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The diet of top predators is vital information needed to determine their ecological
function and for their conservation management. However, the elusive habit and
low population density of many predators constrains determination of their diets.
While the morphological identification of scat contents is the traditional method, DNA
metabarcoding has lately proven a more efficient and accurate method of identifying
prey taxa. We applied DNA metabarcoding to analyzing the diet of the Eurasian otter
(Lutra lutra), a top predator in freshwater ecosystems, using 12S and 16S rRNA
mitochondrial primers target vertebrate prey. Diet did not vary among different data
removal thresholds of 0.1, 1, 3, and 5%, comprising fishes (>90%), amphibians and
birds (>2%), and occasionally mammals (<2%). Both 12S and 16S primers revealed
similar otter diets, indicating that a single set of primers with a higher threshold is
cost-effective for detecting the main prey taxa. Using 12S primers and a 5% threshold,
we found no seasonal variation of otter diet in the Tangjiahe National Nature Reserve.
A different prey community was found outside the reserve, which resulted in different
prey composition for otters. However, prey taxon richness was not different between
otters in- and outside the reserve. Otters preferred Schizothorax spp., the largest-
sized fish species in the reserve, whereas they mainly preyed on Triplophysa bleekeri,
a small-sized fish species, outside the reserve. Otters’ flexible feeding strategy reflect
their high adaptability. However, greater human disturbance outside the reserve may
present significant challenges to otters by altering prey communities and reducing prey
profitability. Combining fecal DNA metabarcoding and local fish survey will provide
opportunities for more detailed studies on the impact of different levels of human
disturbances on prey communities and otters.

Keywords: high-throughput sequencing, Lutra lutra, scat DNA, prey composition, universal vertebrate primer

INTRODUCTION

Top predators are particularly important in ecosystems, providing key functions such as controlling
food webs, facilitating nutrient cycling, and impeding species invasion (Hammerschlag et al., 2019).
Knowledge of top predators’ diet is essential to evaluate their roles in ecosystems, the factors
limiting their population persistence, and potential competition with coexisting carnivores
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(Ritchie et al., 2012; Hammerschlag et al., 2019). However, their
elusive habit and low population density make direct observation
on the feeding behaviors difficult. Consequently, the indirect
analysis of scats is commonly used to assess predator diet (Klare
et al., 2011; Monterroso et al., 2018; Shao et al., 2021b).

Morphological analysis of undigested remains in scats is the
most common approach to obtain predators’ diets (Klare et al.,
2011; Monterroso et al., 2018). However, this method is time-
consuming, and results rely heavily on a professional knowledge
of morphological classification (Weiskopf et al., 2016; Marcolin
et al., 2020). Also, scats may be misidentified as belonging to
sympatric species (Monterroso et al., 2018). In addition, it can
be difficult to obtain an accurate prey list at species level through
observation alone, especially for closely related prey taxa (Keller,
1998; Da Silva et al., 2019) and for those prey species without hard
components that are preserved in scats.

The development of next-generation sequencing and DNA
metabarcoding offers an efficient and accurate method of
dietary analysis (Deagle et al., 2005, 2019; Pompanon et al.,
2012). Using DNA metabarcoding allows identification of small
or soft prey parts in scats, with more accurate taxonomic
identification of both the predator and the prey (Monterroso
et al., 2018). Thus, DNA metabarcoding improves our ability to
examine predator-prey food webs (Shao et al., 2021b) and is an
effective, noninvasive and economical method of determining the
biodiversity contained in carnivore scats (Shao et al., 2021a).

DNA metabarcoding has its own shortfalls. For example, it
cannot provide information on the size or life stage of prey taxa
(Harper et al., 2020), and data quality largely depends on the
accuracy and wide coverage of DNA reference databases (Nielsen
et al., 2018; Traugott et al., 2020). Different primers may focus
on different taxa and using a single universal primer influences
what prey species can be identified by this method (Da Silva
et al., 2019). Thus, multi-primer metabarcoding is required to
reveal a complete diet (Da Silva et al., 2019; Quéméré et al.,
2021). For predators that have relatively simple diets (e.g., snow
leopard has 10 prey species; Weiskopf et al., 2016) a single
primer may be sufficient to reveal their main prey taxa (Browett
et al., 2021). Nevertheless, results from different primer sets
need to be evaluated to determine a suitable primer set before
conducting downstream dietary analyses. Applying a threshold
to remove low-abundance reads is a trade-off between retaining
as many prey reads as possible and discarding background noise
from secondary predation, contamination, and sequencing errors
(Deagle et al., 2019). Determining an appropriate threshold
before running subsequent dietary analyses is critical to the
success of the DNA metabarcoding method.

The Eurasian otter (Lutra lutra) is a top predator in freshwater
ecosystems. It is a fish-specialist or an opportunistic predator
according to prey availability (Almeida et al., 2012; Reid et al.,
2013; Lanszki et al., 2016). Eurasian otters mainly prey on
fish, followed by amphibians, reptiles, birds, and invertebrates
(Kruuk, 2006; Lanszki et al., 2016). Their diet typically reflects
the relative abundance of prey species in their habitat (Copp
and Roche, 2003; Almeida et al., 2012). Analyses of otter diet
have traditionally been based on morphological identification
of undigested prey remains in spraints, usually at a higher

taxonomic level than the prey species (Kruuk et al., 1994;
Remonti et al., 2010; Reid et al., 2013). Recently, otter researchers
have turned to DNA metabarcoding to obtain more accurate
prey information, e.g., Eurasian otters (Thalinger et al., 2016;
Hong et al., 2019; Kumari et al., 2019; Buglione et al., 2020;
Harper et al., 2020; Marcolin et al., 2020; Jang-Liaw, 2021), and
giant otters (Pteronura brasiliensis) (Quéméré et al., 2021). In
China, the once widespread Eurasian otter populations declined
nationwide between the 1950s and 1980s because they were
widely harvested (Li and Chan, 2018). At present, they are
mainly found in the upper reaches of the great rivers in
western and northeastern China (Zhang et al., 2018). Their
flexible habitat use requires the study of otters living in different
regions and habitat types to ensure their conservation in China
(Wang Q. Y. et al., 2021). However, there are few studies of
otters in China, especially those concerning ecological traits
and functions (Zhang et al., 2018; Wang Z. N. et al., 2021).
To date there has been no study of the diet of Eurasian otters
on mainland China.

We examine the diet of Eurasian otters in Tangjiahe National
Nature Reserve in western China, using DNA metabarcoding.
To amplify barcodes of a broad range of vertebrate prey, we
developed two sets of universal vertebrate primers targeting
mitochondrial DNA (mtDNA) 12S and 16S ribosomal RNA
(rRNA). Using this case study, we evaluate the effectiveness of
the two sets of primers for revealing prey taxon richness and
composition from scats under different data filter thresholds. We
compare otter diet and prey preference between seasons and in-
and outside the reserve. Our study provides a cost-effective and
relatively accurate approach to analyze predator diet, as well as
basic dietary data of Eurasian otters in western China to inform
their conservation and management.

MATERIALS AND METHODS

Study Area and Field Survey
We collected otter spraints along the Qingzhu River (river width
of 15 ± 1 m), which runs through Tangjiahe National Nature
Reserve, locating in Qingxi Town, Guangyuan City, Sichuan
Province in western China. It is a tributary of the Pailung River in
the Yangtze River watershed. Elevation of our study area ranged
from 800 to 1,900 m a.s.l. Mean annual temperature is ∼12◦C
and mean annual precipitation is ∼1,100 mm (Hu, 2005). The
riparian vegetation is mixed evergreen and deciduous broadleaf
forest. Field surveys were conducted in two seasons in 2019
(15th April–20th May, and 8th November–16th December). We
surveyed 30 km of the Qingzhu River within the reserve and
20 km of the same river outside and downstream of the reserve,
by walking along one side of the river and searching for otter
spraints. A total of 78 spraints were collected in two seasons (37
were in spring in the reserve, 41 were in autumn along the full
50 km transect). Among these spraints, 64 were collected inside
the reserve during over the two seasons while 14 were collected
outside the reserve in autumn only. Each spraint was placed in
a sterile centrifuge tube, submerged in 95% ethanol for 24 h and
then dried with silica gel, and finally stored in−20◦C.
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We conducted prey surveys inside the reserve in both seasons
over the 30 km river surveyed for spraints. Prey surveys were
attempted along the 20 km reach of the river outside the reserve,
but were abandoned due to a high loss rate of fishing traps.
We set fishing traps (size: 32 cm × 24 cm × 5 m, mesh:
4 mm, entrance: 15 cm) with bread as bait (based on our pilot
trapping studies comparing effects of different baits). A total of
120 fishing traps were set along the 30 km river, with at least
200 m apart between adjacent ones. Traps were placed from 900
to 1,500 h. We recorded the number and total mass of each
captured prey species, as well as the body mass of five randomly
selected individuals of each species, and then released them at
their capture location. To build a local DNA reference database,
we collected tissue samples of each prey species, e.g., fish fins
and amphibian toes, from this survey and a pilot fish survey
in 2018, in which we set traps in the river overnight to catch
rare prey species.

DNA Extraction, Metabarcoding PCR,
and Sequencing
We removed fishbone, scales and other solid objects from a
spraint and mixed the remains thoroughly by manual stirring.
We took 200 mg spraint powder into a 2 ml centrifugal tube
for DNA extraction. Spraints were extracted using DNeasy
Blood & Tissue Extraction Kit (QIAGEN, Germany), with a
few modifications following a previous study (Jang-Liaw, 2021).
Tissue samples were extracted using the same kit, following
the standard kit protocol. Negative controls (blank extraction
controls) were processed as a control for contamination
during extraction.

We used two sets of newly-designed primers targeting ∼207
and 241 bp fragments of the mtDNA 12S and 16S genes
of vertebrates (Table 1). Although there are commonly used
universal vertebrate primers (e.g., 12SV5 from Riaz et al., 2011;
MiFish from Miya et al., 2015), they are not efficient for all
vertebrates in some cases. For example, Kelly et al. (2014)
found that the 12SV5 primer could not detect all fish species
from a dozen species in aquariums. To increase the detection
of a more complete prey list for predators from scats, we
designed new universal vertebrate primer sets. The primers were
designed based on the whole mitochondrial genome sequences
of nearly 800 species from different vertebrate families, covering
all major taxonomic units in Vertebrata. The set of 12S primers
consisted of two forward primers and one reverse primer. The
two forward primers (F1 and F2) target the same fragment
of 12S gene. We used two forward primers because F1 was
less effective for a few reptiles. F2 differed several bases from

TABLE 1 | PCR primer sets used to amplify 12S/16S fragments in this study.

Primer Target sequence
length (bp)

Sequence 5′-3′

VertU V16S-U F
241

ACGAGAAGACCCYRYGRARCTT

VertU V16S-U R TCTHRRANAGGATTGCGCTGTTA

VertU V12S-U F1 TYGTGCCAGCNRCCGCGGTYA

VertU V12S-U F2 207 GTGCCAGCNRCCGCGGTYANAC

VertU V12S-U R ATAGTRGGGTATCTAATCCYAGT

F1 and could complement F1 for reptiles. In an unpublished
paper1 we tested the efficiency of our universal primer sets based
on in silico PCR, mock communities and environmental DNA
samples. For in silico PCR evaluation, our 12S and 16S primers
had 94 and 93% successful rates in amplifying 6,537 vertebrate
species, based on complete mitochondrial genome sequences
downloaded from NCBI Genbank. These results indicated a
highly efficient amplification capability for our primers in all
groups of vertebrates. Results from tests using mock communities
and environmental DNA samples also proved that both sets
of primers were effective in detecting all groups of vertebrates
(details of design and validation of the primers could be found
in see text footnote 1). When conducting PCRs, both F1 and
F2 were added a half volume of the forward primer to get
more comprehensive results. During PCRs, three replicates
were amplified for each DNA sample. PCR amplifications were
conducted in a total volume of 25 µl, comprising 0.1 µM each
12S/16S-F/R primers, 2.5 µl DNA loading buffer, 0.5 µl dNTPs,
0.25 µl TransTaq R© HiFi DNA Polymerase, and 1 µl extracted
DNA. The PCR thermal cycling conditions consisted of 30 s at
98◦C, 35 cycles of 15 s at 98◦C, 15 s at 50◦C, 30 s at 72◦C, and
a final step of 10 min at 72◦C. Negative controls were checked
for contamination by using UltraPureTM DNase/RNase-Free
Distilled Water (Thermo Fisher Scientific, cat. no 10977015) as
template DNA. PCR products and negative controls were checked
by agarose gel electrophoresis. Products of three PCR replicates
were mixed and purified using Universal DNA Purification Kit
(TIANGEN Biotech Co.). Following Feng et al. (2016), purified
PCR product of each sample were quantified with a Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific) and adjusted
to equal concentration, and then were labeled with a unique 8-
bp tag sequence. For each sequencing library, tag-linked products
of 20–24 samples were pooled in equal volumes and were used
for Illumina library preparation using NEBNext Ultra DNA
Library Prep Kit (New England Biolabs Inc.). The library was
sequenced on an Illumina HiSeq 2500 platform (Annoroad Gene
Technology Co., Ltd, Beijing, China) using the paired-end 150-
bp mode.

Sequencing Data Analyses
Local Reference Database of Prey Barcodes
We amplified DNA extractions from tissue samples using the
same 12S and 16S primers to build a local prey DNA database.
We then Sanger sequenced these samples by both forward and
reverse primers on an Applied Biosystems 3730XL DNA Analyzer
[Sangon Biotech (Shanghai) Co., Ltd, Shanghai, China]. In total,
we sequenced 17 distinct taxa, including 9 fishes, 5 amphibians
and 3 mammals found in the Qingzhu River (Table 2). We also
used vertebrate sequences with complete mitochondrial genome
sequences obtained from NCBI nucleotide database, covering
fishes, amphibians, reptiles, and mammals.

Bioinformatics Processing of Metabarcoding Data
Sequenced reads were filtered to remove sequencing adapters
and low-quality reads of sequencing quality below 5, using

1Wang, Z. C., Liu, X. L., Liang, D., Wang, Q. Y., Zhang, L., and Zhang, P. (2022).
VertU: universal multilocus primer sets for eDNA metabarcoding of vertebrate
diversity, evaluated by both artificial and natural cases. Mol. Ecol. Resour.
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Trimmomatic (Bolger et al., 2014) and FastQC programs.2

Filtered reads were sorted to specific samples by their unique
tag sequences using customed Python scripts (details could be
found in see text footnote 1), and their primer sequences were
trimmed. Trimmed reads were then merged using the software
FLASH (Magoè and Salzberg, 2011) with a minimum overlap of
10 bp. The merged sequence reads were then dereplicated and
clustered into molecular operational taxonomic units (MOTUs)

2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

TABLE 2 | A list of sequenced local taxa collected from the Qingzhu River.

Species Primers Sequence ID

Fish Schizothorax sp. 12S(F1) ON711072

12S(F2) ON711058

16S ON711042

Belligobio nummifer 12S(F2) ON711059

16S ON711043

Phoxinus lagowskii 12S(F1) ON711073

12S(F2) ON711060

16S ON711044

Onychostoma macrolepis 16S ON711045

Homatula variegata 12S(F1) ON711076

12S(F2) ON711061

16S ON711048

Triplophysa sp1. 12S(F1) ON711074

12S(F2) ON711062

16S ON711046

Triplophysa sp2. 12S(F1) ON711075

12S(F2) ON711063

16S ON711047

Sinogastromyzon sp. 16S ON711049

Euchiloglanis davidi 12S(F1) ON711077

12S(F2) ON711064

16S ON711050

Amphibian Amolops mantzorum 16S ON711051

Bufo gargarizans 12S(F1) ON711080

12S(F2) ON711068

16S ON711052

Odorrana margaretae 12S(F1) ON711079

12S(F2) ON711065

16S ON711053

Oreolalax sp. 12S(F1) ON711078

12S(F2) ON711067

Chaparana quadranus 12S(F2) ON711066

16S ON711054

Mammal Chimarrogale leander 12S(F1) ON711082

12S(F2) ON711070

16S ON711055

Nectogale elegans 12S(F1) ON711083

12S(F2) ON711071

16S ON711056

Elaphodus cephalophus 12S(F1) ON711081

12S(F2) ON711069

16S ON711057

using the program CD-hit (Fu et al., 2012), with a similarity of
≥98.5% among sequences. MOTUs with less than 10 reads were
excluded in subsequent analyses.

We set a 0.1% threshold within a sample to remove reads
that were fewer than the threshold or fewer than the count of
sequences in the extraction blanks and PCR blanks of the same
library (Xiong et al., 2017; Chang et al., 2019; Devloo-Delva
et al., 2019). Automatic taxonomic assignments were compared
with local DNA database and NCBI nucleotide database. We
identified taxa using the following criteria. MOTUs with a best
identity score ≥98% with either the local or NCBI databases
were assigned to a species for a single matching result, or to
a higher-level taxon that encompassed all matching species for
multiple matching results. When the best identity score was
≥95% and <98%, we assigned the sequences to the taxonomic
level that encompassed all matching species. We excluded
sequences with <95% identity (which accounted for ∼0.8% of
the total sequences) to increase the accuracy of the taxonomic
assignments. Since all of our samples had sufficient sequencing
depth and variation in sequencing depth among different
samples would have no influence on our results and conclusions
(Supplementary Table 1 and Supplementary Figure 1), we did
not apply any normalization methods during data processing.

We identified the owner of the scat based on the proportion
of predator reads in each sample (usually >30%). If only one
predator was detected, the sample was assigned to this species.
If multiple predators were present, the sample was assigned
to the species with >90% of the total predator reads (Harper
et al., 2020). Scats not identified to otters were excluded from
subsequent analysis. We removed the sequences of species that
are unlikely the otter prey, including humans, large mammals
such as takin (Budorcas taxicolor) and wild boar (Sus scrofa),
as well as carnivores such as Eurasian otters, Siberian weasels
(Mustela sibirica), masked civet (Paguma larvata), domestic cat
(Felis catus) and dog (Canis lupus familiaris).

Dietary Analyses
Comparison Between the 12S and 16S Primers and
Among Different Data Filter Thresholds
We summarized otter diet composition using the relative read
abundance (RRA, i.e., proportional summaries of counts) of each
prey taxon in all spraint samples, a quantitative metric which is
commonly used in molecular diet analysis (Harper et al., 2020;
Shao et al., 2021b).

RRAi was calculated as:

RRAi =
1
S

S∑
k=1

ni,k∑T
i=1 ni,k

× 100%

where S is the number of samples, T is the number of
prey MOTUs, ni,k is the number of sequences of prey item
i in sample k. We did not use an occurrence-based metric
(i.e., presence/absence of taxa) because it often overestimates
low-frequency taxa (including potential contamination) in
sequencing data, and is sensitive to the data filter threshold
(Deagle et al., 2019). To compare efficiency and consistency of the
12S and 16S primer sets, we used four filtering thresholds (0.1,
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1, 3, and 5%) (Drake et al., 2021). Under each filter threshold,
we obtained prey taxon richness based on RRA using the vegan
package (Oksanen et al., 2020) in R v4.0.4 (R Core Team,
2021). We then compared the prey taxon richness between the
two sets of primers using a Wilcoxon’s signed ranks test. We
assessed compositional differences in diets resulting from the
12S and 16S primers based on Bray–Curtis dissimilarity, using
permutational multivariate analysis of variance (PERMANOVA)
with 999 permutations, and visualized dissimilarity using non-
metric multidimensional scaling (NMDS).

We also compared the taxon richness of otter diet among
the four thresholds using a Kruskal–Wallis test. Prey
composition under the different thresholds were compared
using PERMANOVA with 999 permutations.

Diet Comparison Between Seasons and Sites
We compared taxon richness and composition of prey between
the two seasons and in- and outside the reserve, based on RRA
from the 12S primers under the 5% threshold, using Wilcoxon
rank sum test and PERMANOVA with 999 permutations.

Prey Selection
To evaluate prey preference of otters we calculated Jacobs’
index D (Jacobs, 1974), which measures resource use relative to
availability. We estimated the index at the genus level according
to the prey RRA and the number of fish caught inside the reserve
per season (Supplementary Tables 1, 2). Jacobs’ index D was
calculated as follow:

Di =
ri − pi

ri + pi − 2ripi

where ri is the ratio of the RRA of prey item i to the sum of the
RRA of all main prey taxa averaged across all samples obtained
from DNA metabarcoding analyses, and pi is the percent of the
number of prey item i out of the total number of all main prey
taxa obtained from fishing trap surveys. Value of the index ranges
from −1 (complete avoidance) to +1 (complete preference), and
a value of 0 indicates no preference or avoidance.

RESULTS

We successfully sequenced 75 samples and generated 8.7 Gb
of sequence data. One of the 75 sequenced samples was from
a Siberian weasel. The Illumina HiSeq sequencing on 74 otter
spraints generated 10.1 million reads from 12S primers and 4.1
million reads from 16S primers. Among all sequences, 39.4% were
from otters. Another 3.5% of sequences were those with less than
95% identified, with MOTUs <0.1% threshold, belong to Homo
sapiens, or erroneous sequences from cross-contamination. The
remaining 57.1% sequences were used in the subsequent analyses.

Comparison of Otter Diet Between the
12S and 16S Primer Sets and Among
Different Filter Thresholds
With the filter threshold set at 0.1%, both the 12S and 16S primers
revealed 32 prey taxa, with 29 taxa shared between them. The

35 identified prey taxa belonged to 22 genera and 12 families.
A total of 26 taxa were identified to species level, 8 taxa to genus
level, and 1 taxon to family level (Figure 1A). Fish were the most
abundant prey (94.9% in 12S results and 93.8% in 16S results)
in the otter diet, followed by amphibians (2.5 and 3.8%) and
birds (2.2 and 2.1%), while mammals (0.4 and 0.3%) were found
occasionally (Figure 1B).

Differences in prey between the two primer sets were mostly
those prey taxa with few reads (≤5% RRA) (Figure 1A).
Under the 0.1% threshold, neither prey taxon richness nor diet
composition differed between the 12S and 16S primers (Wilcoxon
signed-rank test: v = 711, P = 0.315, Figure 2A; PERMANOVA:
df = 1, F = 0.295, R2 = 0.002, P = 0.93, Figure 2B, respectively).
No difference was found between the two primer sets under other
thresholds (Supplementary Figures 2–4).

Different thresholds yielded different prey lists (Figure 1A),
resulting in 56.2, 54.9, and 53.8% of the final reads being
retained under the 1, 3, and 5% thresholds, respectively. Prey
taxon richness differed among thresholds (Kruskal–Wallis test:
X2 = 112.24, df = 3, P < 0.001 for 12S results; X2 = 134.18, df = 3,
P < 0.001 for 16S results), being lower under higher thresholds
(Figure 2C; see also Supplementary Figure 5A for 16S results).
However, the main prey taxa (>5% RRA) were identified under
all thresholds (Figure 1A). Prey composition was not significantly
different among thresholds (PERMANOVA: df = 3, F = 0.140,
R2 = 0.001, P = 1 for 12S, Figure 2D; df = 3, F = 0.169, R2 = 0.002,
P = 1 for 16S, Supplementary Figure 5B).

Comparison of Otter Diets Between
Seasons and Locations
As prey taxon richness and composition were not different
between the two primer sets, we used RRA resulted from 12S
primers in the following analyses. Although different thresholds
yielded different prey taxon richness, the main prey taxa were
nevertheless identified under all thresholds. We therefore applied
a 5% threshold to analyses of otter diet in Tangjiahe. An overview
of the variation in the main prey taxa between samples could be
found in Supplementary Figure 6.

Inside the reserve, 95.6–96.7% of RRA were fish. Schizothorax
spp. were the most eaten prey, accounting for 70.6–79.3% RRA
in both seasons. In autumn, there was an increase in loach (genus
Triplophysa, Homatula, and Sinogastromyzon) consumption but
a decline in other fish species such as Phoxinus spp. and Belligobio
nummifer in otter diet (Figure 3A). However, prey taxon richness
(Wilcoxon rank sum test: W = 700, P = 0.575) and composition
(PERMANOVA: df = 1, F = 1.942, R2 = 0.323, P = 0.09) did not
differ between seasons.

Outside the reserve, 87.7% of RRA in autumn were fish. Otter
diet mainly comprised Triplophysa bleekeri (61.2%), Homatula
variegata (18.0%), and Tachybaptus novaehollandiae (12.3%)
(Figure 3B). Prey composition differed inside and outside the
reserve in autumn (PERMANOVA: df = 1, F = 35.282, R2 = 0.329,
P = 0.001). Otters preyed on more loach and birds but less
Schizothorax spp., amphibians, or small mammals outside the
reserve. However, prey taxon richness did not differ in- and
outside the reserve (Wilcoxon rank sum test: W = 246, P = 0.07).
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FIGURE 1 | Prey occurrence in all otter spraints under the four data filter thresholds (A), and relative read abundance (RRA) of prey taxa under the 0.1% threshold
(B). Taxa in gray are those with <5% RRA.

Prey Preference of Otters
We caught five fish taxa in fishing traps, including Schizothorax
spp., Phoxinus spp., Homatula spp., B. nummifer, and
Euchilohlanis davidi. Unfortunately, we were unable to
identify some closely related species by morphological traits
when conducting field surveys, such as Schizothorax davidi
vs. Schizothorax prenanti, Phoxinus lagowskii vs. Phoxinus
oxycephalus, and Homatula variegata vs. Homatula potanini.
Therefore, we recorded them at the genus level. The most
abundant fish taxa within the reserve were Schizothorax spp. and
Phoxinus spp., followed by B. nummifer (Figure 4A). Fish body
size decreases from Schizothorax spp. (36.2 ± 5.0 g, n = 243) and
E. davidi (22.8 ± 5.7 g, n = 7) to Phoxinus spp. (10.4 ± 0.3 g,
n = 708), Homatula spp. (9.8 ± 0.5 g, n = 45), and B. nummifer
(17.3± 0.6 g, n = 211).

Of all sequences generated from the 12S primers, 96.7%
(spring) and 82.1% (autumn) were of these five fish taxa. Otters
preferred Schizothorax in both seasons and Homatula in spring,
avoided Phoxinus and Belligobio in both seasons, while showing
no preference for Homatula in autumn and Euchiloglanis in both
seasons (Figure 4B).

DISCUSSION

Using a single set of primers focusing on specific prey groups may
produce biased results (Clarke et al., 2014; Piñol et al., 2015). The
use of multiple primers should minimize such bias and produce a
more comprehensive result (Alberdi et al., 2018; Quéméré et al.,
2021). In our study, although slightly different prey taxa were
detected when lower thresholds were applied, no difference in
prey taxon richness and composition was found between the two
sets of primers (Figures 2A,B and Supplementary Figures 2–
4), indicating that both primer sets produced a reliable list of
the main prey taxa. To develop conservation and management
plans for predators, using a single set of our primers to detect
important prey taxa could be appropriate, especially when there
are few prey taxa in a scat (Weiskopf et al., 2016; Harper et al.,
2020). Furthermore, using a single set of broad-range primers is
cost-effective (Browett et al., 2021).

A lower data filter threshold increases the inclusion of rare
prey taxa (Deagle et al., 2019; Figures 1and 2C, Supplementary
Figure 5A), however, it also increases the inclusion of
contamination or sequencing errors (Alberdi et al., 2018;
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FIGURE 2 | Comparisons of otter diet between 12S and 16S primers under the 0.1% threshold: (A) taxon richness (v = 711, P = 0.315); and (B) NMDS of
RRA-based dissimilarity of prey composition (stress: 0.134; F = 0.295, R2 = 0.002, P = 0.93). Comparisons among the four data filter thresholds based on 12S
results: (C) taxon richness (X2 = 112.24, P < 0.001); and (D) NMDS of RRA-based dissimilarity of prey composition (stress: 0.101; F = 0.140, R2 = 0.001, P = 1).
Different lowercase letters indicate significant differences at P < 0.05.

Deagle et al., 2019; Drake et al., 2021). Although different
thresholds affected prey taxon richness in our study (Figure 2C
and Supplementary Figure 5A), these differences occurred for
prey taxa with few sequences, i.e., <5% RRA (Figure 1). The
main prey taxa were nevertheless identified under all thresholds.
Furthermore, prey composition did not differ among different
thresholds (Figure 2D and Supplementary Figure 5B). Using
a higher threshold, i.e., 5%, should be sufficient to detect the
main prey taxa of Eurasian otters to inform their conservation
and management, and the results would be more conservative
(Drake et al., 2021).

In contrast to other molecular diet studies (Xiong et al., 2017;
Kumari et al., 2019; Shao et al., 2021b), we did not use blocking
primers to reduce predator sequences. Since blocking primers
may also block prey sequences (Piñol et al., 2014, 2015; Robeson
et al., 2018), not using blocking primers can improve the accuracy
of prey detection and identify predators simultaneously (Harper
et al., 2020). In our study, 39.4% of the total sequences belonged
to otters, which left enough prey sequences for diet analyses,
similar to a previous study in which 31.1% of the total sequences
were otters without using blocking primers (Harper et al., 2020).

Using DNA metabarcoding we obtained a detailed prey list
mostly at species level for Eurasian otters in Tangjiahe Nature
Reserve. Comparing to otter diet studies using morphological
analysis of undigested remains in spraints, our study reached
a higher taxon precision, especially for bigger-sized fishes,
amphibians, birds, and small mammals (Britton et al., 2006;
Alderton et al., 2015; Smiroldo et al., 2019; Harper et al.,
2020). In both seasons, otters mainly preyed on fish, followed
by amphibians, birds, and mammals, whereas no reptiles were
consumed, presenting a diet similar to Eurasian otters in England
and continental Europe (Krawczyk et al., 2016; Harper et al.,
2020). Our results confirm that otters are mainly piscivorous and
thus play a crucial role in redistributing nutrients from aquatic
to terrestrial ecosystems and linking energy flows in the two
ecosystems (Polis et al., 1997). All fish species caught in trap
surveys were found in otters’ spraints, indicating that otters can
be an effective biodiversity sampler of fish species in freshwater
ecosystems (Shao et al., 2021a).

Although there was no difference in prey composition inside
the reserve between the two seasons, otters preyed more on
Schizothorax spp. but less other fish species in autumn than
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FIGURE 3 | Variation in otter diet between seasons (A) and locations (B), based on relative read abundance of prey taxa in scat DNA (using the 12S primer set).

FIGURE 4 | (A) Abundance of fishes from fishing trap surveys, and (B) otter prey preference based on DNA metabarcoding analyses (using the 12S primer set) and
fishing trap surveys within Tangjiahe Nature Reserve.

in spring (Figure 3A). This is probably because most fish
species hide in the deep water and beneath boulders in the
cold season (Ding, 1994), while Schizothorax spp. are active all
year round based (personal observation, this study). Previous
studies have shown that Eurasian otters are flexible in diet
choices. Some otters prefer benthic fish (Harper et al., 2020) while
others prefer fast-swimming Cyprinids (Grant and Harrington,
2015). Their preferred prey size ranges from small (Harper
et al., 2020), medium (Grant and Harrington, 2015), to large

(Martínez-Abraín et al., 2020). In general, the most important
limitation on otters’ prey choice may be the difficulty of catching
prey, which is influenced by depth and openness of water, season,
and prey characteristics (Grant and Harrington, 2015; Hong et al.,
2019; Martínez-Abraín et al., 2020). In our study, otters avoided
small-sized but abundant fish species such as Phoxinus spp. and
B. nummifer, but preferred Schizothorax spp. in both seasons,
which is a large, fast-swimming and abundant fish species inside
the reserve. Because the river section we surveyed is relatively
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narrow with shallow water (water depth: 46 ± 2 cm, river width:
11 ± 1 m, flow rate: 0.3 ± 0.1 m/s, n = 30 km), a similar energy
cost for catching small or larger-sized fish is expected (Martínez-
Abraín et al., 2020) and otters prefer to consume larger-sized
more profitable species.

Otters preyed on different fish species outside the reserve
(water depth: 34 ± 2 cm, river width: 21 ± 2 m, flow rate:
0.3 ± 0.0 m/s, n = 20 km), and preyed much more on birds
than inside the reserve (Figure 3B). These results reflect the
flexible feeding strategy of otters, showing their great adaptation
to different micro habitats. We did not conduct fish surveys
outside the reserve as our traps were repeatedly stolen, and
thus the diet revealed reflects otters’ prey consumption rather
than their confirmed prey preference. Outside the reserve, otters
mainly preyed on small-sized and slow-swimming fish, such
as Triplophysa spp. and Homatula spp., similar to otters in
South Korea, northern and eastern England and Spain (Hong
et al., 2019; Harper et al., 2020; Martínez-Abraín et al., 2020). One
of the reasons may be that more human disturbances outside the
reserve influence the prey community in the river, such that large-
sized fish such as Schizothorax spp. have been harvested (Diao,
unpublished data). In addition, an overall decrease in the size
of fish populations outside the reserve (Diao, unpublished data)
may force otters to prey more on secondary prey, such as birds
(de la Hey, 2008; Harper et al., 2020).

CONCLUSION

In conclusion, our study demonstrates that DNA metabarcoding
is an effective method of determining otter diet. This approach
may also be effective in studying diets of other carnivores, using
the same or modified universal primer sets from our study.
The method has sufficient precision to reveal variation in diet
with changes in habitat or environmental conditions. Our results
indicate the flexible feeding strategy of Eurasian otters, reflecting
their high adaptability to micro habitats with different prey
communities. However, greater human disturbance outside the
reserve may present significant challenges to otters by altering
prey communities and reducing prey profitability, which affect
otters’ survival. Combining fecal DNA metabarcoding and local
fish survey will provide opportunities for more detailed studies
on the impact of different levels of human disturbances on prey
communities and otters.
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no significant difference.
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Supplementary Figure 6 | A heatmap showing proportional read counts of main
prey taxa in each sample under 5% threshold (using 12S results).
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different data removal thresholds.

Supplementary Table 2 | Fish species captured by fishing traps in the
Tangjiahe Nature Reserve.
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