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DNA metabarcoding is a fast and simple alternative to traditional microscopy methods, which have been the main 
tool for identification of prey in dietary studies of lizards. In this study, we applied a metabarcoding approach based 
on COI and 16S rRNA amplicons to assess diet partitioning and feeding strategies in three syntopic lizards from 
Taza, Morocco: Scelarcis perspicillata chabanaudi, Scelarcis perspicillata pellegrini and Podarcis vaucheri. In order 
to avoid competition, these lizards are expected to consume different prey species because they occupy distinct 
trophic niches, use different foraging strategies and express different dorsal pigmentation patterns. Given the 
spotted pattern of S. p. chabanaudi, we hypothesize a sit-and-wait foraging strategy with a less diverse diet and a 
higher consumption of mobile prey relative to the striped S. p. pellegrini and P. vaucheri which, as potential active 
foragers, are expected to have a higher diet diversity. Previous diet assessments using microscopy on faecal remains 
seem to contradict these expectations. Our results show that, as expected, the diet of S. p. chabanaudi is less diverse 
than the diet of S. p. pellegrini. Regarding P. vaucheri, our dietary data are consistent with the hypothesis that this 
species behaves as an active forager, owing to its high niche overlap with S. p. pellegrini. Advantages and limitations 
of molecular barcoding compared with the microscopy approach to the analysis of lizard diets are discussed.

ADDITIONAL KEYWORDS: 16S rRNA – cytochrome c oxidase subunit I – diet analysis – Podarcis vaucheri – 
Scelarcis perspicillata – trophic niche partitioning.

INTRODUCTION

Despite most lizards being considered generalists (Díaz 
& Carrascal, 1990), feeding habits are expected to vary 
among species depending on the foraging strategy 
adopted and on prey availability, mobility, behaviour, 
size or hardness (Vanhooydonck et al., 2007).

Dietary studies on lizards have traditionally relied 
on morphological prey identification in stomach 
contents obtained through animal sacrifice (e.g. Díaz 
& Carrascal, 1990) or stomach flushing (e.g. Luiselli 
et al., 2011), or by using faecal samples (e.g. Perera 
et al., 2006). These methods require considerable 

taxonomic expertise, because prey items are identified 
from undigested partial remains, which can also 
limit the detection of soft prey owing to their high 
digestibility (Pompanon et al., 2012; Taberlet et al., 
2012). In fact, it is suggested that the absence of 
trophic niche structure found for many lizards can be 
attributable to difficulties in identifying prey taxa at 
a finer scale than the typical order or family (Luiselli, 
2008a), which can be caused by an oversimplification 
of the diversity of consumed prey, especially in 
taxonomically complex groups (e.g. Perera et al., 2006; 
Hawlena & Pérez-Mellado, 2009).

Currently, we are facing a so-called ‘taxonomic 
impediment’, caused by a shortage of taxonomy experts, 
which coincides (or not) with the rise in popularity of 
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molecular barcoding methods. These approaches allow 
family-, genus- or species-level identifications, because 
there is an accurately curated barcode database (e.g. 
Jeanniard-du-Dot et al., 2017; Buglione et al., 2018). 
At present, DNA metabarcoding is a fast and simple 
alternative to traditional microscopy methods, because 
it allows the detection of prey DNA in digested samples 
and has been shown to be effective in recovering 
previously undetected prey groups (e.g. Jarman et al., 
2013; Sousa et al., 2016). Nevertheless, studies relying 
on metabarcoding need to be designed carefully, because 
taxonomic biases can arise related to primer choice 
(Piñol et al., 2015). The mitochondrial cytochrome c 
oxidase subunit I (COI) gene is the standard marker in 
animal barcoding owing to the availability of extensive 
taxonomically verified databases and its easy 
amplification and higher substitution rate compared 
with other genes, such as ribosomal RNA (rRNA), 
which improves taxonomic resolution (Yu et al., 
2012). Its high mutation rate, however, constitutes 
a problem when using metabarcoding owing to the 
difficulty in designing universal primers (Deagle et al., 
2014), especially for genetically diverse groups, such 
as insects (Clarke et al., 2014). For this reason, more 
conservative markers, such as the 16S rRNA, have 
been proposed and used to design truly universal 
primers, thereby enabling the detection of more taxa 
(e.g. Elbrecht et al., 2016).

In this study, we applied a molecular barcoding 
approach to assess diet partitioning and feeding 
strategies in three syntopic lacertid lizards from 
north-east Morocco. The Moroccan rock lizard, 
Scelarcis perspicillata (Duméril & Bibron, 1839), is a 
small lacertid inhabiting Morocco and western Algeria 
(Bons & Geniez, 1996). It is a very agile lizard and 
an excellent climber, feeding mainly on beetles, ants, 
spiders, flies and small moths (Schleich et al., 1996; 
Perera et al., 2006). Two of the subspecies described, 
S. p. chabanaudi and S. p. pellegrini, live in strict 
syntopy in Taza, a locality in north-east Morocco, and 
belong to two genetically distinct lineages showing 
different size and dorsal pattern (Harris et al., 2003). 
Scelarcis p. chabanaudi is the largest form (mean 
snout–vent length = 61 mm) and has a dorsum 
with light spots on a black background, whereas 
S. p. pellegrini is smaller (mean snout–vent length 
= 54 mm) and presents two light dorsolateral stripes 
on a spotted dorsum (Bons & Geniez, 1996; Schleich 
et al., 1996). In this locality, these two lizards share 
habitat with another small Mediterranean lacertid, 
Podarcis vaucheri (Boulenger, 1905). This species, 
which resembles S. p. pellegrini both in body size 
and in pigmentation pattern (Schleich et al., 1996), 
is distributed throughout the Northern Maghreb and 
Southern Iberia (Kaliontzopoulou et al., 2011) and is 
considered a food generalist (Schleich et al., 1996).

A previous diet study of S. p. pellegrini and 
S. p. chabanaudi using microscopy on faecal remains 
showed greater differences in the diet composition of 
the two forms when living in syntopy in Taza than in 
allopatry, which might indicate the use of different 
foraging strategies to reduce intraspecific competition 
(Perera et al., 2006). Two extreme foraging strategies 
within a continuum are recognized for lizards: active 
foraging and sit-and-wait (Pianka, 1966; Perry, 1999). 
Active foragers move throughout extensive areas 
looking for prey and are more likely to find sedentary, 
clumped and unpredictably distributed prey, such as 
insect larvae or termites. On the contrary, sit-and-
wait predators wait for prey in a stationary place and 
quickly attack them when they approach, thus tending 
to eat more active and mobile prey (Huey & Pianka, 
1981; Verwaijen & Van Damme, 2007). Foraging modes 
are often associated with dorsal pigmentation, which 
is also known to play an important role in escape from 
predators (Jackson et al., 1976). Cryptic body coloration 
patterns reduce the probability of detection by predators 
because they blend with the natural background, 
working as a camouflage mechanism (Halperin 
et al., 2017). Conversely, conspicuous pigmentation, 
such as stripes, seemingly disadvantageous in most 
environments, can perform well during movement 
(Stevens et al., 2011), because longitudinal stripes and 
high-contrast patterns interfere with the perception by 
the predator of the speed and trajectory of the moving 
prey, creating a ‘motion dazzle’ phenomenon (Jackson 
et al., 1976). This leads to an associated evolution of 
foraging behaviour and morphology, in which active 
foraging modes are usually associated with striped 
dorsal patterns, whereas sit-and-wait predators 
present cryptic pigmentation (Halperin et al., 2017). 
In our case study, S. p. chabanaudi fits the phenotype 
that is generally expected for a sit-and-wait forager, 
whereas S. p. pellegrini and P. vaucheri phenotypes 
would fit what is expected for an active forager. 
However, previous diet analysis by Perera et al. (2006) 
seemingly contradicted this association of phenotype 
and foraging strategy. However, their study was based 
on microscope diet analysis and, as such, the dietary 
spectrum and the degree of dissimilarity between the 
diets of S. perspicillata forms found at Taza might be 
underestimated owing to the low taxonomic resolution 
of the methodology used.

In the present study, we used a metabarcoding 
approach based on partial COI and 16 rRNA gene 
sequences to study the diets of S. p. chabanaudi and 
S. p. pellegrini in Taza with two main objectives: (1) to 
determine whether molecular barcoding allows for an 
increased taxonomic resolution of diet analyses relative 
to the microscopy approach; and (2) to assess whether 
the diet partitioning detected by Perera et al. (2006) 
between these two forms is part of a consistent pattern 
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linked to different foraging strategies associated with 
their dorsal pattern of pigmentation. Additionally, 
we also examined the niche overlap of the two 
S. perspicillata forms with the more generalist lizard 
P. vaucheri (Boulenger, 1905). Given that the colour 
pattern of this lizard resembles that of S. p. pellegrini, 
we hypothesize similar foraging strategies.

MATERIAL AND METHODS

Sampling

Samples were collected in September 2016 at Taza 
(34°12′94″N, 4°3′14″W), in north-eastern Morocco. 
This area is dominated by Quercus trees, shrubs and 
large rock outcrops. A total of 68 adult individuals 
were included in the study, of which 25 were 
S. p. chabanaudi, 28 S. p. pellegrini and 15 P. vaucheri 
(Supporting Information, Table S1). Lizards were 
captured with a noose while active on trees, rocks 
and on the ground. All animals were identified, sexed 
(following Perera et al., 2006, 2007), measured (snout–
vent length) to the nearest millimetre, and individual 
pellets were collected and preserved in 96% ethanol. 
After data collection, all individuals were released 
unharmed at the point of capture.

primer choice and blocking oligonucleotide 
deSign

A pilot study was performed to test published primers 
targeting regions within the COI and 16S rRNA 
genes in order to find the most suitable primer pair 
for each gene. The most-consumed prey reported 
from previous studies (Carretero et al., 2006; Perera 
et al., 2006) represented five invertebrate orders 
(Coleoptera, Orthoptera, Diptera, Odonata and 
Hemiptera), and species belonging to these groups 
were used to test the efficacy of different primer pairs. 
Additionally, lizard faecal samples from previous 
expeditions were also used in these tests. Host DNA 
from S. p. chabanaudi, S. p. pellegrini and P. vaucheri 
was also included for a preliminary evaluation of 
host co-amplification. The primer pairs Ins16S_1F/
Ins16S_1R (5′-TRRGACGAGAAGACCCTATA-3′/5′-
TCTTAATCCAACATCGAGGTC-3′; Clarke et al., 
2014) targeting 16S and mlCOIintF/jgHCO2198 
(5′-GGWACWGGWTGAACWGTWTAYCCYCC-3′/5′-
TAIACYTCIGGRTGICCRAARAAYCA-3′; Leray et al., 
2013) targeting COI were the primers with higher 
amplification success covering all the tested taxa 
groups and were therefore chosen for the present study.

Based on the positive results of host amplification 
with the selected primers, blocking primers were 
designed following Vestheim & Jarman (2008) to 

minimize host amplification. One single blocking 
primer was used for the amplification of the 16S 
fragment (5′-CGAGGTCGTAAACCCCCTTGTCGATA
GGG[SpcC3]-3′) for the three study species, whereas for 
the COI two different blocking primers were designed 
for S. p. chabanaudi and S. p. pellegrini (5′-GTCTAC
CCACCTTTAGCTGGC[SpcC3]-3′ and 5′- GTTTATCC
GCCTTTAGCTGGC[SpcC3]-3′, respectively). We did 
not use any host DNA removal strategy for P. vaucheri 
owing to the lack of published COI sequences essential 
to design the blocking oligonucleotide.

dna extraction

DNA extraction was performed in a positive controlled 
pressure room designed to prevent contamination. 
Before extraction, samples were dehydrated at 37 °C 
overnight. When more than one pellet per individual 
was available, these were pooled to increase the 
probability of detecting the highest number of prey 
(Pompanon et al., 2012). Extraction was performed 
using the PureLink Genomic DNA kit (Thermo Fisher 
Scientific) following the manufacturer’s protocol, with 
triple volumes of lysis buffer and proteinase K to 
improve DNA extraction. All samples were vortexed 
to disrupt the faecal mass and digested overnight. 
Extracted DNA was stored at −20 °C until preparation 
of the library.

library preparation and Sequencing

A two-step polymerase chain reaction (PCR) approach 
was performed, following Kozich et al. (2013). For the 
first PCR step, the 16S rRNA fragment was amplified 
with a 15× blocking oligonucleotide concentration 
relative to the PCR primers. A touchdown PCR 
protocol was implemented, starting at 65 °C annealing 
temperature and decreasing by 0.5 °C per cycle until 
55 °C, followed by 25 cycles at this temperature. For 
the COI fragment, PCR primers were combined with a 
20× blocking primer concentration. A touchdown PCR 
was also performed, with the annealing temperature 
decreasing by 1 °C each cycle from 67 to 46 °C and 
then amplification for 25 cycles. All PCRs contained 
bovine serum albumin (25 mM), and the optimal MgCl2 
concentration was 2.5 mM. Platinum Taq Polymerase 
(Invitrogen; 2 U/µL) was mixed in a 10 µL reaction 
volume with 0.5 µL of DNA. The PCRs were run in 
triplicate, with a negative control (blank), a positive 
control (prey sample) and a host sample, to check 
the effectiveness of the blocking primer. Amplified 
fragments were tested in 2% agarose gel and then 
replicate PCRs were pooled. PCR purification was 
performed using the Agencourt AMPure XP (Beckman 
Coulter) system with a proportion of 0.8 µL of magnetic 
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beads to 1 µL of PCR product. This ratio allowed the 
removal of primer-dimer and unincorporated reagents.

In order to attach a unique tag to each sample in 
addition to Illumina sequencing adaptors, a second 
PCR was performed in a 10 µL reaction volume using 
the same conditions as the first PCR at 55 °C annealing 
temperature for ten cycles. A final purification was 
performed using the ratio of 1.2 µL of beads to 1 µL of 
PCR. Quant-iT PicoGreen dsDNA Assay Kit (Thermo 
Fisher Scientific) was used to quantify the amplicon 
concentration, and all samples were normalized to 
15 nM and then finally pooled with 2 µL of each sample.

Sequencing was outsourced to a commercial company 
(Genewiz) and conducted in an Illumina MiSeq 
sequencer with 2 × 250 bp paired-end configuration, 
and ≤ 30% of PhiX was spiked-in to increase sequencing 
diversity. Demultiplexed sequences were deposited at 
sequence read archive.

bioinformatic analySiS and taxonomic 
aSSignment

Samples were de-multiplexed, and adaptors were 
removed by the sequencing company. From this step on, 
COI and 16S samples were processed independently. 
Fastq files were analysed using USEARCH v.9.2.64 
(Edgar, 2010), where reads were assembled, quality 
filtered and clustered into operational taxonomic units 
(OTUs).

First, the overall sequencing quality was checked, 
and the number of reads, expected error (EE) and 
length distribution were summarized for forward 
(R1) and reverse (R2) reads separately. After quality 
control, primers were removed, and paired-end reads 
were assembled using the command -fastq_mergepairs. 
Samples were filtered by quality with the -fastq_filter 
command, which was first set to discard reads shorter 
than 100 bp (Yu et al., 2012) and then to filter them 
by overall quality scores. The maximal expected 
sequencing error was set to one owing to the overall 
good sequencing quality (Edgar & Flyvbjerg, 2015). 
Then -fastx_uniques was set to discard replicated 
reads and singletons (sequences represented by a 
single read). Unique sequences were clustered into 
OTUs using the UPARSE algorithm (Edgar, 2013) 
with -cluster_otus. In this step, chimeric sequences 
were discarded, and each sequence should match with 
one OTU with ≥ 97% identity. Lastly, -usearch_global 
was used in order to create an OTU table with the 
frequency of all OTUs per sample. For each sample, 
prey detection was normalized by removing OTUs 
representing < 0.5% of the total number of reads of 
that sample (Deagle et al., 2019).

Sequences from 16S rRNA were compared against 
the National Center for Biotechnology Information 
(NCBI) database using the BLAST algorithm, and 

sequences from COI were compared with both NCBI 
and BOLD databases. Sequences were identified to 
family, genus or species when similarities were > 90, 
> 98 and > 99%, respectively. When equal similarity to 
two or more taxa was found, sequences were identified 
to the higher taxonomic level that included both taxa. 
Sequences with 85–89% similarity were classified to 
order, and when a match up to the order level was 
not found, OTUs were considered unidentified. After 
removal of non-food sequences from the COI dataset, 
45% of the samples ended up with < 100 sequences 
per sample. Owing to this, we considered this dataset 
not representative enough for each species, and these 
results were not analysed further.

diet analySiS and StatiSticS

As mentioned above, the COI dataset was not analysed 
statistically; therefore, the following details of 
methods apply only to the 16S dataset. The frequency 
of occurrence of each prey was calculated by dividing 
the number of faecal samples containing a certain food 
item by the total number of faecal samples for each 
lizard species (Deagle et al., 2019).

Diet diversity was determined for each species using 
Levin’s niche breadth index, with the spaa package in 
R software (Zhang, 2016). Niche overlap was calculated 
for the community and between pairs of species through 
Pianka’s niche overlap index, with the frequency of 
occurrence of each prey at the order, family and OTU 
level so that the sensitivity of this index could be 
tested at different scales. The observed overlap values 
were compared with a distribution of expected overlap 
values based on null model simulations using the 
package EcoSimR (Gotelli et al., 2015). The expected 
distribution resulted from a simulation with 10 000 
randomizations using the RA2 and RA3 algorithms. 
RA2 substitutes a random number of niche breadth 
utilizations, retaining the zero structure of the matrix. 
On the contrary, RA3 retains the niche breadth of each 
species and reshuffles the matrix structure given by 
the zero structure of the resources. Although RA2 had 
been suggested to be better than RA3 in detecting non-
random structure along the trophic niche dimension 
in lizard communities (Luiselli, 2008a), the latter was 
also used in order to test the effect of retaining the zero 
structure of the data. The observed overlap value was 
considered statistically different from the null model 
when Pobs<exp < 0.05, with either RA2 or RA3.

Statistical differences among the species were 
computed using the vegan (Oksanen et al., 2018) 
package in R software. The OTU table on the presence 
of items consumed was transformed into a distance 
matrix using the Jaccard index. Statistical significance 
was determined with a non-parametric permutational 
analysis of variance (perMANOVA) among species 
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and sex using 1000 random permutations. Post hoc 
pairwise perMANOVA comparisons were performed 
with Bonferroni correction to determine which pair of 
species contributed to the differences observed.

In order to confirm the precision of our results, 
the effect of sample size was tested on the pseudo-
multivariate dissimilarity-based standard error 
(MultSE) using the R function provided by Anderson 
& Santana-Garcon (2015).

All analyses were performed in the R environment 
(RStudio Team, 2016; R Core Team, 2017), and 
statistical significance was set to P < 0.05.

RESULTS

analySiS of SequenceS 

From the 68 samples collected, 53% (N = 36) were 
successfully amplified with the 16S primers and 69% 
(N = 47) with the COI primers. Assembling forward 
and reverse reads produced 575 679 sequences for 
16S and 752 611 for COI, of which 44 567 and 97 981 
unique sequences, respectively, were retained.

Regarding 16S sequences, one  sample  o f 
S. p. pellegrini was removed after quality filtering. 
Moreover, another sample from S. p. chabanaudi whose 
diet was mainly constituted by Androctonus gonneti 
DNA was also removed owing to a strong suspicion 
that it was a laboratory contaminant, because this 
scorpion species is exclusive to desert areas from Africa 
(Lourenço & Qi, 2007) and the haplotype was identical 
to one amplified previously in the same laboratory. 
Sequence clustering resulted in a total of 84 identified 
OTUs, of which 18% belonged to host, protists and 
sequences considered unidentified. After the removal 
of OTUs representing < 0.5% of each sample, a total of 

45 OTUs identified to the order level were recovered. 
Of those, 33 could be assigned to the family, 13 to the 
genus and five to the species.

The COI dataset was not analysed in such detail 
because a low number of prey sequences per sample 
was retrieved after taxonomic identification.

diet compoSition

Globally, the most common identified prey with 
the 16S rRNA marker was Coleoptera (present in 
19 individuals, 56%), followed by Hymenoptera (16 
individuals, 47%). Within the Hymenoptera order, 
Formicidae (ants), which was considered different from 
the other Hymenoptera families given their clumped 
habits, was present in 44% of the samples. The other 
consumed prey, although less frequent, belong to the 
orders Blattodea, Diptera, Hemiptera, Lepidoptera 
and Orthoptera (Fig. 1). Interestingly, COI sequences 
revealed the additional presence of Arachnida, such 
as Araneae and Sarcoptiformes (mites), although its 
frequency of occurrence was not calculated owing 
to the amplification of a high number of non-target 
sequences with this marker, resulting in a reduced 
dataset size for each species. Moreover, sequences 
classified as molluscs were not considered as prey 
because it was not possible to assign them to a higher 
taxonomic classification.

Scelarcis perspicillata pellegrini was the species 
with the most diverse diet, with the presence of 28 
different OTUs belonging to 12 prey families and seven 
orders (Fig. 2). This species presented the highest 
niche width values (4.703 within the order level, 
5.765 within family and 16.714 within OTUs; Table 
1), and their diet was mainly composed of Formicidae 
(56%) and Curculionidae (38%). Representatives of 

Figure 1. Number of occurrences of prey items for the 16S marker among all samples.
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Figure 2. Percentage frequency of occurrence of prey items found for S. p. chabanaudi, S. p. pellegrini and P. vaucheri. A, 
the identified orders. B, the identified families. C, the identified operational taxonomic units (OTUs) Abbreviation: n.i., not 
identified.
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the Chrysomelidae family (beetles) were present 
in two S. p. pellegrini samples, one of which was 
identified as Longitarsus sp. (flea beetle). In the diet 
of S. p. chabanaudi, 13 OTUs were detected, which 
belong to six different families and five orders. Its 
niche width was the lowest among the three studied 
species (3.333 within order, 3.322 within family and 
6.857 within OTUs; Table 1). Curculionidae (weevils) 
and Kalotermitidae (termites) were the most consumed 
prey, with a frequency of occurrence of 62 and 31%, 
respectively (Fig. 2).

Among P. vaucheri, 57% of the individuals consumed 
Formicidae, which was the prey with the highest 
frequency of occurrence. Its niche width was very 
similar to the one of S. p. pellegrini (4.122 within order, 
4.481 within family and 15.207 within OTUs; Table 
1). Ectobiidae (cockroaches) and Gryllidae (crickets), 
which are comparably larger prey than all the other 
identified prey, were present only in the diets of 
S. p. chabanaudi and P. vaucheri, respectively.

Niche overlap considering order- and family-
level prey was higher between S. p. pellegrini and 
P. vaucheri, whereas the lowest overlap was found for 
S. p. chabanaudi and P. vaucheri (Table 2). However, 
those were not statistically significant when using 
the order level. When OTUs were used to calculate 
Pianka’s index, the highest niche overlap was detected 
between S. p. chabanaudi and S. p. pellegrini (Table 2).

The perMANOVA showed no significant interaction 
effect between species and sex (d.f. = 1; residual 
d.f. = 29; R2 = 0.021, pseudo-F = 0.713, P = 0.846). 
Differences among the diet of the three studied 
species were statistically significant (d.f. = 2; residual 
d.f. = 29; R2 = 0.103, pseudo-F = 1.778, P = 0.004), 
but no differences between sexes were found (d.f. = 1; 
residual d.f. = 29; R2 = 0.032, pseudo-F = 1.099, 
P = 0.326). Despite the differences found among 
the three species, pairwise perMANOVA revealed 
no statistical differences between any species pair 
(P. vaucheri vs. S. p. chabanaudi: d.f. = 1; R2 = 0.104, 
pseudo-F  = 1.981, P  = 0.060; P. vaucheri  vs. 
S. p. pellegrini: d.f. = 1; R2 = 0.059, pseudo-F = 1.272, 
P = 0.119; S. p. chabanaudi vs. S. p. pellegrini: 
d.f. = 1; R2 = 0.076, pseudo-F = 2.069, P = 0.060). The 
power analysis testing the appropriateness of our 

sample size to obtain reliable results showed that 
for S. p. chabanaudi and S. p. pellegrini the sample 
size was sufficient. However, conclusions regarding 
P. vaucheri should be taken with caution because its 
multivariate standard error did not level out with our 
sample size (Supporting Information, Fig. S1).

DISCUSSION

Metabarcoding allowed an OTU (species)-level diet 
analysis, reinforcing the power of molecular techniques 
concerning prey identification in lizards (Kartzinel 
& Pringle, 2015; Pinho et al., 2018). Regarding 
marker choice, the preferential amplification of non-
target items (e.g. fungi) when using COI confirmed 
the usefulness of the 16S rRNA to study the diet 
of insectivorous predators and reinforced the idea 
that primer choice is of utmost importance in diet 
metabarcoding studies (Clarke et al., 2014).

Our results were generally concordant with 
the previous study by Perera et al. (2006) using 
microscopy; marked differences between the diets of 
S. p. chabanaudi and S. p. pellegrini were confirmed by 
our analysis, although in the opposite direction. A more 
diverse diet was found for S. p. pellegrini than for 
S. p. chabanaudi, contradicting the previous study, but 
supporting the general expectation for an active forager. 
In the present study, the diet of S. p. chabanaudi was 
mainly composed of clumped prey, commonly consumed 
by active foragers, in contrast to the expectations 
raised by its coloration pattern, suggesting that this 
form can adopt an active food search. However, whether 
the high intake of termites and weevils reflects their 
abundance in Taza or whether they are actively 
selected remains uncertain without prey availability 
studies. In contrast, the diet of S. p. pellegrini included 
four flying prey families, whereas for S. p. chabanaudi 
only one was found. This is in accordance with what 
was reported by Perera et al. (2006) and seems to 
contradict the general prediction linking predator 
phenotype to foraging strategy and specific prey 
consumption in this case. However, flying prey from 
the orders Lepidoptera, Hymenoptera and Diptera 
undergo a process of complete metamorphosis, and the 

Table 1. Levin’s index to calculate niche width for each species at the order, family and operational taxonomic unit level

Niche width (Levin’s index)

 Order Family Operational taxonomic unit

S. p. chabanaudi 3.333 3.322 6.857

S. p. pellegrini 4.703 5.765 16.714

P. vaucheri 4.122 4.481 15.207

http://academic.oup.com/biolinnean/article-lookup/doi/10.1093/biolinnean/blz061#supplementary-data
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metabarcoding approach does not allow different life 
stages to be distinguished. Additionally, S. p. pellegrini 
consumed members of the Chrysomelidae family 
(beetles), which are very small and jumping beetles 
that can also fly and are therefore challenging to find 
and catch, indicating that active search for these prey 
might occur.

Although niche overlap was statistically significant 
at the OTU level in all comparisons, we did not 
consider this level of resolution the best to evaluate 
overlap owing to our small sample size compared with 
the high prey diversity detected. In our case study, 
family level overlaps appear to be the more accurate. 
Interestingly, trophic niche overlap between P. vaucheri 
and S. p. pellegrini was the highest among the three 
syntopic species. A similar pigmentation pattern 
plus their predisposition to live in the same types of 
habitats (Schleich et al., 1996) might underlie their 
similar diets and possible foraging strategies. Niche 
overlap between S. p. pellegrini and S. p. chabanaudi 
was lower, and this trophic niche partitioning could 
be a result of their syntopic habitat (Luiselli, 2008b), 
rather than strictly different foraging modes.

Changes in availability of resources related to 
interannual and seasonal differences, or changes 
in predation pressure, land use or competition, in 
addition to distinct methodology, might underlie the 
broad differences found between the two studies. 
However, the higher taxonomic resolution provided 
by metabarcoding is of major importance, because 
orders such as Coleoptera contain > 200 families, with 
thousands of genera and species. The possibility of 
analysing the consumed prey at the OTU level allowed 
the detection of differences among the studied lizards. 
This could explain the differences in niche width found 
herein between the two species, which were not found 
by Perera et al. (2006).

Even though our metabarcoding approach allowed 
greater taxonomic resolution and an accurate measure 
of prey diversity, and in particular, the identification 
of soft prey, which are otherwise undetectable using 
traditional faecal/stomach analysis (e.g. termites), 
these methods present some limitations, primarily 
owing to the impossibility of assessing prey size, 
hardness and developmental stage (larvae or adults). 
For example, in contrast to the work by Perera et al. 
(2006), where flying stages were undoubtedly present 
in the diet of S. p. pellegrini, metabarcoding did not 
allow adult flying prey to be distinguished from 
earlier non-flying stages. There are, therefore, still 
advantages to the use of microscopy. However, there 
are also other aspects, such as economic costs, to be 
considered. Several studies have demonstrated how 
using next-generation sequencing approaches now can 
be cheaper than classic Sanger sequencing in DNA 
barcoding (e.g. Sonet et al., 2018). In our experience, T
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if time costs are factored in, a molecular approach can 
also be economically viable relative to the theoretically 
‘cheap’ microscopy approach. In much the same way 
that ‘integrative’ approaches are often preferred for 
species descriptions (e.g. Dayrat, 2005), application 
of both microscopy and molecular approaches to diet 
studies might become the new norm.
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