891
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1111/1755-0998.12428
https://doi.org/10.1111/mec.12531
https://doi.org/10.1111/jbi.13681
https://doi.org/10.1111/jbi.13681
https://doi.org/10.1111/eth.12946
https://doi.org/10.1111/eth.12946
https://doi.org/10.1111/eva.12225
https://doi.org/10.1111/2041-210X.13796
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/1755-0998.12188
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/2041-210X.13780
https://doi.org/10.18637/jss.v022.i04
https://doi.org/10.1111/j.1461-0248.2007.01037.x
https://doi.org/10.2307/2963459
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1111/1755-0998.12338
https://doi.org/10.1111/1755-0998.12338
https://doi.org/10.1111/1755-0998.13170
https://doi.org/10.1111/1755-0998.13170
https://doi.org/10.1111/1755-0998.12749


    |  15 of 16BRUN et al.

the endangered Pyrenean desman	 (Galemys pyrenaicus)	 and	 to	
study	 its	 diet,	 using	 next	 generation	 sequencing	 from	 faeces.	
Mammalian Biology, 80, 505– 509. https://doi.org/10.1016/j.
mambio.2015.08.002

Hutcheson,	K.	(1970).	A	test	for	comparing	diversities	based	on	the	shan-
non	formula.	Journal of Theoretical Biology, 29, 151– 154. https://doi.
org/10.1016/0022-	5193(70)90124	-	4

IUCN.	(2020).	The	IUCN	red	list	of	threatened	species,	version	2020-	1.
Jusino,	M.	A.,	Banik,	M.	T.,	Palmer,	J.	M.,	Wray,	A.	K.,	Xiao,	L.,	Pelton,	E.,	

Barber,	J.	R.,	Kawahara,	A.	Y.,	Gratton,	C.,	Peery,	M.	Z.,	&	Lindner,	
D.	 L.	 (2019).	 An	 improved	 method	 for	 utilizing	 high-	throughput	
amplicon	 sequencing	 to	 determine	 the	 diets	 of	 insectivorous	
animals.	 Molecular Ecology Resources, 19,	 176–	190.	 https://doi.
org/10.1111/1755-	0998.12951

Kartzinel,	T.	R.,	Chen,	P.	A.,	Coverdale,	T.	C.,	Erickson,	D.	L.,	Kress,	W.	
J.,	 Kuzmina,	M.	 L.,	 Rubenstein,	 D.	 I.,	Wang,	W.,	 &	 Pringle,	 R.	M.	
(2015).	DNA	metabarcoding	 illuminates	dietary	niche	partitioning	
by	African	large	herbivores.	Proceedings of the National Academy of 
Sciences of the United States of America, 112, 8019– 8024. https://
doi.org/10.1073/pnas.15032	83112

Kvist,	S.	(2013).	Barcoding	in	the	dark?:	A	critical	view	of	the	sufficiency	
of	zoological	DNA	barcoding	databases	and	a	plea	for	broader	in-
tegration	 of	 taxonomic	 knowledge.	 Molecular Phylogenetics and 
Evolution, 69, 39– 45. https://doi.org/10.1016/j.ympev.2013.05.012

Lesnik,	J.	J.	(2014).	Termites	in	the	hominin	diet:	A	meta-	analysis	of	ter-
mite	genera,	species	and	castes	as	a	dietary	supplement	for	South	
African	 robust	australopithecines.	Journal of Human Evolution, 71, 
94– 104. https://doi.org/10.1016/j.jhevol.2013.07.015

Littleford-	Colquhoun,	B.	L.,	Freeman,	P.	T.,	Sackett,	V.	 I.,	Tulloss,	C.	V.,	
McGarvey,	L.	M.,	Geremia,	C.,	&	Kartzinel,	T.	R.	(2022).	The	precau-
tionary	principle	and	dietary	DNA	metabarcoding:	Commonly	used	
abundance	thresholds	change	ecological	 interpretation.	Molecular 
Ecology, 31, 1615– 1626. https://doi.org/10.1111/mec.16352

Lyke,	M.	M.,	Di	Fiore,	A.,	Fierer,	N.,	Madden,	A.	A.,	&	Lambert,	J.	E.	(2018).	
Metagenomic	analyses	reveal	previously	unrecognized	variation	in	
the	 diets	 of	 sympatric	Old	World	monkey	 species.	PLoS One, 14, 
e0218245. https://doi.org/10.1371/journ	al.pone.0218245

Mallott,	 E.	 K.,	Garber,	 P.	 A.,	 &	Malhi,	 R.	 S.	 (2017).	 Integrating	 feeding	
behavior,	ecological	data,	and	DNA	barcoding	to	identify	develop-
mental	differences	in	invertebrate	foraging	strategies	in	wild	white-	
faced	 capuchins	 (Cebus capucinus).	 American Journal of Physical 
Anthropology, 162, 241– 254. https://doi.org/10.1002/ajpa.23113

Mallott,	E.	K.,	Garber,	P.	A.,	&	Malhi,	R.	S.	(2018).	trnL	outperforms	rbcL	
as	 a	 DNA	 metabarcoding	 marker	 when	 compared	 with	 the	 ob-
served	plant	component	of	the	diet	of	wild	white-	faced	capuchins	
(Cebus capucinus,	 Primates).	PLoS One, 13, e0199556. https://doi.
org/10.1371/journ	al.pone.0199556

Mallott,	E.	K.,	Malhi,	R.	S.,	&	Garber,	P.	A.	(2015).	Brief	communication:	
High-	throughput	 sequencing	 of	 fecal	 DNA	 to	 identify	 insects	
consumed	 by	 wild	 weddell's	 saddleback	 tamarins	 (Saguinus wed-
delli,	 Cebidae,	 Primates)	 in	 Bolivia.	 American Journal of Physical 
Anthropology, 156,	474–	481.	https://doi.org/10.1002/ajpa.22654

Mantel,	N.	(1967).	The	detection	of	disease	clustering	and	a	generalized	
regression approach. Cancer Research, 27(2),	209–	220.

Marques,	V.,	Milhau,	T.,	Albouy,	C.,	Dejean,	T.,	Manel,	 S.,	Mouillot,	D.,	
&	 Juhel,	 J.-	B.	 (2021).	 GAPeDNA:	 Assessing	 and	 mapping	 global	
species	 gaps	 in	 genetic	 databases	 for	 eDNA	 metabarcoding.	
Diversity and Distributions, 27, 1880– 1892. https://doi.org/10.1111/
ddi.13142

Matthews,	J.	K.,	Ridley,	A.,	Kaplin,	B.	A.,	&	Grueter,	C.	C.	(2020).	A	com-
parison	of	fecal	sampling	and	direct	feeding	observations	for	quan-
tifying	the	diet	of	a	frugivorous	primate.	Current Zoology, 66, 333– 
343. https://doi.org/10.1093/CZ/ZOZ058

Meiklejohn,	K.	A.,	Damaso,	N.,	&	Robertson,	 J.	M.	 (2019).	Assessment	
of	 BOLD	 and	 GenBank	 –		 Their	 accuracy	 and	 reliability	 for	 the	

identification	 of	 biological	 materials.	 PLoS One, 14,	 e0217084.	
https://doi.org/10.1371/journ	al.pone.0217084

Mena,	J.	L.,	Yagui,	H.,	Tejeda,	V.,	Bonifaz,	E.,	Bellemain,	E.,	Valentini,	A.,	
Tobler,	M.	W.,	Sánchez-	Vendizú,	P.,	&	Lyet,	A.	(2021).	Environmental	
DNA	metabarcoding	as	a	useful	tool	for	evaluating	terrestrial	mam-
mal	diversity	in	tropical	forests.	Ecological Applications, 31, e02335. 
https://doi.org/10.1002/eap.2335

Mercier,	 C.,	 Boyer,	 F.,	 Bonin,	 A.,	 &	 Coissac,	 E.	 (2013).	 SUMATRA	 and	
SUMACLUST:	 Fast	 and	 exact	 comparison	 and	 clustering	 of	 se-
quences. Programs and Abstracts of the SeqBio 2013 Workshop, 
GdRBIM and GdrIM,	Montpellier,	France.

Mucina,	 L.,	 &	 Rutherford,	 M.	 C.	 (2006).	 The vegetation of South 
Africa, Lesotho and Swaziland (Strelitzia).	 South	 African	 National	
Biodiversity Institute.

Nielsen,	 J.	 M.,	 Clare,	 E.	 L.,	 Hayden,	 B.,	 Brett,	 M.	 T.,	 &	 Kratina,	 P.	
(2018).	 Diet	 tracing	 in	 ecology:	 Method	 comparison	 and	 selec-
tion. Methods in Ecology and Evolution, 9,	 278–	291.	 https://doi.
org/10.1111/2041-	210X.12869

Nørgaard,	L.,	Olesen,	C.	R.,	Trøjelsgaard,	K.,	Pertoldi,	C.,	Nielsen,	J.	L.,	
Taberlet,	P.,	Ruiz-	González,	A.,	De	Barba,	M.,	&	Iacolina,	L.	(2021).	
eDNA	metabarcoding	for	biodiversity	assessment,	generalist	pred-
ators	 as	 sampling	 assistants.	Scientific Reports, 11, 6820. https://
doi.org/10.1038/s4159	8-	021-	85488	-	9

Osman,	N.	A.,	Abdul-	Latiff,	M.	A.	B.,	Mohd-	Ridwan,	A.	R.,	Yaakop,	S.,	Nor,	
S.	M.,	&	Md-	Zain,	B.	M.	(2020).	Diet	composition	of	the	wild	stump-	
tailed	macaque	 (Macaca arctoides)	 in	Perlis	State	Park,	Peninsular	
Malaysia,	using	a	chloroplast	tRNL	DNA	metabarcoding	approach:	
A	 preliminary	 study.	 Animals, 10, 1– 14. https://doi.org/10.3390/
ani10 122215

Pansu,	J.,	Guyton,	J.	A.,	Potter,	A.	B.,	Atkins,	J.	L.,	Daskin,	J.	H.,	Wursten,	
B.,	Kartzinel,	T.	R.,	&	Pringle,	R.	M.	(2019).	Trophic	ecology	of	large	
herbivores	in	a	reassembling	African	ecosystem.	Journal of Ecology, 
107,	1355–	1376.	https://doi.org/10.1111/1365-	2745.13113

Pickett,	S.	B.,	Bergey,	C.	M.,	&	Di	Fiore,	A.	(2012).	A	metagenomic	study	
of	primate	insect	diet	diversity.	American Journal of Primatology, 74, 
622– 631. https://doi.org/10.1002/ajp.22014

Pimm,	S.	L.,	Jenkins,	C.	N.,	Abell,	R.,	Brooks,	T.,	Gittleman,	J.	L.,	Joppa,	
L.	N.,	Raven,	P.	H.,	Roberts,	C.	M.,	&	Sexton,	J.	O.	(2014).	The	bio-
diversity	of	species	and	their	rates	of	extinction,	distribution,	and	
protection. Science, 344,	 1246752.	 https://doi.org/10.1126/scien 
ce.1246752

Piñol,	 J.,	 Mir,	 G.,	 Gomez-	Polo,	 P.,	 &	 Agustí,	 N.	 (2015).	 Universal	 and	
blocking	 primer	 mismatches	 limit	 the	 use	 of	 high-	throughput	
DNA	 sequencing	 for	 the	 quantitative	 metabarcoding	 of	 arthro-
pods. Molecular Ecology Resources, 15, 819– 830. https://doi.
org/10.1111/1755-	0998.12355

Piñol,	J.,	Senar,	M.	A.,	&	Symondson,	W.	O.	C.	(2019).	The	choice	of	uni-
versal	primers	 and	 the	 characteristics	of	 the	 species	mixture	de-
termine	when	DNA	metabarcoding	can	be	quantitative.	Molecular 
Ecology, 28,	407–	419.	https://doi.org/10.1111/mec.14776

Pompanon,	F.,	Deagle,	B.	E.,	Symondson,	W.	O.	C.,	Brown,	D.	S.,	Jarman,	
S.	N.,	&	Taberlet,	P.	 (2012).	Who	 is	eating	what:	Diet	assessment	
using next generation sequencing. Molecular Ecology, 21, 1931– 
1950. https://doi.org/10.1111/j.1365-	294X.2011.05403.x

Quéméré,	 E.,	 Hibert,	 F.,	 Miquel,	 C.,	 Lhuillier,	 E.,	 Rasolondraibe,	 E.,	
Champeau,	J.,	Rabarivola,	C.,	Nusbaumer,	L.,	Chatelain,	C.,	Gautier,	
L.,	 Ranirison,	 P.,	 Crouau-	Roy,	 B.,	 Taberlet,	 P.,	&	Chikhi,	 L.	 (2013).	
A	 DNA	 metabarcoding	 study	 of	 a	 primate	 dietary	 diversity	 and	
plasticity	across	its	entire	fragmented	range.	PLoS One, 8,	e58971.	
https://doi.org/10.1371/journ	al.pone.0058971

R	Core	Team.	(2022).	R: A language and environment for statistical comput-
ing.	R	Foundation	for	Statistical	Computing.

Rees,	 H.	 C.,	Maddison,	 B.	 C.,	Middleditch,	 D.	 J.,	 Patmore,	 J.	 R.	M.,	 &	
Gough,	 K.	 C.	 (2014).	 The	 detection	 of	 aquatic	 animal	 species	
using	 environmental	DNA-	A	 review	of	 eDNA	 as	 a	 survey	 tool	 in	

https://doi.org/10.1016/j.mambio.2015.08.002
https://doi.org/10.1016/j.mambio.2015.08.002
https://doi.org/10.1016/0022-5193(70)90124-4
https://doi.org/10.1016/0022-5193(70)90124-4
https://doi.org/10.1111/1755-0998.12951
https://doi.org/10.1111/1755-0998.12951
https://doi.org/10.1073/pnas.1503283112
https://doi.org/10.1073/pnas.1503283112
https://doi.org/10.1016/j.ympev.2013.05.012
https://doi.org/10.1016/j.jhevol.2013.07.015
https://doi.org/10.1111/mec.16352
https://doi.org/10.1371/journal.pone.0218245
https://doi.org/10.1002/ajpa.23113
https://doi.org/10.1371/journal.pone.0199556
https://doi.org/10.1371/journal.pone.0199556
https://doi.org/10.1002/ajpa.22654
https://doi.org/10.1111/ddi.13142
https://doi.org/10.1111/ddi.13142
https://doi.org/10.1093/CZ/ZOZ058
https://doi.org/10.1371/journal.pone.0217084
https://doi.org/10.1002/eap.2335
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1111/2041-210X.12869
https://doi.org/10.1038/s41598-021-85488-9
https://doi.org/10.1038/s41598-021-85488-9
https://doi.org/10.3390/ani10122215
https://doi.org/10.3390/ani10122215
https://doi.org/10.1111/1365-2745.13113
https://doi.org/10.1002/ajp.22014
https://doi.org/10.1126/science.1246752
https://doi.org/10.1126/science.1246752
https://doi.org/10.1111/1755-0998.12355
https://doi.org/10.1111/1755-0998.12355
https://doi.org/10.1111/mec.14776
https://doi.org/10.1111/j.1365-294X.2011.05403.x
https://doi.org/10.1371/journal.pone.0058971


16 of 16  |     BRUN et al.

ecology. Journal of Applied Ecology, 51, 1450– 1459. https://doi.
org/10.1111/1365-	2664.12306

Rothman,	 J.	 M.,	 Raubenheimer,	 D.,	 Bryer,	 M.	 A.	 H.,	 Takahashi,	 M.,	 &	
Gilbert,	 C.	 C.	 (2014).	 Nutritional	 contributions	 of	 insects	 to	 pri-
mate	 diets:	 Implications	 for	 primate	 evolution.	 Journal of Human 
Evolution, 71, 59– 69. https://doi.org/10.1016/j.jhevol.2014.02.016

Rowe,	 A.	 K.,	 Donohue,	M.	 E.,	 Clare,	 E.	 L.,	 Drinkwater,	 R.,	 Koenig,	 A.,	
Ridgway,	Z.	M.,	Martin,	L.	D.,	Nomenjanahary,	E.	S.,	Zakamanana,	F.,	
Randriamanandaza,	L.	J.,	Rakotonirina,	T.	E.,	&	Wright,	P.	C.	(2021).	
Exploratory	 analysis	 reveals	 arthropod	 consumption	 in	 10	 lemur	
species	using	DNA	metabarcoding.	American Journal of Primatology, 
83, e23256. https://doi.org/10.1002/ajp.23256

Schnell,	I.	B.,	Bohmann,	K.,	&	Gilbert,	T.	P.	(2015).	Tag	jumps	illuminated	–		
Reducing	sequence-	to-	sample	misidentifications	in	metabarcoding	
studies. Molecular Ecology Resources, 15, 1289– 1303. https://doi.
org/10.1111/1755-	0998.12402

Schwitzer,	C.,	Mittermeier,	R.	A.,	Rylands,	A.	B.,	Chiozza,	F.,	Williamson,	
E.	 A.,	 Macfie,	 E.	 J.,	 Wallis,	 J.,	 &	 Cotton,	 A.	 (2017).	 Primates in 
Peril: The World's 25 Most Endangered Primates 2016– 2018.	 IUCN	
SSC	 Primate	 Specialist	 Group	 (PSG),	 International	 Primatological	
Society	(IPS),	Conservation	International	(CI),	and	Bristol	Zoological	
Society.	https://doi.org/10.1896/052.022.0101

Shao,	X.,	Lu,	Q.,	Liu,	M.,	Xiong,	M.,	Bu,	H.,	Wang,	D.,	Liu,	S.,	Zhao,	J.,	Li,	S.,	
&	Yao,	M.	(2021).	Generalist	carnivores	can	be	effective	biodiver-
sity	samplers	of	terrestrial	vertebrates.	Frontiers in Ecology and the 
Environment, 19,	557–	563.	https://doi.org/10.1002/fee.2407

Shehzad,	W.,	Riaz,	T.,	Nawaz,	M.	A.,	Miquel,	C.,	Poillot,	C.,	Shah,	S.	A.,	
Pompanon,	F.,	Coissac,	E.,	&	Taberlet,	P.	(2012).	Carnivore	diet	anal-
ysis	based	on	next-	generation	sequencing:	Application	to	the	leop-
ard	cat	(Prionailurus bengalensis)	in	Pakistan.	Molecular Ecology, 21, 
1951– 1965. https://doi.org/10.1111/j.1365-	294X.2011.05424.x

Srivathsan,	A.,	Sha,	J.	C.	M.,	Vogler,	A.	P.,	&	Meier,	R.	(2015).	Comparing	
the	effectiveness	of	metagenomics	and	metabarcoding	for	diet	anal-
ysis	of	a	leaf-	feeding	monkey	(Pygathrix nemaeus).	Molecular Ecology 
Resources, 15, 250– 261. https://doi.org/10.1111/1755-	0998.12302

Struhsaker,	 T.	 T.	 (1967).	 Ecology	 of	 vervet	 monkeys	 (Cercopithecus 
Aethiops)	in	the	Masai-	Amboseli	game	reserve,	Kenya.	Ecology, 48, 
891– 904. https://doi.org/10.2307/1934531

Su,	H.-	H.,	&	Lee,	L.-	L.	(2001).	Food	habits	of	Formosan	rock	macaques	
(Macaca cyclopis)	 in	 Jentse,	 Northeastern	 Taiwan,	 assessed	 by	
fecal	 analysis	 and	 behavioral	 observation.	 International Journal 
of Primatology, 22,	 359–	377.	 https://doi.org/10.1023/A:10107	
99410911

Swift,	J.	F.,	Lance,	R.	F.,	Guan,	X.,	Britzke,	E.	R.,	Lindsay,	D.	L.,	&	Edwards,	
C.	E.	(2018).	Multifaceted	DNA	metabarcoding:	Validation	of	a	non-
invasive,	 next-	generation	 approach	 to	 studying	 bat	 populations.	
Evolutionary Applications, 11, 1120– 1138. https://doi.org/10.1111/
eva.12644

Taberlet,	P.,	Bonin,	A.,	Zinger,	L.,	&	Coissac,	É.	(2018).	Environmental DNA: 
For biodiversity research and monitoring.	 Oxford	 University	 Press.	
https://doi.org/10.1093/oso/97801	98767	220.001.0001

Taberlet,	P.,	Coissac,	E.,	Gielly,	L.,	Miquel,	C.,	Brochmann,	C.,	Valentini,	
A.,	Vermat,	T.,	Corthier,	G.,	Brochmann,	C.,	&	Willerslev,	E.	(2007).	
Power	 and	 limitations	 of	 the	 chloroplast	 trnL	 (UAA)	 intron	 for	
plant	DNA	barcoding.	Nucleic Acids Research, 35, e14. https://doi.
org/10.1093/nar/gkl938

Taberlet,	P.,	Coissac,	E.,	Pompanon,	F.,	Brochmann,	C.,	&	Willerslev,	E.	
(2012).	 Towards	 next-	generation	 biodiversity	 assessment	 using	
DNA	 metabarcoding.	Molecular Ecology, 21, 2045– 2050. https://
doi.org/10.1111/j.1365-	294X.2012.05470.x

Tercel,	M.	P.	T.	G.,	Symondson,	W.	O.	C.,	&	Cuff,	J.	P.	(2021).	The	prob-
lem	of	omnivory:	A	synthesis	on	omnivory	and	DNA	metabarcod-
ing. Molecular Ecology, 30, 2199– 2206. https://doi.org/10.1111/
mec.15903

Thomsen,	P.	F.,	&	Willerslev,	E.	(2015).	Environmental	DNA	-		An	emerg-
ing	tool	in	conservation	for	monitoring	past	and	present	biodiver-
sity. Biological Conservation, 183, 4– 18. https://doi.org/10.1016/j.
biocon.2014.11.019

Tournier,	E.,	Tournier,	V.,	van	de	Waal,	E.,	Barrett,	A.,	Brown,	L.,	&	Bshary,	
R.	(2014).	Differences	in	diet	between	six	neighbouring	groups	of	
vervet	monkeys.	Ethology, 120,	471–	482.	https://doi.org/10.1111/
eth.12218

van	Wyk,	B.,	&	van	Wyk,	P.	(2013).	Field guide to trees of Southern Africa 
(2nd	ed.).	Penguin	Random	House	South	Africa.

Vesterinen,	E.	J.,	Puisto,	A.	 I.	E.,	Blomberg,	A.	S.,	&	Lilley,	T.	M.	(2018).	
Table	 for	 five,	please:	Dietary	partitioning	 in	boreal	bats.	Ecology 
and Evolution, 8,	10914–	10937.	https://doi.org/10.1002/ece3.4559

Voelker,	 M.	 R.,	 Schwarz,	 D.,	 Thomas,	 A.,	 Nelson,	 B.	 W.,	 &	 Acevedo-	
Gutiérrez,	A.	(2020).	Large-	scale	molecular	barcoding	of	prey	DNA	
reveals	 predictors	 of	 intrapopulation	 feeding	 diversity	 in	 a	 ma-
rine predator. Ecology and Evolution, 10,	 9867–	9885.	 https://doi.
org/10.1002/ece3.6638

Whiten,	 A.,	 &	 van	 de	 Waal,	 E.	 (2018).	 The	 pervasive	 role	 of	 social	
learning	 in	 primate	 lifetime	 development.	 Behavioral Ecology and 
Sociobiology, 72, 80. https://doi.org/10.1007/s0026	5-	018-	2489-	3

Zinger,	L.,	Bonin,	A.,	Alsos,	 I.	G.,	Bálint,	M.,	Bik,	H.,	Boyer,	F.,	Chariton,	
A.	A.,	Creer,	S.,	Coissac,	E.,	Deagle,	B.	E.,	De	Barba,	M.,	Dickie,	 I.	
A.,	Dumbrell,	A.	J.,	Ficetola,	G.	F.,	Fierer,	N.,	Fumagalli,	L.,	Gilbert,	
M.	 T.	 P.,	 Jarman,	 S.,	 Jumpponen,	 A.,	 &	 Taberlet,	 P.	 (2019).	 DNA	
metabarcoding–	Need	 for	 robust	 experimental	 designs	 to	 draw	
sound ecological conclusions. Molecular Ecology, 28,	 1857–	1862.	
https://doi.org/10.1111/mec.15060

Zinger,	L.,	Lionnet,	C.,	Benoiston,	A.	S.,	Donald,	J.,	Mercier,	C.,	&	Boyer,	
F.	(2021).	metabaR:	An	R	package	for	the	evaluation	and	improve-
ment	of	DNA	metabarcoding	data	quality.	Methods in Ecology and 
Evolution, 12, 586– 592. https://doi.org/10.1111/2041-	210X.13552

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Brun,	L.,	Schneider,	J.,	Carrió,	E.	M.,	
Dongre,	P.,	Taberlet,	P.,	Waal,	v.	d.,	&	Fumagalli,	L.	(2022).	
Focal	vs.	fecal:	Seasonal	variation	in	the	diet	of	wild	vervet	
monkeys	from	observational	and	DNA	metabarcoding	data.	
Ecology and Evolution, 12, e9358. https://doi.org/10.1002/
ece3.9358

https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1111/1365-2664.12306
https://doi.org/10.1016/j.jhevol.2014.02.016
https://doi.org/10.1002/ajp.23256
https://doi.org/10.1111/1755-0998.12402
https://doi.org/10.1111/1755-0998.12402
https://doi.org/10.1896/052.022.0101
https://doi.org/10.1002/fee.2407
https://doi.org/10.1111/j.1365-294X.2011.05424.x
https://doi.org/10.1111/1755-0998.12302
https://doi.org/10.2307/1934531
https://doi.org/10.1023/A:1010799410911
https://doi.org/10.1023/A:1010799410911
https://doi.org/10.1111/eva.12644
https://doi.org/10.1111/eva.12644
https://doi.org/10.1093/oso/9780198767220.001.0001
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1093/nar/gkl938
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/j.1365-294X.2012.05470.x
https://doi.org/10.1111/mec.15903
https://doi.org/10.1111/mec.15903
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1016/j.biocon.2014.11.019
https://doi.org/10.1111/eth.12218
https://doi.org/10.1111/eth.12218
https://doi.org/10.1002/ece3.4559
https://doi.org/10.1002/ece3.6638
https://doi.org/10.1002/ece3.6638
https://doi.org/10.1007/s00265-018-2489-3
https://doi.org/10.1111/mec.15060
https://doi.org/10.1111/2041-210X.13552
https://doi.org/10.1002/ece3.9358
https://doi.org/10.1002/ece3.9358

	Focal vs. fecal: Seasonal variation in the diet of wild vervet monkeys from observational and DNA metabarcoding data
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study site and subjects
	2.2|Observational data
	2.3|Local plant database
	2.4|Fecal sample collection
	2.5|DNA metabarcoding
	2.5.1|DNA extraction
	2.5.2|DNA metabarcoding assay
	2.5.3|Bioinformatic data treatment

	2.6|Data analyses

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


