Biological Conservation 284 (2023) 110168

BIOLOGICAL
CONSERVATION

Contents lists available at ScienceDirect

Biological Conservation

journal homepage: www.elsevier.com/locate/biocon

ELSEVIER

Monitoring terrestrial wildlife by combining hybridization capture and
metabarcoding data from waterhole environmental DNA

Juan Li®", Peter Seeber?, Jan Axtner ¢, Rachel Crouthers “, Milou Groenenberg ‘,
Arnulf Koehncke ¢, Alexandre Courtiol, Pin Chanratana?, Alex D. Greenwood ™"

& Department of Wildlife Diseases, Leibniz Institute for Zoo and Wildlife Research, Berlin 10315, Germarny

b Department of Biologie, Chemie, and Pharmazie, Freie Universitat Berlin, Berlin 14195, Germany

¢ Department of Ecological Dynamics, Leibniz Institute for Zoo and Wildlife Research, Berlin 10315, Germany
4 World wild Fund for Nature, Phnom Penh 120102, Cambodia

¢ WWF Germany, Berlin 10117, Germany

f Department of Evolutionary Genetics, Leibniz Institute for Zoo and Wildlife Research, 10315 Berlin, Germany
8 Ministry of Environment, Phnom Penh 120101, Cambodia

1 School of Veterinary Medicine, Freie Universitat Berlin, Berlin 14163, Germany

ARTICLE INFO ABSTRACT

Keywords: In conservation science, observation-based methods are generally applied to wildlife monitoring. While useful,

eDNA such approaches are often restricted to well-characterized and conspicuous species. Environmental DNA (eDNA)

Hybridization capture can complement observation-dependent surveys, as sample collection is generally less labor-intensive. Further-

iiizz:'ﬁials more, eDNA can be used to simultaneously detect multiple taxa in various habitats. Most eDNA applications rely
on short PCR product-based meta-barcoding approaches. However, such approaches may be less robust when
applied to genetically uncharacterized species. Hybridization capture techniques while less sensitive than met-
abarcoding, can identifying divergent sequences, especially those obtained from highly degraded DNA. To assess
eDNA based methods for surveillance in a conservation context, we collected samples during the dry season from
randomly selected waterholes from a protected area in eastern Cambodia. We applied both hybridization capture
enrichment and metabarcoding targeting mammal mitogenomes to water (N = 46) and sediment (N = 10)
samples. Seventeen species were detected, including 11 mammals, three amphibians, two reptiles, and one bird.
Six species overlapped between the two applied methods. Seven species were hybridization capture-specific
detections, and four were metabarcoding-specific. Metabarcoding was more sensitive to abundant or large
body-size species while hybridization capture provided more mitogenomic information. While both methods
have some advantages over observational approaches, combining them may improve the sensitivity, number of
species detected and amount of genetic information obtained from eDNA. We demonstrate that eDNA from
tropical forest waterholes can be used to determine the presence of wildlife that may be difficult to detect using
other observational approaches.

1. Introduction

Wildlife monitoring in Cambodia, and elsewhere, is generally
observation-based. To date, Line transects (O'Kelly et al., 2012; Gray,
2013; Nuttall et al., 2021), camera traps (Gray et al., 2014a; Rostro-
Garcia et al., 2018; Pin et al., 2020), and direct counts (Wright et al.,
2013; Loveridge et al., 2019) have been implemented to gain great
insight into wildlife population size and distribution. To further improve
the inclusivity of wildlife monitoring, audible detection surveys (Tak

etal., 2022) and DNA-based approaches (Pollard et al., 2008; Gray et al.,
2014b) have been applied in Cambodia. However, conservation man-
agement strategies would benefit from methods that identify multiple
species from indirect non-invasive sources.

Cambodia has over 50 protected areas, covering nearly 7.5 million
hectares (UNEP-WCMC, UN Environment Programme - World Conser-
vation Monitoring Centre) that serve as natural habitats for various
wildlife species (Wharton, 1957; Hughes, 2017). Severe ecological dis-
ruptions are driving dramatic biodiversity declines in Indochina with
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numerous wildlife species being driven to the brink of extinction or
beyond, for example kouprey (Bos sauveli), Javan rhinoceroses (Rhi-
noceros sondaicus), and tigers (Panthera tigris) (Duckworth, 1998, Poole
and Duckworth, 2005, Forrest et al., 2011, Rostro-Garcia et al., 2018,
Rostro-Garcia et al., 2023). Increased wildlife trade has shifted local
strategies from subsistence and selective hunting to large-scale illegal
and often indiscriminate hunting at the human-wildlife interface, which
continues to threaten biodiversity (Loucks et al., 2009; Gray et al., 2017;
Ibbett et al., 2021).

Eastern Cambodia supports vast areas of deciduous dipterocarp
forests that experience five to six months of seasonal drought annually
(Pin et al., 2020). During the dry season, waterholes in the forests
become vital water resources for numerous wildlife species (Gray et al.,
2015; Pin et al., 2020), which in turn can result in increased concen-
trations of shed DNA into the water through body fluid, mucus, feces or
tissues, i.e. environmental DNA (eDNA). DNA typically binds to sus-
pended or sedimented particulate matter, thus water and sediment
represent genomic archives of terrestrial animals. Over the last decade,
eDNA methods have been applied to detect the presence of various rare,
cryptic, or low-density species (Jerde et al., 2011; Bohmann et al., 2014;
Parsons et al., 2018). Initially used for aquatic species detection, eDNA
has recently been successfully applied to terrestrial wildlife monitoring
(Harper et al., 2019; Seeber et al., 2019; Lyet et al., 2021; Mena et al.,
2021). In many cases, multiple species can be detected simultaneously
from a single sample. In Cambodia, non-invasive DNA methods have
thus far been limited to a singular focal species (elephants) (Pollard
et al., 2008; Maltby and Bourchier, 2011; Gray et al., 2014b).

Species detection is frequently the focus of eDNA approaches. Met-
abarcoding, which targets short-sequence regions, is currently the most
common technique in eDNA monitoring. PCR-based metabarcoding can
achieve relatively high-resolution of species identification (Seeber and
Epp, 2022). However, inevitable biases inherent in PCR approaches (e.g.
primer bias) may confound the final species detection and assignment
(Seeber and Epp, 2022). Moreover, PCR primers developed based on
known taxa may fail to identify molecularly uncharacterized species
(Bourret et al., 2020). Hybridization capture enrichment of eDNA is an
alternative to PCR-based methods. It relies on DNA or RNA oligonu-
cleotide probes (termed baits) that are complementary to genomic re-
gions of interest, potentially including numerous loci or full genomes
(Gasc et al., 2016). Targeting various loci or entire genomes can yield
important information on genetic diversity and provide more accurate
species identification (Seeber et al., 2019, Jensen et al., 2021).

Environmental DNA metabarcoding yields comparable results to
observation-based approaches in various habitats (Ushio et al., 2017;
Lyet et al., 2021; Mena et al., 2021; Farrell et al., 2022). In some cases,
eDNA approaches may perform better, identifying overlooked species,
especially when hybridization capture methods are applied (Harper
et al., 2019; Giebner et al., 2020). By applying baits designed from full
mitogenomes on eDNA, previous studies retrieved complete mitoge-
nomes of target species with high coverage (Seeber et al., 2019, Jensen
et al., 2021). However, few studies have directly compared the effec-
tiveness of eDNA hybridization capture with metabarcoding approaches
using terrestrial vertebrate DNA from environmental samples. In the
current study, we extracted eDNA from water and sediment collected
from waterholes in eastern Cambodia in the dry season. Our aims were
to 1) assess the range of species which could be identified, 2) compare
hybridization capture and metabarcoding performance using species
detection as the key indicator, and 3) to determine the effect of sample
type on method performance.

2. Materials and methods
2.1. Sample collection and DNA isolation

Sampling of waterholes was conducted within the Srepok Wildlife
Sanctuary (SWS, 3729 km?), previously known as Mondulkiri Protected
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Forest, which is situated in Cambodia's Eastern Plains Landscape
(Fig. 1). Previous surveys have highlighted the biodiversity significance
of this area which supports various threatened mammals, birds, and
reptiles (Phan et al., 2010, Gray et al., 2012a, Gray et al., 2014a,
Groenenberg et al., 2020). Environmental samples in the current study
have been collected from the waterholes that were a subset of the con-
current camera trap study published by Pin et al., 2020. Sampling was
conducted from January to April 2016, which corresponded to the local
dry season. Waterhole visitation time included three sampling points:
Visit 1 (January 25-February 5, 2016), Visit 2 (February 25-March 5,
2016) and Visit 3 (March 25-April 5, 2016). At each sampling site, 50
mL water was collected from the water surface. For a subset of the
waterholes, sediment samples were taken from the top sediment layer
using sterile 50-mL tubes. The number of waterholes surveyed decreased
throughout the dry season due to seasonal dry-outs. Consequently, fewer
samples were collected at the end of the dry season. For hybridization
capture, 28 samples were from first visit, 19 from second visit, and 9
from the third visit. For metabarcoding, 31 samples were from first visit,
17 from second visit, and 8 from third visit (Table 1). Forty samples (30
water and 10 sediments) were analyzed by both hybridization capture
and metabarcoding.

DNA from water samples was extracted using a NucleoSpin Soil kit
(Macherey-Nagel, Diiren, Germany) combined with an eDNA isolation
kit to optimize DNA yields. Briefly, each sample was centrifuged at 4000
x g for 45 min for separate processing of supernatants and pellets. The
supernatants were processed as per the instructions of the kit manu-
facturer, followed by an additional inhibitor removal step from the
eluted DNA (NucleoSpin Inhibitor Removal, Macherey-Nagel). DNA
from the pellet was extracted using a NucleoSpin Soil kit and eluted with
100 microliter (pL) Clean-up DNA elution buffer. DNA from sediment
samples was isolated using a NucleoSpin Soil kit (Macherey-Nagel),
according to the manufacturer's instructions. With each extraction batch
(N =7, each), one negative control (DNA-free water) was processed and
subjected to subsequent library preparation, capture, and metabarcod-
ing. DNA integrity and concentration were assessed using an Agilent
2200 Tapestation (Agilent, Santa Clara, CA, USA) with genomic chips,
and concentrations were additionally measured using a Qubit™ dsDNA
HS Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Low DNA-
binding reaction tubes (Sarstedt, Niimbrecht, Germany) were used
throughout extractions and all downstream steps to minimize DNA loss.

2.2. Hybridization capture

2.2.1. Capture evaluation and database preparation

Custom-designed RNA oligonucleotide baits (Daicel Arbor Bio-
sciences, Ann Arbor, MI, USA) were used for hybridization capture. The
bait panel was produced based on the mitochondrial genome sequences
of 38 wild mammal species (Seeber et al., 2019), belonging to 26 fam-
ilies in 15 orders. Four species in four genera overlapped with wildlife
present in Cambodia: Javan mongoose (Herpestes javanicus), Eurasian
otter (Lutra lutra), leopard (Panthera pardus), and large flying fox (Pter-
opus vampyrus). The baits were 80 base pairs (bp) long, and threefold
tiling was used to account for eDNA degradation. A total of 19,496
unique baits were generated.

Performance of the bait set was simulated in silico using the simu-
lation package CapSim (Cao et al., 2018). All available mitochondrial
genomes of wildlife species in Cambodia were downloaded from NCBI
refseq with Entrez Direct (https://www.ncbi.nlm.nih.gov/books/N
BK179288/) to build a customized mitogenome reference database.
The Cambodian mitochondrial genome reference database included 62
mammal species, 45 reptile species, 12 amphibian species, and 168
avian species (287 species in total). We mapped bait sequences to the
custom database with permissive parameters using Bowtie2 (Langdon,
2015), allowing multiple position alignments to probe all potentially
aligned regions (parameters: —local —very-sensitive-local -mp 8 -rfg 10,8
-rfg 10,8 -k 10000). Sequences with at least one probe aligning to them
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Fig. 1. Locations are shown for species detected from eDNA by (a) hybridization capture and (b) metabarcoding. The numbers of detected species at each location
are shown as a gradient red. The grey boundary depicts the Srepok wildlife sanctuary in Cambodia where field work was conducted. Rivers are illustrated as blue
lines and streams are shown in light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Detected species.

eDNA method

Hybridization capture

Metabarcoding

Visitation time Visit 1 Visit 2 Visit 3 Total Visit 1 Visit 2 Visit 3 Total
, , counts Counts
Species Species (IUCN status) ~ Water  Sed Water  Sed Water  Sed Water  Sed Water  Sed Water  Sed
category
Mammals Bos javanicus (EN) 2 2 1 1 4
Bos taurus 2 1 3 1 1
Elephas maximus 4 1 5 2 2 4
(EN)
Muntiacus vaginalis 1 1 1 1 4 1 1 1 1 4
Rucervus eldii (EN) 1 1 2 1 1
Sus scrofa 9 2 5 1 2 1 20 15 3 5 1 1 25
Viverricula indica 1 1 2
Canis species 6 5 2 13
Rattus exulans 2 2
Rattus norvegicus 2 2
Rattus tanezumi 1 1
Reptiles Cuora amboinensis 2 1 1 4
(EN)
Varanus salvator 1 1
Amphibians Hoplobatrachus 1 1
rugulosus
Kaloula pulchra 1 1 2
Microhyla ornata 1 1
Birds Gallus gallus 1 1
Positive samples/Total processed 13/ 2/4 7/15 1/4 4/7 172 28/56 19/ 3/4 8/13 1/4 3/6 1/2 35/56
samples 24 27
Positive rate of species detection 0.54 0.50 0.47 0.25 0.57 0.50 0.50 0.70 0.75 0.62 0.25 0.50 0.50 0.63

Visitation time: the waterhole visit time. Visit 1 (2016.1.25 to 2016.2.5), Visit 2 (2016.2.25 to 2016.3.5), Visit 3 (2016.3.25 to 2016.4.5).
Water: water samples; Sed: Sediment samples.

Total counts: the total detection counts of respective species.
Positive samples: the number of samples that had positive detections for any species.

were retained, sorted, and indexed accordingly using Samtools (Li et al.,
2009), which was utilized as reference for in silico sequencing with
400, smedian =

CapSim (parameters: fmedian =
ilmode = pe).

320, illen

2.2.2. Library preparation, hybridization capture, and sequencing

An established Illumina sequencing library preparation protocol
(Meyer and Kircher, 2010) was used with modifications (Seeber et al.,
2019). Physical fragmentation was conducted using an ultrasonicator
(Covaris M220; Covaris, Woburn, MA, USA) to a fragment size of
approximately 400 bp. Shearing efficiency and fragment distribution

250,
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were assessed on an Agilent 2200 TapeStation with D1000 ScreenTapes.
End repair, adapter ligation, and fill-in reactions were performed with
42.5 pL sheared eDNA using the respective NEBNext kits (New England
Biolabs, New England Biolabs, Ipswitch, MA, USA) according to the
manufacturer's instructions. To pool samples for capture and high-
throughput sequencing, samples carrying P5/P7 adaptors were
indexed with unique combinations of tags, using five amplification cy-
cles and three technical replicates.

We pooled four libraries each at equal molarity to optimize the uti-
lization and performance of the RNA baits. Capture reactions were
performed on magnetic beads following the manufacturer's instructions
(Daicel Arbor Biosciences). Incubation was 48 h at 60 °C, followed by
15-cycle post-capture PCR (in duplicate) of on-bead capture products
using P5/P7 bridge primers and KAPA HiFi HotStart ReadyMix (Roche,
Basel, Switzerland). The enriched products were cleaned using a
MinElute PCR Purification Kit (Qiagen, Hilden, Germany), visualized,
and quantified using an Agilent 2200 Tapestation and Qubit measure-
ment. For sequencing, 16 capture products (i.e., 56 enriched libraries),
plus two capture products from negative controls (8 libraries), were
randomly separated into two batches and were pooled at equimolarity.
Each pool was diluted to 8 pM and mixed with a PhiX DNA control spike-
in of 1 % for two separate runs. The two pooled libraries were sequenced
on an Illumina Miseq platform (Miseq v2, 500 cycles, 2 x 250 bp paired-
end reads; [llumina, San Diego, CA, USA).

2.2.3. Hybridization capture bioinformatic analyses

Adaptors were removed from demultiplexed raw reads using
CUTADAPT v1.15 (Martin, 2011), followed by quality trimming with
TRIMMOMATIC v0.38 (Bolger et al., 2014). A single window of 10 bp
with quality score above 20 and minimal length of 50 bp was set to
remove low quality reads that were shorter than 50 bp. The remaining
reads were merged using FLASH v1.2.11 (Magoc and Salzberg, 2011)
with a minimum overlap of 20 bp. Simulation data were processed in the
same way as sequencing data. Given presumable degradation of the
eDNA, unmerged reads were also retained to perform consecutive
mapping against our customized mitogenome reference database.

The selected sequences were mapped against the custom reference
database using BWA (Li and Durbin, 2009). To minimize mis-
classifications owing to low-complexity regions, we identified low-
complexity sequences using dustmasker (-level 45) (Morgulis et al.,
2006). Low complexity sequences were replaced with N's using an in-
house bash script. Merged and unmerged reads were individually
mapped against the masked mitogenome database with default settings,
which were concatenated to a single bam file for each sample using
Samtools (Li et al., 2009). Mapped reads were extracted, sorted, dedu-
plicated, and indexed using Samtools and GATK -4.2.0.0 (McKenna
et al., 2010). Total coverage of each mitochondrial genome was calcu-
lated with bedtools (Quinlan, 2014). Alignments that covered at least 2
% of the whole mitogenome of each reference with more than three
reads and similarity above 95 %, were kept. Retained reads were used
for further blast searches against the complete NCBI nucleotide refer-
ence database to filter out ambiguous matches. A final cutoff of above
95 % identity was applied. Mitogenome mapping results were visualized
using R package circlize (Gu et al., 2014). A local BLASTx search was
performed using unaligned reads against the NCBI protein reference
database using Diamond (e-value 1-e3) (Buchfink et al., 2015). Blast
results were filtered with the thresholds of 99 % query coverage and 98
% query identity, which were then parsed to each classification level
using perl script tax_trace.pl (https://github.com/theo-allnutt-bioinfor
matics/scripts/blob/master/tax_trace.pl).

2.3. Metabarcoding
2.3.1. Library preparations and sequencing

The eDNA metabarcoding libraries were prepared following a two-
round PCR workflow (Axtner et al., 2019). As in previous studies
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(Tilker et al., 2019; Nguyen et al., 2021), we modified the protocol and
used only one mammal-specific marker, a 93 bp-fragment of the mito-
chondrial encoded 16S rRNA (Taylor, 1996). We used six PCR replicates
instead of four replicates. The primers for the marker gene targeted for
the first round. Illumina sequencing adaptors were synthesized with
different mirrored tag pairs for the second round. This allowed for
processing unique twin tag pairs, which facilitated identification of
cross-contamination and tag-jumping.

The PCRs were run in reactions of 20 pL (AmpliTaq Gold™ 360,
Invitrogen) with 2 pL template. Cycling conditions were 5 min at 95 °C,
38 cycles (14 cycles for the second round) of 30 s at 95 °C, 30 s at 55 °C,
and 45 s at 72 °C. A final extension was run for 5 min at 72 °C. Two pL of
the first PCR was used as template DNA for the second PCR under the
same cycling conditions. Bank vole (Myodes glareolus) DNA was used as
positive control. The qualification of final PCR products was assessed by
agarose gel electrophoresis. Additional measurements were conducted
on positive and negative controls using the Agilent 2200 TapeStation
system. To determine the final DNA concentrations, all PCR samples
were purified with magnetic AMPure® beads (Beckman Coulter) at a
ratio of 0.7 according to the manufacturer's instructions and measured
with a Quant-iT™ PicoGreen® dsDNA assay kit. Finally, all samples
with a target DNA band, plus positive and negative controls, were
pooled to equimolarity at a final concentration of 4 nM. Following the
Mlumina MiSeq Reagent Kit v3 600 cycle instructions, the pool was
diluted to 11 pM mixed with 25 % of PhiX control, and sequenced on the
Mlumina MiSeq platform.

2.3.2. Metabarcoding bioinformatic analyses

Raw reads were de-multiplexed from the basecall files. We merged
the resulting paired reads using a described bioinformatic pipeline
(Axtner et al., 2019). We removed unpaired reads and dereplicated
identical reads for the final FASTA files with their frequency of occur-
rence in each sample added to the file header.

For species identification, we used a probabilistic taxonomic
assignment method PROTAX (Somervuo et al., 2016). We updated a
species list of Tilker et al. (2019) to include 173 mammal and bird
species from across the broader Indochinese ecoregion. We searched
INSDC databases for available references of the listed species and
updated the reference database from Axtner et al. (2019). We added
reference sequences for 12 species and added 48 reference sequences to
the 16S rRNA reference database. In total, the reference database
covered 5872 reference sequences of 3962 tetrapod species. We trained
PROTAX models and weighted them based on our Indochinese species
list by assigning a prior probability of 90 % to these species and a 10 %
probability to all others (Somervuo et al., 2016) using the pipeline of
Axtner et al. (2019). For each sequence PROTAX provided an assign-
ment to the level of class, order, family, genus, and species along with a
log-probability value for the assignment. Pairwise sequence similarities
of queries and references were calculated using LAST (Kielbasa et al.,
2011). We aggregated the results for each sample, PCR replicate, and
each taxonomic level. We summed up the total number of reads per
sample assigned to certain taxa, by calculating the mean probability of
the assignments and by calculating the mean similarity score to the
nearest reference for the assignments. Species assignment was allocated
when the same assignment was made in at least two PCR replicates (out
of a total of six) and five reads per sample. Lastly, we performed a local
blast against the complete NCBI nucleotide reference database (e-value
1-e5) to identify the demultiplexed reads in order to compare results
with the PROTAX assignments. Blast results were parsed following the
same procedure described above for hybridization capture data.

2.4. Statistical analyses
To estimate the capacity of hybridization capture to retrieve target

sequences, we fitted a linear model (LM) using the R function Im(). We
used the logged number of reads mapped to mitogenome references in
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each sample as the response variable, and DNA integrity number (DIN)
measured by the TapeStation 2200, DNA concentration, sample types
and the logged number of processed reads as fixed effects. We performed
anova tests using the function anova() in R to evaluate the significance
of each effect.

To assess the performance of hybridization capture and meta-
barcoding on species detection, we fitted a generalized linear mixed-
effect model (GLMM) using R package spaMM (Rousset and Ferdy,
2014). Species detection was used as the response variable, and method,
species category, sample type, and sampling interval days as fixed ef-
fects. Individual sample ID, species, and location of each sampling site
were included as random effects. The response variable (species detec-
tion) was coded with a one or zero depending on whether or not a
species was detected for any given sampling date and location by either
of the methods. All species detected at least once across all dates, lo-
cations and methods, were considered throughout the analysis. We fitted
the model using a binomial family with a logit link and PQL/L method.
We estimated marginal R? (proportion of total variance explained by
fixed effects) and conditional R? (proportion of total variance explained
by fixed and random effects) values, and the proportion of variance
contributed by random effects using function pseudoR2() in spaMM
package. We compared the final full model with reduced models, which
did not contain a respective fixed or random effect of interest to evaluate
the significance of each effect, using a log-likelihood ratio test for which
the distribution of the test statistics under the null hypothesis was
generated using 1000 parametric bootstrap replicates. Modelling as-
sumptions were supported by diagnostic tests offered by the R package
DARHMa (Hartig, 2022).

2.5. Data access
Sequencing data generated in the current study are available in the

NCBI Sequence Read Archive (SRA) under BioProject PRJINA943158
and PRJNA933918.
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3. Results
3.1. Evaluation of hybridization capture bait performance

In total, 72.11 % of the baits matched references in our Cambodian
mitogenome reference database. Mammal species showed the highest
mitogenome coverage, ranging from 36.95 % to 100 %, followed by
3.19 % to 20.4 % mitogenome coverage for reptiles, 5.28 % to 13.4 % for
amphibians, and 4.29 % to 17.64 % for birds (Fig. S1). Simulation results
from Capsim, taking off-target capture into consideration, showed a
marked increase in mitogenome coverage, i.e., 93.67 % to 100 % in
mammals, 17.95 % to 79.71 % in reptiles, 27.63 % to 61.75 % in am-
phibians, and 15.91 % to 80.20 % in birds (Fig. S1). Among mammal
species, baits were distributed evenly across the full mitogenomes, but
were more concentrated at the 12S ribosomal RNA (rRNA) and 16S
rRNA regions, tilling to 99-fold coverage at maximum (Fig. 2). Baits
aligning to non-mammal mitogenome references favored the variable
regions 7-9 (V7-9) of 16S ribosomal RNA with 98-fold coverage at
maximum (Fig. 2).

3.2. Hybridization capture

A total of 37,123,056 of 38,555,232 reads from 46 water and 10
sediments passed the pre-processing steps. Samples produced variable
numbers of reads ranging from 156,031-1,847,627 reads due to the
inconsistent proportion of potential target sequences in the libraries
pooled in each capture reaction. The demultiplexing using correspond-
ing index combinations confirmed that negative controls did not
generate sequences. After mitogenome mapping, 222,889 reads from 28
samples (24 water and 4 sediment samples) aligned to the Cambodian
mitochondrial genome reference database, corresponding to a minimum
313 reads (0.05 %) and maximum 58,034 reads (3.66 %) per sample.
Statistical analysis showed that sample types, and total DNA concen-
tration and integrity had no significant effect on the number of reads
aligned to the database. However, sequencing throughput significantly
affected number of reads aligned (Fig. 3a and Table 2). The fitted linear
model was assessed as shown in Fig. S2a.
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Fig. 3. Plots from the linear models (LM) and generalized logistic mixed models (GLMM) are shown. Panel (a) shows the observations and LM based predictions of
the logged number of reads mapped to the reference database versus DNA concentration, DIN, processed reads, (logged) and sample type. Panel (b) shows the GLMM
estimated species detection probability of the two eDNA-based methods. Mapped reads indicates the number of reads that were mapped to the reference database;
DIN: the DNA integrity number generated from the Tapestation system; Processed reads: the 23 total number of reads that past pre-processing step from raw data;
Visitation time: Visit 1 (2016.1.25 to 2016.2.5), Visit 2 (2016.2.25 to 2016.3.5), Visit 3 (2016.3.25 to 2016.4.5); Capture: hybridization capture.

Table 2

Results from linear model that predicts the effects of sample properties and sequencing on mapped reads.

Fixed effects

Mapped reads (log)

Estimates Std. error T value P value
(Intercept) —6.291 2.761 —2.278 0.027
DIN 0.007 0.127 0.052 0.958
DNA Concentration —0.164 0.138 -1.192 0.239
Processed reads (log) 1.052 0.197 5.334 <0.001 ***
Sample types[Sediments] 0.068 0.419 0.162 0.872
R? / R? adjusted 0.395 / 0.347

Mapped reads: the number of reads mapped to the Cambodian mitochondrial genome reference database.
DIN: DNA Integrity Number that was generated from Tapestation system for the assessment of DNA quality.

Processed reads: the total number of reads that have past pre-processing step.
Statistical significance: P value<0.05%, P<0.01**, P<0.001%***,

Species presence was detected in 28 of the 56 samples used. This
included 15 samples collected from the Visit 1, 8 samples collected from
the Visit 2, and 5 sample collected from the Visit 3 (Fig. 1, Fig. 4a and
Table 1). In total, we detected thirteen species. Seven mammals detected
included: domesticated cattle (Bos taurus), banteng (Bos javanicus),
Asian elephant (Elephas maximus), red muntjac (Muntiacus vaginalis),
Eld's deer (Rucervus eldii), wild boar (Sus scrofa) and small Indian civet
(Viverricula indica). Four amphibians detected were the East Asian
bullfrog (Hoplobatrachus rugulosus), the banded bullfrog (Kaloula pul-
chra) and the ornate narrow-mouthed toad (Microhyla ornate). Reptiles
detected included the water monitor (Varanus salvator), and the
Amboina box turtle (Cuora amboinensis). One bird species was detected
(red junglefowl] Gallus gallus). Of all the species identified, twelve species
were detected from the water samples. Only two mammal species were
detected from sediment samples (Fig. 4a and Table 1). Wild boar
(S. scrofa) was the most-frequently detected species, detected in sixteen
water and four sediment samples, followed by Asian elephant
(E. maximus, five water samples) and red muntjac (M. vaginalis, one
sediment sample and three water samples). Banteng (B. javanicus), Eld's

deer (R. eldii), and small Indian civet (V. indica), and the banded bullfrog
(K. pulchra) were each only detected in two water samples (Table 1.).
Species only detected on one occasion from different water samples
included; the Asian bullfrog (H. rugulosus), ornate narrow-mouthed toad
(M. ornate), the water monitor (V. salvator), and red junglefowl
(G. gallus) (Table 1).

Mammal species showed higher mitogenome coverage than non-
mammal species (Fig. 2 and Fig. 4a). Asian elephant (E. maximus) and
wild boar (S. scrofa) showed the highest coverage, with 178 reads
aligned to the elephant (E. maximus), covering 74.52 % of its mitoge-
nome (no coverage for COX3, ATP6, and repeats in D-loop) with 9-fold
maximal base coverage. Wild boar (S. scrofa) had 143 reads aligned,
covering 75.36 % of the mitogenome with 6-fold maximal base
coverage. Seventeen reads were aligned to red muntjac (M. vaginalis)
with 19.68 % mitogenome coverage; 7 reads aligned to banteng
(B. javanicus) with 11.22 % coverage; 8 reads aligned to small Indian
civet (V. indica) with 6.63 % coverage; 7 reads aligned to Eld's deer
(R. eldii) with 6.19 % coverage. Among amphibians, banded bullfrog
(K. pulchra) had 19.87 % coverage by 19 reads and the ornate narrow-
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Fig. 4. The dot plots of detected species in respective samples are shown in (a) by hybridization capture and (b) by metabarcoding. The mitogenome coverages (Plot
a) of each species reference from capture-based detection were illustrated in a gradient gray from zero to one, corresponding to 0 to 100. Samples were named based
on sample types and respective sampling date; the prefix S represents sediment and W represents water, followed by sampling months and respective days.

mouthed toad (M. ornate) 8.35 % coverage by 36 reads. The water
monitor (V. salvator), a reptile, had 10.22 % mitogenome coverage
represented by six reads. The sole avian species captured, red junglefowl
(G. gallus), produced 3 reads covering 3.10 % of the mitogenome.

Blastx results showed that 57.98 % + 14.79 % of reads (approxi-
mately 94,796-2,651,121 reads) of each sample were not assigned to
any species. Results indicated that 39.48 % + 1489 %
(75,604-1,432,006) were assigned to bacteria; 0.30 % =+ 0.36 %
(11,612,186 reads) were Archaea; 0.31 % =+ 0.33 % (15,718,729 reads)
were viruses; and 1.59 % + 0.67 % (214,498,687 reads) were other
Eukaryota: Viridiplantae, Fungi, and Metazoa (Fig. S3 a). Blast searches
using chordate candidate reads against the NCBI reference nucleotide
database showed that 290 reads from 35 samples were assigned to
Chordata (at similarity >98 %), comprising the four classes Actinopteri,
Amphibia, Lepidosauria, Mammalia (assigned to Homo sapiens; Fig. S3
b).

3.3. Metabarcoding

A total of 15,657,307 sequences were generated by metabarcoding
from 56 samples (46 water and 10 sediment samples) plus 3 positive in
six replicates, at an average of 48,163 + 15,210 reads (329 + 82
representative reads) per sample. No reads were generated from nega-
tive controls after demultiplexing. PROTAX assigned sequences to eight
vertebrate families and seven genera (Fig. S4 and 4). We detected spe-
cies presence in 22 samples collected from the Visit 1, 9 samples
collected from the Visit 2 and 4 samples collected from the Visit 3 (Fig. 1,
Fig. 4b and Table 1). In total, ten mammal species were confirmed in 5
sediment samples and 30 water samples. These included: wild boar
(S. scrofa), Asian elephant (E. maximus), red muntjac (M. vaginalis), Eld's
deer (R. eldii), banteng (B. javanicus), domesticated cattle (B. taurus),
little rat (Rattus exulans), brown rat (Rattus norvegicus), Asian house rat
(Rattus tanezumi), and Canis sp. Wild boar (S. scrofa), Canis sp, Asian
elephant (E. maximus), banteng (B. javanicus), and red muntjac

(M. vaginalis) were the most frequently detected species, with 25, 13, 4,
4, and 4 detections, respectively (Table 1). Wild boar (S. scrofa), Asian
elephant (E. maximus), red muntjac (M. vaginalis), Eld's deer (R. eldii),
banteng (B. javanicus), and domesticated cattle (B. taurus) overlapped
with the species detected by hybridization capture.

Blast results assigned the metabarcoding data to 5 orders, 11 classes,
16 families, and 19 genera with above 98 % similarity. Nine families
overlapped with the families from PROTAX, three families were exclu-
sively detected by PROTAX (avian family Corvidae, reptile family
Geoemydidae, and rodent family Sciuridae), and seven families were
exclusively detected by Blast searches (four freshwater fish families:
Anabantidae, Channidae, Cyprinidae, Danionidae, and three amphibian
(frog) families: Dicroglossidae, Microhylidae, Rhacophoridae) as shown
in Fig. S4. Seven genera overlapped with the genera from PROTAX,
three genera Urocissa, Leopoldamys, and Cuora were only detected by
PROTAX, and 12 genera were exclusively detected by Blast searches
(Channa, Esomus, Bandicota, Kaloula, Polypedates, Rucervus, Barbodes,
Anabas, Microhyla, Hoplobatrachus, Glyphoglossus, and Rasbora; Fig. S5).

3.4. Method comparison

More samples were positive in species presence by metabarcoding
compared with hybridization capture (63 % vs 50 %, shown in Table 1).
However, hybridization capture detected a broader spectrum of species
(Fig. 3 and Fig. 4). Hybridization capture exclusively detected am-
phibians (East Asian bullfrog H. rugulosus and banded bullfrog
K. pulchra), reptiles (water monitor V. salvator and Amboina box turtle
C. amboinensis), and one bird (red junglefowl G. gallus) (Fig. 4). Whereas,
metabarcoding exclusively detected two rodent (little rat R. exulans and
Asian house rat R. tanezumi), and one carnivore species (Canis sp.).
Hybridization capture detected domesticated cattle in two additional
locations compared to metabarcoding. Moreover, Asian elephant
(E. maximus) and Eld's deer (R. eldii) were recorded in one more location
than metabarcoding. In contrast, metabarcoding detected wild boar in
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Table 3
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Results from generalized logistic mixed model estimated the probability of species detection.

Species detections

Estimates Std. error Z value Chi2_ LR P value
Fixed effects
(Intercept) —3.40828 0.45426 —7.503
Methods [metabarcoding] 0.31605 0.248143 1.274 1.6473 0.1993
Species category[Amphibians] —1.714775 0.874554 —1.961 5.3763 0.1462
Species category [Birds] —2.023221 1.51938 —1.332
Species category[Reptiles] —1.072033 0.954097 -1.124
Sample type [Sediment] —0.643074 0.503967 -1.276 1.6625 0.1973
Days —0.003606 0.007491 —0.481 0.2328 0.6295
Random effects
Sample 0.95 0.74 110.62 <0.001 ***
Species 1.06 1.03 11.207 <0.001 ***
Locations 2.36E-10 1.54E-05 0 1
ICC 0.38
Marginal R? / Conditional R? 0.116 / 0.451

Days: the interval days since the first day when the field sampling started.
Sample: ID used for each sample throughout the lab process.

ICC: intraclass correlation coefficient (estimate of the proportion of variance explained by random effects).

five more locations and banteng in two more locations than hybridiza-
tion capture (Fig. 4).

GLMM estimated a slightly higher detection probability by meta-
barcoding, but no significant differences were observed for species de-
tections between the two methods (Fig. 3b and Table 3). The fitted
GLMM model was assessed as shown in Fig. S2b.Water samples had a
slightly higher detection probability compared with sediment samples.
Mammal species had the highest detection probability with both
methods, followed by reptiles, amphibians, and birds (Fig. 3). Detection
probability was not significantly correlated with sampling date in the
dry season (Table 3).

4. Discussion
4.1. Species detection

Over the last few decades, increased efforts to survey biodiversity
across Cambodia has provided a greater understanding of wildlife dy-
namics in the region (Pollard et al., 2008; Gray et al. 2012a; O'Kelly
et al., 2012; Gray et al., 2014a; Gray et al., 2014b; Rostro-Garcia et al.,
2018; Loveridge et al., 2019; Pin et al., 2020). Nevertheless, longitudinal
population trend data are still limited to a small set of species and sites
(Groenenberg et al., 2020, Nuttall et al., 2021, Rostro-Garcia et al.,
2023) and monitoring data gaps remain for an array of different taxa
across the country. Understanding population dynamics are challenging
especially for elusive species occurring in low densities (Gray et al.
2012a; Nuttall et al., 2021). A recent assessment of the globally en-
dangered Eld's deer (R. eldii) emphasized the absence of robust data for
this large charismatic globally endangered species (Ladd et al., 2022).
Therefore, wildlife conservation and management will require techno-
logical developments to complement observation-based techniques and
fulfill the needs of an increased scale and frequency of biodiversity
monitoring. In the current study, by applying metabarcoding and hy-
bridization capture to water and sediment samples, we detected five
classes of Chordata: Actinopteri, Amphibia, Aves, Lepidosauria, and
Mammalia. With the exception of the Actinopteri class, other fauna
could be assigned to the species level. Overall, seventeen species were
identified, four of which were listed as endangered in the IUCN (Inter-
national Union for Conservation of Nature) Red List: banteng
(B. javanicus), Asian elephant (E. maximus), Eld's deer (R. eldii), and
Amboina box turtle (C. amboinensis).

Ungulates were the most frequently detected species in the present
study, by both hybridization capture and metabarcoding. Wild boar
(S. scrofa) was the most frequently observed ungulate species followed

by red muntjac (M. vaginalis), banteng (B. javanicus), and Eld's deer
(R. eldii) in decreasing frequency. The relative detection frequency of the
four ungulates was consistent with 2016 camera trap results (Pin et al.,
2020). Overall, fewer species were observed by eDNA methods in the
present study compared to the camera trap records. Waterhole samples
were collected on multiple occasions, however both water and sediment
samples were in low-volume and collected at a single time point. In
contrast, the camera traps were set at the waterhole edge with the
highest diversity of wildlife footprints. Photographical recordings were
operated 24 h per day until the corresponding waterholes receded
completely throughout the entire survey period (Pin et al., 2020).
Nevertheless, frequency of species detected by eDNA methods and
camera traps was consistent thus indicating that eDNA can reliably
reflect ungulate species presence, even for low-density species such as
Eld's deer (R. eldii). Despite a recent increase in conservation and
enforcement efforts in Cambodia, the assemblage of globally threatened
ungulate populations, even previously abundant species (e.g. red
muntjac M. vaginalis), have suffered dramatic declines (Gray et al.,
2012b, Groenenberg et al., 2020). As species densities decrease,
observation-based monitoring will likely become less effective (Gray
et al. 2012a, Groenenberg et al., 2020) requiring other methods such as
DNA based approaches to complement them. Results from this study
emphasize that eDNA from waterholes can provide invaluable infor-
mation on presence and distribution of rare species occurring in low
densities.

Asian elephant (E. maximus) populations have dramatically declined
across several countries in Southeast Asia due to a range of anthropo-
genic factors (Menon and Tiwari, 2019). Previous non-invasive DNA
surveys suggested that eastern Cambodia likely supports >300 in-
dividuals (Pollard et al., 2008; Gray et al., 2014b). This eDNA study
detected Asian elephants (E. maximus) in five samples by capture and
four by metabarcoding. While direct comparison of DNA methods with
camera trapping is difficult with regard to comparability of different
spatial and temporal sampling patterns, detection frequency recorded in
this study exceeded those of the concurrent camera trapping records
(recorded in two waterholes) (Pin et al., 2020). Elephants access water
bodies at a high frequency, which contributes to the high likelihood of
retrieving their DNA from waterhole samples (Dejean et al., 2011; Lar-
amie et al., 2015). These results indicate that eDNA methods may be
particularly useful for animals which shed abundant DNA into their
environment and frequently visit waterholes but which may still be
difficult to monitor directly. A set of genetic markers developed for use
with elephant fecal samples achieved relatively precise population es-
timates and can discriminate individual animals at comparable rates to
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observational surveys (Pollard et al., 2008; Maltby and Bourchier, 2011;
Gray et al., 2014b). Considering the large amount of shed elephant DNA,
inclusion of eDNA facilitate population structure determination, di-
versity and sex ratios.

Transect and camera traps surveys implemented in eastern
Cambodia have provided an invaluable insight into the population sta-
tus of a different species (Gray et al., 2014a, Rostro-Garcia et al., 2018,
Groenenberg et al., 2020, Nuttall et al., 2021). However, these surveys
are often designed and biased towards larger species (MacKenzie et al.,
2002) and detectability can be biased depending on survey locations
(Gray, 2013; Rostro-Garcia et al., 2018). In general, reptiles, amphibians
and other small mammal species are often difficult to detect or distin-
guish morphologically in transect or camera trap surveys (Raemy and
Ursenbacher, 2018; Matthias et al., 2021). In the current study, eDNA
methods detected ten animals with small body size, constituting four
mammals, three amphibians, two reptiles, and one bird species: seven by
hybridization capture and three by metabarcoding. Eight out of the ten
animals were exclusively detected by eDNA methods (three rodents,
three amphibian and two reptiles) compared with the respective camera
trapping, indicating eDNA detection has the potential to identify many
more species and fill in monitoring and surveillance gaps.

Camera trap surveys conducted during the same timeframe and lo-
cations by Pin et al., 2020 recorded nine bird species, four of which were
photographed at more than fifteen waterholes. In contrast, eDNA results
from this study only identified one bird species (red junglefowl
G. gallus). As of the time of writing, three of the nine bird species (red
junglefowl G. gallus, green peafowl Pavo muticus, and sarus crane
Antigone Antigone) identified in the camera traps study have full-
mitogenome records and one (lesser adjutant Leptoptilos javanicus) has
available COX1 sequences. The lack of mitogenome records in the
database may explain some of the discrepancy. Moreover, all the hy-
bridization capture baits and metabarcoding primers were designed to
target mammals, which make the two eDNA methods less optimized for
non-mammal species. Further optimization of the hybridization capture
bait set and metabarcoding primers could improve detection of non-
mammalian taxa, which would allow eDNA methods to be applied to
target various taxa and across different landscapes.

4.2. Methodology

Metabarcoding methods are more economic and discriminating than
shotgun sequencing, and therefore are preferred in eDNA studies (Bista
et al., 2018; Bell et al., 2021; Rubiola et al., 2022; Seeber and Epp,
2022). However, specific target amplification may exclude substantial
genetic information and miss species due to primer sequence mismatch
(Bourret et al., 2020; Seeber and Epp, 2022). Hybridization capture
enrichment before shotgun sequencing, while less sensitive than PCR-
based methods such as metabarcoding, can yield considerable
genomic information (Jensen et al., 2021). In the current study, meta-
barcoding and hybridization capture detected 27.6 % of the species
recorded in the concurrent camera trap survey conducted by Pin et al.,
2020. However, nine additional species were exclusively detected by
eDNA methods: one ungulate (domesticated cattle B. taurus), three ro-
dents, two reptiles, and three amphibians. Among them, only hybridi-
zation capture enrichment detected non-mammalian species, albeit at
low rates in the capture simulation by Capsim, indicating high tolerance
for sequence divergence. The small Indian civet (V. indica) photo-
graphed at six waterhole locations was also detected by hybridization
capture at two waterholes, but not by the metabarcoding approach.
None of the sequences identified by hybridization capture were located
within the 16S rRNA region that the metabarcoding primers targeted. A
single short target is an inherent drawback of PCR-based methods in
eDNA detection and may be a cause of false negative detections (met-
abarcoding method not detecting small Indian civet). In contrast, hy-
bridization capture targets a wider range of sequence regions, thus
providing more opportunities for detection and species discrimination.

Biological Conservation 284 (2023) 110168

For eDNA metabarcoding, detection is also limited by DNA degradation
especially under extreme conditions found in tropical regions. However,
when large amounts of DNA are shed (e.g. by wild boar and Asian ele-
phants), metabarcoding may be more sensitive than hybridization cap-
ture. This may be attributed to the exponential amplification step by
metabarcoding, which increased the detectability of animals shedding
more DNA in a given environment. On the other hand, PCR amplifica-
tion can potentially be initiated by a single target DNA sequence that
may be missed in hybridization capture. Golden jackal (Canis aureus)
was photographed at six waterholes, although using eDNA methods,
results could only identify Canis sp. at the genus level in thirteen samples
by metabarcoding. The inability to define the species by metabarcoding
is likely due to limitations of the 16S reference database. Three Rattus
species were detected by metabarcoding but not by hybridization cap-
ture or camera traps. None of the three rodents identified has full
mitogenome records in the public databases. Lack of reference se-
quences may explain discrepancies between metabarcoding and hy-
bridization capture, and camera traps. Overall, both methods are
sensitive enough to detect species presence even when little DNA is
present. However, the absence of reference sequences substantially in-
fluence the ability to reliably identify all fauna to a species level species
regardless of method applied. Therefore, improving reference databases
will be fundamental to future eDNA applications.

Noninvasive genetic sampling has been widely used for population
genetic studies (Taberlet et al., 1993; Eggert et al., 2003; Pollard et al.,
2008). In the current study, hybridization capture enrichment retrieved
74.52 % coverage of the Asian elephant (E. maximus) mitogenome,
75.36 % coverage of the wild boar (S. scrofa) mitogenome, and over 10
% coverage of the mitogenomes for banteng (B. javanicus), red muntjac
(M. vaginalis), water monitor (V. salvator), and banded bullfrog
(K. pulchra). This indicates eDNA hybridization capture can yield multi-
locus or even whole mitogenomic data for terrestrial animals. We chose
to sample waterholes during the dry season when animals tend to
congregate. Despite lower base coverage compared with aquatic animals
(Sigsgaard et al., 2017; Jensen et al., 2021), the retrieved mitogenomic
DNA reached 9-fold base coverage for Asian elephant (E. maximus) and
6-fold for wild boar (S. scrofa). We used comparatively small sample
volumes (50 mL) to previous studies that isolated terrestrial mammal
eDNA from 500 mL water (Ushio et al., 2017; Broadhurst et al., 2021) or
2 L (Harper et al., 2019; Sales et al., 2020). Thus, to further improve on
the results of the current study in terms of total read numbers and
genomic coverage, larger volumes of water, while more difficult to
transport unless filtering can be performed on site, might yield better
coverage. Dependent upon the survey objective, target capture could use
a more specific bait panel for selected target taxa that remove redundant
and highly conserved loci. Finally, sequencing to higher depth would
likely improve coverage for the hybridization capture-based approach.
Further methodological refinements could expand the species detected,
increase the amount of genomic information obtainable and improve the
implementation of such techniques in the field.

4.3. Sample type effects

DNA can bind to sediments and persist in the environment for long
periods. By contrast, water likely reflects short-term species presence,
either before degradation occurs or DNA settles in the sediments (Turner
et al., 2015). Thus, it was surprising that significant differences between
water and sediment samples were not observed in terms of species
detection frequencies, and more species were detected from water
samples. Aqueous eDNA is generally distributed heterogeneously in
water bodies at low concentrations (Takahara et al., 2012; Pilliod et al.,
2013). Multiple samplings per location are preferable for obtaining
representative water samples. In general, sediment DNA extraction is
performed on a small amount of sediment that is spatially restricted and
which may not be as representative of water body diversity as surface
water sampled from multiple sites.
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The decreasing number of waterholes from the beginning to the end
of dry season did not significantly change the species detection proba-
bility. DNA concentration and integrity did not affect species detection
for either of the approaches used (hybridization capture or meta-
barcoding). This indicates that both eDNA methods are relatively robust
even when DNA is likely degraded. Significant differences were not
observed in species detection at different time points in the dry season.
In principle, increasing scarcity of water resources should lead to a
higher number of species utilizing the limited waterholes. However,
anecdotal reports suggested that several of the waterholes dried out
earlier than previous years. Climate and water availability could
therefore influence species distribution and range. Consequently, eDNA
monitoring of waterholes alone may be less feasible for some species.
Expansion of waterholes (rather than repeat visits) and inclusion of
other waterbodies, such as perennial rivers may lead to an increase in
number of species identified. Water-based eDNA can be also be com-
plemented by obtaining eDNA from other sources such as invertebrates
which could provide more comprehensive terrestrial mammal moni-
toring options (Drinkwater et al., 2021). The benefit of being able to
detect small bodied animals and ease of sampling may outweigh some of
the limitations imposed by the heterogeneity of environment, animal
behavior, and distributions.

5. Conclusion

We demonstrated that eDNA can be used for detecting a diverse array
of species from waterhole samples in Cambodian tropical forests. Both
hybridization capture and metabarcoding methods identified species
that were not detected and or reported by observational approaches
applied previously. Hybridization capture enrichment before
sequencing is similarly robust to metabarcoding with respect to species
detection. However, hybridization capture enrichment can detect a
wider range of taxa and provides far more genomic information,
whereas metabarcoding is more sensitive. With respect to laboratory,
labor and time expenditure, metabarcoding (ca. 50 euro/sample) costs
are approximately half as much as hybridization capture costs and it
takes about one third of the wet lab time. If specific target species are
known in advance, metabarcoding may be the preferable approach. If
faunal assemblages are unclear, hybridization capture-based approaches
may be preferable if only individual methods can be employed. In many
conservation projects spatial information, species identification and in
some cases genomic data are vital. Incorporating both methods,
particularly in ecosystems that are not amenable to observational ap-
proaches should be considered for broad-scale monitoring. While the
target substrate of this study was water and waterhole sediments, other
alternative eDNA or invertebrate DNA sources could complement or
replace water in other environmental or conservation contexts (Axtner
etal., 2019; Nguyen et al., 2021). The same molecular approaches could
be applied in these contexts and would likely exhibit similar benefits and
restrictions observed in the current study for water while expanding the
available resources for wildlife detection and monitoring.
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