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Abstract

Biological surveys based on visual identification of the biota are challenging, expensive,
and time consuming, yet crucial for effective biomonitoring. DNA metabarcoding is a rapidly
developing technology that can also facilitate biological surveys. This method involves the use
of next generation sequencing technology to determine the community composition of a
sample. However, it is uncertain as to what biological substrate should be the primary focus of

metabarcoding surveys. This study aims to test multiple sample substrates (soil, scat, plant
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material and bulk arthropods) to determine what organisms can be detected from each and
where they overlap. Samples (n = 200) were collected in the Pilbara (hot desert climate) and
Swan Coastal Plain (hot Mediterranean climate) regions of Western Australia. Soil samples
yielded little plant or animal DNA, especially in the Pilbara, likely due to conditions not
conducive to long-term preservation. In contrast, scat samples contained the highest overall
diversity with 131 plant, vertebrate, and invertebrate families detected. Invertebrate and plant
sequences were detected in the plant (86 families), pitfall (127 families), and vane trap (126
families) samples. In total 278 families were recovered from the survey, 217 in the Swan Coastal
Plain and 156 in the Pilbara. Aside from soil, 22-43% of the families detected were unique to
the particular substrate and community composition varied significantly between substrates.
These results demonstrate the importance of selecting appropriate metabarcoding substrates
when undertaking terrestrial surveys. If the aim is to broadly capture all biota then multiple

substrates will be required.

Introduction

There is a growing need for effective biomonitoring with increasing pressure on ecological
systems from human population growth, resource use and climate change (Dirzo et al., 2014;
Pimm et al., 2014; UNEP, 2011). Biomonitoring is necessary for effective ecosystem
management including the early detection of invasive species (Epanchin-Niell, Haight, Berec,
Kean, & Liebhold, 2012), measurement of trajectories following ecological restoration (Herrick,
Schuman, & Rango, 2006), and the conservation of threatened or endangered species and

ecological communities (Campbell et al., 2002). Traditionally, biomonitoring has relied on visual
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surveys and traps with species identification based on morphology. However, this presents
challenges in some groups due to (i) phenotypic plasticity (Demes, Graham, & Suskiewicz, 2009;
Weigand, Jochum, Pfenninger, Steinke, & Klussmann-Kolb, 2011), (ii) juveniles with ambiguous
morphology (Ji et al., 2013; Richard et al., 2010), and (iii) taxa having different levels of
detectability according to season and time (Fernandes et al., 2018; Thompson & Newmaster,
2014). There has also been a worldwide decline in taxonomic expertise (Pearson, Hamilton, &
Erwin, 2011), which further limits traditional approaches. In addition, it is difficult to rely on
morphology to monitor across a broad taxonomic range, as expertise and methods tend to be
taxon-specific. With the demand for efficient biomonitoring, new technologies are being
developed to expand the monitoring “toolkit” to complement traditional methods.

One such method is environmental DNA (eDNA) metabarcoding, a process of sequencing
barcode regions from DNA that has been isolated from environmental samples including
sediment, water, seawater, bulk arthropods and air (Bohmann et al., 2014). Several reviews
have advocated the use of eDNA metabarcoding for biodiversity monitoring (Bohmann et al.,
2014; Creer et al., 2016; Fernandes et al., 2018; Taberlet et al., 2012; Thomsen & Willerslev,
2015; Williams et al., 2014) as it has the potential to increase the range of biodiversity detected
and to include a broader array of forms (i.e. immature specimens, cryptids, and phoretic
individuals). The data are also readily auditable by third parties (Ji et al., 2013) and the cost may
be calculated based on number of samples, rather than number of specimens, making it more
cost-effective, especially in highly diverse systems (Ji et al., 2013).

The reduction in the cost of high-throughput sequencing has led to a rapid increase in the

number of eDNA studies, as well as commercial interest (Supporting Information Koziol et al.
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2018). Soil microbial researchers have been using eDNA metabarcoding for over two decades
(Anderson & Cairney, 2004) and there is now growing evidence that barcoding may be useful to
monitor plant communities (de Mattia et al., 2012; Fahner, Shokralla, Baird, & Hajibabaei, 2016;
Thompson & Newmaster, 2014), vertebrates (Andersen et al., 2012; Calvignac-spencer, Merkel,
& Kutzner, 2013; Fernandes et al., 2019) and invertebrates (Ji et al., 2013; Yang et al., 2014).
Researchers have successfully sequenced: top soil (Andersen et al., 2012; Fahner et al., 2016),
scat (De Barba et al., 2014), ancient middens (Murray et al., 2012), air (Kraaijeveld et al., 2015),
bulk arthropods (Ji et al., 2013; Yu et al., 2012), leaf material (Thompson & Newmaster, 2014),
flowers (Thomsen & Sigsgaard, 2019) and more. However, almost all these studies have
employed only one eDNA substrate (Koziol et al., 2018). Yang et al. (2014) is one of the few that
sampled multiple terrestrial substrates (soil, leaf litter, and insect traps) but they targeted the
soil fauna for extraction (separated from the soil) rather than extracting DNA from the soil
directly. Yang et al. (2014) also used different PCR assays for their bulk arthropod and soil/leaf
litter samples, affecting their comparability. Thus far there has been no study that compares
the same barcode across multiple terrestrial substrates. Most samples are able to detect
multiple taxonomic groups. However, without a systematic, comparative substrate trial using
multiple barcodes it is not possible to determine overlap.

Generally, eDNA studies have occurred in temperate regions or colder (Andersen et al.,
2012; Fahner et al., 2016), where DNA preservation is more optimal for metabarcoding. Few if
any non-microbial barcoding studies have been performed on soils from hotter climates such as
those found in parts of Australia. This is true of most biodiversity research; hotter climates are

critically understudied (Titley, Snaddon, & Turner, 2017), despite having the highest extinction
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rates (Wiens, 2016). As the climate continues to warm and dry (Huang, Yu, Guan, Wang, & Guo,
2016), developing tools to monitor these regions globally has become increasingly important.

In this study, we tested five common terrestrial substrates (soil, bulk scat, bulk plant
material and bulk arthropods from pitfall traps and vane traps) with four eDNA barcoding
assays to detect a wide range of plants, vertebrates and arthropods. Two well characterized
study sites were chosen in Western Australia to examine the feasibility of metabarcoding from
substrates collected from hot desert and Mediterranean climates. We aim to improve decision
making for terrestrial eDNA surveys by:

1) Examining the diversity within and overlap between commonly sampled substrates.
Ideal substrates for monitoring should detect both the greatest richness per sample and
greatest overall diversity. The degree of overlap in diversity detected will indicate if multiple
substrates are necessary for broad biological surveys.

2) Examining differences between sites as some substrates may perform poorly in certain
climates.

3) Comparing DNA sequence and traditional biodiversity survey methods. In particular we
compare a DNA sequence based approach with vegetation surveys based on plant

morphologyto understand the extent to which they complement one another.

Materials & Methods

Study Sites
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Samples (n = 200) were collected from two study sites 1000 km apart in Western Australia;
one in the Pilbara, and the other in the south-western Swan Coastal Plain (SCP) (Figure 1). The
Pilbara site (-23.19°, 119.24°) is a valley bottom of red clay and strewn pebbles (Burbidge,
Johnstone, & Pearson, 2010), has an arid climate with hot summers, mild winters, more than 10
hours sunshine a day, and low but variable rainfall (Sudmeyer, 2016). It is classified as hot
desert (Bwh, Beck et al. 2018) and the dominant vegetation consists of Acacia shrublands with
hummock grasses (Triodia) (Burbidge et al., 2010). The Swan Coastal Plain (SCP) site (-31.76°,
115.95°) is in a highly diverse Banksia Woodland on sandy soils. The region has a hot
Mediterranean (Csa, Beck et al. 2018) climate with hot, dry summers and cool, wet winters.
Study sites with different climates and soil types were chosen because they may affect DNA
preservation. Both sites have a broad array of taxa, and the SCP is located in one of Australia’s
two biodiversity hotspots. The Pilbara also hosts a globally significant resources industry
(Argent, 2013) where current and proposed projects require regular biomonitoring or collection
of baseline data.

Sample collection

At each site, 5 different substrates were collected; soil, scat, plant material, arthropods
from pitfall traps, and arthropods from vane traps. Samples were collected in October and
November 2017 (early summer) totally 200 (2 sites x 20 samples per substrate x 5 substrates).

Sample points were 50-60m apart in a grid like pattern across the 15 ha sites. At each
sample point, 5 soil subsamples were collected from the surface 5 cm using sterilized
equipment and gloves that were re-sterilized with bleach between each sample point. The

subsamples were collected randomly within a 10 m x 10 m plot and mixed in the field to form
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one sample. Scat was sampled by collecting any visible scat approximately 200 m around each
sample point and collecting any scat that was visible. Soil and scat samples were kept cool, and
frozen within a few hours. Plant material was collected by a non-specialist but with some
training in flora surveys. A leaf was collected from each plant species within a quadrat (50 m x
50 m for the Pilbara, 10 m x 10 m for the SCP) and stored in envelopes in silica gel. Size of
guadrats was based on standard monitoring plots used by mining companies in the area. Each
sample point also had four pitfall traps (12 cm deep, 4 cm diameter) combined to form one
sample, and one yellow vane trap. The traps were left out for 7 days to catch arthropods and
contained ethylene glycol in the form of concentrated auto coolant as a capture fluid.
Sample Processing and DNA extraction

All samples were extracted using the Qiacube extraction platform (Qiagen, Germany). Soil
samples were manually homogenized and DNA was extracted from 300 mg using the Qiagen
DNeasy PowerlLyser Powersoil kit (Qiagen, Germany). The Qiagen PowerFecal DNA kit (Qiagen,
Germany) was used to extract DNA from 250 mg of each of the scat samples. For the plant
samples small sections of each leaf were homogenized dry using Precellys 7ML Hard Tissue
Homogenizing Ceramic Beads kit for 8 minutes, then again for 2 minutes with 3 mL of AP1
buffer from the Qiagen DNeasy Plant Mini kit (Qiagen, Germany). They were digested overnight
and the DNA extracted using the Plant Mini kit. The arthropod samples were rinsed with de-
ionized water using 20 micron sieves that were sterilized in bleach and UV between every
sample. They were then homogenized using a hand-held blender (OMNI Tip homogenizer,

Kennesaw, GA, USA) and the DNA extracted with a Qiagen QIAmp DNA Mini Kit modified with a
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starting volume of 400 uL of digest fluid and a 100 pL elution. DNA extraction controls (blanks)
were carried out for every 20 samples using the extraction reagents only.
Assessment of DNA extracts

Quantitative polymerase chain reaction (qPCR) was used to assess the quality and quantity
of DNA in the extract, as well as determine the optimal level of DNA input for metabarcoding
(Murray, Coghlan, & Bunce, 2015). Four qPCR assays (described below) were run on all samples
and all substrates, to determine if there was sufficient amplification to attempt sequencing.
Due to the degraded nature of eDNA, all primers used targeted short amplicons (72bp to
157bp) to improve amplification success from samples. ZBJ-ArtFlc/ZBJ-ArtR2c (~¥157bp, Zeale,
Butlin, Barker, Lees, & Jones, 2011) was chosen as a general arthropod primer, with an addition
of Ant236/361 (~72bp, Fernandes et al., 2019) to target arthropod orders such as
Hymenoptera, which ZBJ-ArtF1c/ZBJ-ArtR2c has shown some bias against (Clarke, Soubrier,
Weyrich, & Cooper, 2014; Fernandes et al., 2019). Primer bias may differentially affect sites
with different community composition, so the combination of the two invertebrate primers
were chosen to control for this bias. Both target sections of cytochrome c oxidase subunit 1
(COlI) have extensive reference databases available online to improve taxonomic assignment
compared to gene regions with smaller databases. Two plant primer sets were used that target
the chloroplast genome: 1) trnL-g/h primers (Taberlet et al., 2007), which produces a PCR
amplicon of variable length (10-143 bp) from the P6 loop of the trnL (UAA) intron; 2) rbcL-
hlaF/h2aR primers (96bp, Poinar et al., 1998) was used only on plant material samples for

comparison between the plant sequences and the traditional plant survey.
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The vertebrate primers targeted the 12S gene 12SV5-F/R (98bp, Riaz et al., 2011). The PCR
mix for quantitation contained: 2.5 mM MgCl, (Applied Biosystems, USA), 1x PCR Gold buffer
(Applied Biosystems), 0.25 mM dNTPs (Astral Scientific, Australia), 0.4 mg/ml bovine serum
albumin (Fisher Biotec, Australia), 0.4 umol/L forward and reverse primer, 1 U AmpliTag Gold
DNA polymerase (Applied Biosystems) and 0.6 pl of a 1:10,000 solution of SYBR Green dye (Life
Technologies, USA). They were run on a StepOne Plus (Applied BioSystems) real-time qPCR
instrument with the following conditions: 5 min at 95°C, 40 cycles of 95°C for 30s, 30s at the
annealing temperature (52°C for trnL and rbclL, 53°C for ZBJ-Art, 50°C for Ant236, 60°C for
12SV5) and 45s at 72°C, ending with 10 min elongation at 72°C. Contamination was minimised
by preparing the PCR mixes in a dedicated clean room and then adding sample in a separate
laboratory in specialized UV cabinets.
DNA Amplification and Sequencing

Samples that yielded sufficient amplifiable DNA, as determined by the qPCR screening,
were assigned a unique combination of fusion tag primers that contained a unique multiplex
identifier (MID) tag between 6-8 bp in length, the gene-specific primer (described above) and
[llumina’s sequencing adaptors (i.e. P5 and P7). These MID-tag (fusion) primers were then used
in qPCR with the same reagents and cycling conditions described above. A single-step fusion
protocol was employed with no reuse of index combinations. The MID-tag amplicons were
generated in duplicate and then pooled together. Pooled amplicons were cleaned using the
QIAquick PCR Purification Kit (Qiagen, Germany) and quantified using the QlAxcel Advanced
System (Qiagen, Germany). Pools were combined in approximate equimolar ratios based on

this quantitation to create a DNA library for sequencing. Amplicons in this library were size
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selected using a Pippin Prep (Sage Science), cleaned using the QlAquick PCR Purification Kit
(Qiagen, Germany) and eluted into 50pl. The final DNA library was quantified using Qubit
Fluorometric Quantitation (Thermo Fisher Scientific) and sequenced as per lllumina sequencing
protocols for single-end sequencing.
Sequence Analysis

Raw sequence reads were demultiplexed (i.e. assigned back to sample using MID-tag
primer combos) using ‘obitools’ (Boyer et al., 2016), then sequences were quality filtered, the
errors and chimeras removed using DADA2 (Callahan et al., 2016) on R 3.5.1 (R Core Team,
2018) (script available on https://doi.org/10.5061/dryad.38100f6). DADA2 denoises sequences
using error rates estimated from the sequencing run, producing amplicon sequence variants
(ASVs) that are not clustered like traditional operational taxonomic units (OTUs), but are
analyzed in much the same way. The resulting ASV tables of were then analyzed in R 3.5.1 (R
Core Team, 2018). We ignored sequence counts less than 5, and removed samples with less
than 200 seq/sample. Any ASVs that were present in the extraction (i.e. laboratory) controls
were then removed from the dataset. ASV sequences were matched to a reference database
using the Basic Local Alignment Search Tool (BLASTn) on a high performance cluster computer
(Pawsey Supercomputing Centre; Perth, WA, Australia) against the online reference database
Genbank (https://www.ncbi.nim.nih.gov/genbank/) for taxonomic assignment. The ZBJ-Art and
Ant236 assays were searched against both Genbank and Arthropod COI sequences extracted

from the Barcode of Life Database (BOLD: https://www.barcodeoflife.org), because there are

arthropod sequences on this database not present in Genbank. BLASTn results returned the top

10 hits with a minimum query coverage of 80% and minimum percent identity or 80%.
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Taxonomic identification was assigned to the lowest common ancestor with MEGAN (Huson,
Auch, Qi, & Schuster, 2007) with minimum support of 140 (ZBJ-Art), 60 (Ant236), 90 (12SV5),
50, (trnL), and 90 (rbcl).
Vegetation Surveys

Vegetation surveys were conducted by an expert botanist, for each sample point on the
SCP in November 2017. Due to time constraints while working remotely, the Pilbara vegetation
surveys include 8 sample points conducted in September 2018. The vegetation survey quadrat
areas matched those of the sample collection of plant material (10 m x 10 m in SCP and 50 m x
50 m in Pilbara), with the intent of providing a morphological comparison for the plant samples.
For the comparison between sequencing data and the morphological surveys, only sample
points with both vegetation surveys and sequencing data were included. Identifications of all
sampled specimens were confirmed by botanists at the Western Australian Herbarium but no
voucher specimens were lodged.
Statistical analysis

Statistical analysis was performed on R 3.5.1 (R Core Team, 2018). For the four assays that
were tested on all substrates (ZBJ-Art, Ant236, trnL, 12SV5), we calculated the ASV richness for
each substrate (soil, scat, plant material, arthropods from pitfall traps, and arthropods from
vane traps) at both sites (SCP and Pilbara) and tested the differences between substrates and
site using an two-way analysis of variance (ANOVA) where the data met the assumptions
(12SV5). For most assays (trnL, ZBJ-Art, and Ant236), the groups did not have equal variance
and so we used permutational analysis of variance (PERMANOVA) from the R package ‘vegan’

(Oksanen et al., 2019) with 999 permutations. We tested the differences in community
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composition between sites and substrates by first combining the four assays into a presence
absence matrix that included taxonomic families and the samples in which they were detected.
Then the Bray-Curtis similarity was calculated between samples and the differences in
community composition were tested using the PERMANOVA with 999 permutations. This was
visualized using nonmetric multidimensional scaling (NMDS) from the same package (Oksanen
et al., 2019). This matrix was also used to determine the families associated with each substrate
by using the R package ‘indicspecies’ (De Caceres & Legendre, 2009). Plant families detected

from plant material samples were also compared to the families identified in the plant survey.

Results

A total of 26 589 497 metabarcoding sequences were generated from the four PCR assays
(See Table 1 for summary). Small quantities of ASVs were present in extraction controls, highest
in the trnL assay (5.7%) and lowest in the ZBJ-Art Assay (0.7%). A fish sequence variant was
removed as a likely contaminant, it was found in 0.01% of 12SV5 sequences (See
Supplementary information for details). In total, there were 278 taxonomic families detected
from 87 orders.

Substrate Diversity and Richness

Substrates varied significantly in diversity and ASV richness. Pitfall traps detected the

greatest number of ASVs overall (1792 ASVs), while vane traps ranked third overall with 1208

ASVs in total. Approximately the same number of families were detected from both traps
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across the two sites (127 in pitfall traps and 126 in vane traps), and they had similar proportions
of families unique to that substrate (pitfall traps 35.4%; vane traps 33.3%).

Scat samples were found to have fewer ASVs overall (1333 ASVs) than pitfall traps, but had
the highest ASV richness per sample for most assays (Figure 2). There are differences between
the per sample richness and the accumulated richness; for example, although scat had higher
average ZBJ-Art ASV richness (32.1+ 4.4se) than vane samples (18.5 + 2.0se), there were more
ZBJ-Art ASVs in the vane substrate than in scat (542 vs 470). The differences between per
sample richness and accumulated richness are related to the overlap between samples. Scat
required fewer samples to achieve the same proportion of cumulative diversity than pitfall and
vane traps, which have more variation between samples. Overall, scat samples detected the
most families overall (131 families), had the most families unique to scat samples (56 families,
42.7%), and was the only substrate that showed successful amplification with the vertebrate
12SV5 assay (Figure 2; Table S1).

Plant samples were found to have similar overall ASV richness (1326 ASVs) to scat (1333
ASVs) and vane traps (1208 ASVs), but fewer families (86 families). The degenerate nature of
the Ant236 primers resulted in plant DNA being sequenced, which was confirmed with the trnL
assay. Overall, 22.1% of the families detected in the plant samples were unique to this
substrate.

Despite numerous optimizations and extraction attempts (modified bead bashing time,
pelleting time, alternate extraction method), less than half of the soil samples successfully
amplified (Table S1). For trnL and ZBJ-Art, 11/40 soil samples (27.5%) and 18/40 (47%) soil

samples amplified respectively. Soil samples were the lowest in the number of total ASVs
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detected (224 ASV), and the lowest taxonomic diversity identified (18 families; Figure 3 & 4).
Most (63%) of families identified from soil samples were detected in at least two other
substrates and only 11.1% of families were unique to soil.

Only 3% of families were detected in all substrates, 10% if soil is excluded from the
analysis. All 8 of the families found in all substrates including soil were plant families (Table 2).
The results of our indicator analyses showed that 23 out of 157 families in the Pilbara, and 86
out of 217 families in the SCP were significantly associated with one or more substrates (p <
0.05, see Supplementary Table S4 for details). Over half (59%) of the families were detected in
only one substrate (130 in SCP, 109 Pilbara), and of the families significantly associated with
substrates (p < 0.05 indicator analysis, Table S4), the majority (63% SCP, 74% Pilbara) were
associated with a single substrate. For example, vertebrate families such as Macropodidae
(wallabies and kangaroos), and Dromaiidae (emus) were associated with scat samples, while
Formicidae (ants) and Termitidae (termites) were associated with pitfall traps. Other families
were associated with multiple substrates; i.e. Noctuidae (Owlet moths) in plant and scat,
Poaceae (grasses) in plant and scat and soil, and Acrididae (Short-horned grasshopper) in pitfall
and vane trap samples. In the SCP, five plant families were significantly associated with all
substrates except soil (Myrtaceae, Fabaceae, Asteraceae, Proteaceae, and Dilleniaceae).

Site differences

ASV richness was greater in the SCP than in the Pilbara (Figure 2). There was an interaction
between site and substrate for both the trnL and Ant236 assay, and site and substrate were
significant terms for all assays (p < 0.001, see Supplementary Material for details). The

vertebrate assay was the only one where the Pilbara had significantly (p < 0.001) greater ASV
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richness, and 92% of the ASVs were assigned to the Macropodidae family. The remaining assays
showed SCP having higher ASV richness than the Pilbara (Figure 2). Taxonomic diversity was
also higher in the SCP (217 families) compared to the Pilbara (156 families)(Figure 4).
Additionally, more samples from the SCP were able to be amplified and sequenced; in the trnL
assay we were only able to sequence 2 Pilbara soil samples and 9 SCP soil samples. Similarly, in
the ZBJ-Art assay, we were able to sequence 16 SCP soil samples and only 2 Pilbara soil
samples.

Site influenced the families found in each substrate (Fs,16s = 10.694, R2 = 0.112, p < 0.001,
Figure 4A), and site (F1168= 38.4, R2 =0.101, p < 0.001) and substrate (Fs,16s= 32.5, R2 = 0.343,
p<0.001) were also highly significant (See Table S3 for details)

Comparison between plant surveys

The morphology based survey identified 51 families in total (Table S6). Several plant
families found in the sequencing (e.g. Mazaceae and Hyacinthaceae) had been reassigned or
renamed, and this was accounted for in our comparison with the morphological survey. The
Pilbara has the lowest proportion of families found in both the sequencing and morphological
survey (48.1%, Figure 5) compared to the SCP (61.7% Fig 5). In total, of the 15 plant families
identified in the morphological survey and not found in the sequencing data, 8 were identified
in only one sample. Families detected in the SCP sequencing data and not in the morphological
survey include Pinaceae, a family of plants not present in the study site but in high abundance
in an adjacent pine plantation. Four of the families found in sequencing only were detected at a
single sample point. Seven families had less than 700 reads, and the average number of reads

per family was 28 580 for the trnL assay and 45 867 for the rbclL assay. In the SCP, almost all
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sequencing reads (99%) and morphological plant species (93%) were from families identified in
both the sequencing and morphological survey; in the Pilbara, a smaller proportion of reads

(81%) and sequences (83%) were from families shared between methods (Figure 5).

Discussion

Use of DNA barcoding and eDNA substrates to monitor biodiversity is on the rise (Koziol et
al., 2018). In terrestrial systems researchers are expanding both the range (e.g. Yang et al.,
2014) and purpose (Thomsen & Sigsgaard, 2019) of substrates collected. In this study, we
tested multiple terrestrial substrates with four barcoding assays and found that terrestrial
substrates can detect a broad range of taxonomic groups (Figure 2). Invertebrate and plant DNA
was found in all substrates, although scat was the only substrate to consistently yield
vertebrate sequences. Some cosmopolitan taxa were shared with multiple substrates.
However, many taxa are specific to a particular substrate, and no one substrate was able to
detect all taxa.

Substrate Diversity and Richness

Each substrate identified a different biological community in the five substrates and four
assays used. Even the most diverse substrate (scat) only comprised half of the total diversity
detected (47%). The combination of pitfall trap and scat samples increased detection to 76% of
total and with the addition of vane traps, 92% of families detected from all five substrates. For
terrestrial biodiversity monitoring, the more substrates chosen, the greater the range of
biodiversity that can be detected. This result mirrors a substrate comparison in marine

environments and further demonstrates that the manner in which environments are sampled
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strongly influences both the sensitivity of detection and the assemblages recovered (Koziol et
al., 2018).

Generally, the literature agrees with what we were able to detect in our substrates. Like Ji
et al. (2013) and Yu et al. (2012) we found invertebrate sequences in the pitfall and vane trap
samples (Figure 3). Families of flying insects were associated with vane traps (Phoridae,
Cicadellidae, and Crambidae) but pitfall traps caught both ground dwellers (Formicidae,
Lycosidae) and flying insects (Empididae). While Calvignac-Spencer et al. (2013) were able to
retrieve vertebrate DNA from their carrion flies, we were not able to successfully sequence our
bulk arthropod samples with the vertebrate assay. Perhaps not enough carnivorous
invertebrates were trapped, or the ones trapped had not recently fed. Plant sequences were
detected in bulk arthropod samples and may have come from pollinating insects (Pornon et al.,
2016), ingested plants (Jurado-Rivera, Vogler, Reid, Petitpierre, & Gédmez-Zurita, 2009), or plant
material that fell into the traps. The traps differed in the biota that they detected, as we
expected based on entomology studies that show the importance of trap type to the
biodiversity captured (Prasifka, Lopez, Hellmich, Lewis, & Dively, 2007; Santos, Cabanas, &
Pereira, 2007). The traps are complementary, and when used together can detect the majority
of families (Figure 4B).

In the plant samples, we found both plant and invertebrate sequences. In plant samples,
the source of plant sequences is self-evident, while invertebrate DNA may come from larvae, or
cells and fecal matter left on plants (Thomsen & Sigsgaard, 2019), spider webs (Blake,
McKeown, Bushell, & Shaw, 2016), and empty leaf mines (Derocles, Evans, Nichols, Evans, &

Lunt, 2015). As evidence, the arthropod families strongly associated with plant samples are all
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those that feed and reproduce on living plants (i.e. Gelechiidae, Aphididae, Cecidomyiidae),
giving them ample opportunity to leave DNA on the plant. Some plant taxa were commonly
found in multiple substrates. These include orders such as Poales, Myrtales, and Proteales,

which were found in all five substrates (including soil samples - Figure 3). The cosmopolitan
nature of these taxa suggest they may have airborne dispersal, and Kraaijeveld et al. (2015)
were able to detect several taxa in these orders from airborne pollen traps.

The most taxonomically diverse substrate was scat, which picked up vertebrates,
invertebrates and plants (Figure 3). Typically, scat is used to study the diet of a particular
organism and researchers choose their barcoding assays accordingly; insectivores’ scat are
barcoded with invertebrate primers (Zeale et al., 2011), herbivores’ scat is barcoded using plant
primers (Valentini et al., 2009), and carnivores’ scat is barcoded using vertebrate primers
(Arteaga Claramunt et al., 2018). Our scat samples were dominated by Macropididae
(Kangaroos and Wallabies), likely as a result of sampling bias. Rather than target a specific
organism for scat collection, we collected scat along a transect, and Macropodidae scat is both
numerous and easy to see, resulting in an overabundance of this family. This sampling bias is
exacerbated by site differences, for example, Passeriformes scat is relatively easy to see in the
red clay of the Pilbara, but almost impossible to find in the sand of the SCP. In addition,
although many samples were from only herbivorous animals (Macropodidae and Dromaiidae)
they still picked up invertebrate sequences. This could be from contact with invertebrates on
the ground such as beetles (Coleoptera Figure 3). Furthermore, the presence of families of
moth within scat samples (Noctuidae, Oecophoridae) can be explained through biological

material that could have been eaten (larvae, fecal matter, and other sources) along with plant
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material and survived to be sequenced from the scat samples. The richness per sample (Figure
2) and overall diversity suggest that scat samples are appropriate for broad biodiversity surveys.
Nevertheless, caution should be applied as there is no guarantee that the diversity detected
was not transported from outside the study area. Diet analysis of targeted organisms may be
more informative than scats along a transect; for example, analyzing restoration success
through diet changes in frugivorous bats (Galimberti et al., 2016).
Site differences

The SCP generated higher biodiversity and greater ASV richness than the Pilbara, as
expected based on known biodiversity in these regions (Rix et al., 2015). Patterns of diversity
were consistent across site; substrates generated similar levels of unique and overlapping
diversity. The greatest difference between sites, which performed poorly overall, but
particularly so in the Pilbara where only two samples were successfully amplified in two assays.
While other studies using soil samples as a substrate were able to reflect the above ground
diversity of plants (Fahner et al., 2016; Yoccoz et al., 2012), vertebrates (Andersen et al., 2012),
and other metazoan (Drummond et al., 2015), less than half of our soil samples successfully
amplified. This may be a result of our sampling method and the environment (i.e. hot desert,
hot mediterranean) from which the samples were sourced. This is the first study investigating
non-microbial soil eDNA in hot Mediterranean and desert climates. DNA at our study sites
would be relatively more degraded by the heat (Sirois & Buckley, 2019) and high UV radiation
(Barnes et al., 2014) than Denmark (Andersen et al., 2012) or New Zealand (Drummond et al.,
2015). This might explain why the Pilbara, which is hotter than the SCP and less shaded, had

fewer soil samples that amplified successfully. Despite these results, we feel further testing is
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needed before dismissing soil as a worthwhile substrate for non-microbial eDNA studies in
similar environments. We sampled in a relatively hot period and only the surface 0-5cm. It is
possible that better results may be achieved by sampling deeper in the soil profile, in cooler
weather, and perhaps with more subsamples.

Comparison between plant surveys

The majority (83-93%) of morphological plant species identified were from families also
detected in the sequencing data. In total, 7 families in the Pilbara and 8 families in the SCP
were identified in the morphological survey and not by metabarcoding (Figure 5). One possible
explanation is that assigning taxonomy to a DNA sequence (i.e. barcode) is dependent on the
guality of the reference database. Thompson and Newmaster (2014) found that metabarcoding
(rbcL and ITS2 gene regions) was more accurate than their morphology based plant survey.
However, they had access to a comprehensive and fully referenced barcoding database for the
Boreal forest in Canada. The Pilbara and SCP have a much more diverse flora than the Boreal
forests of Canada (Rix et al., 2015), and much of the biodiversity is just beginning to enter
barcoding libraries (Dormontt et al., 2018; Nevill et al. 2020). Fortunately, reference databases
are continuously growing at an impressive rate often through large-scale initiatives (Costa &
Carvalho, 2017; Hendrich et al., 2015).

Many (7/12) of the families unique to the morphological surveys were found in very low
abundance at only one sample point, and may have been missed in the collection of plant
material for metabarcoding. However, another consideration is that DNA is more easily
extracted from some plant species than others based on the amount of secondary metabolites

and variation in leaf structure (Friar, 2005; Khanuja, Shansany, & Kumar, 1999). Some
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recalcitrant plant species with low DNA concentrations or poor quality extracts may have been
drowned out by the more easily processed plants in the mix, resulting in plants not showing up
in sequencing data, despite having been collected.
Limitations

Our results highlight some important limitations in using metabarcoding for terrestrial
biodiversity monitoring. We discussed above the importance of reference databases and
extraction bias, but our results also bring into focus the difficulty in determining when DNA
might have originated from outside the study area (Figure 5). Several plant orders found in the
scat and invertebrate samples (Rosales, Vitales, Brassicales) are not present in the plant
samples or the plant surveys, indicating they were either missed in surveys or likely originated
from nearby suburban gardens. Depending on the study objectives, proponents may want to
limit assays and substrates to those that target taxa that are more likely to occur at the sample
point (e.g. plant material from plants in a quadrat, invertebrate sequences from bulk
invertebrate samples). However, the presence of DNA, even if not proven to be from an
organism inhabiting a particular area, does indicate connection between the sample area and

those organisms.

Conclusion

We tested five terrestrial eDNA substrates with four metabarcoding assays for a total of
523 sequenced samples, to examine the impact of substrate on eDNA based biodiversity
assessment. Our results are consistent with many other eDNA studies by demonstrating the

ability of eDNA metabarcoding as a powerful tool for terrestrial biomonitoring, providing a
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broad survey of terrestrial environments. While we cannot equivocally state that these results
would transfer across all biomes, the consistency in patterns across two sites is highly
suggestive of strong spatial fidelity. We showed in our systematic comparison of substrates that
the choice of substrate heavily dictates what taxa will be detected and that each additional
substrate will increase the number of taxa detected. Therefore, substrates should be selected
with care based on the purpose of monitoring and available funding (see Table 3 for
recommendations based on target taxa and survey limitations). For example, soil and plant
samples identified relatively few unique families. If these substrates were excluded from this
study, 92% of the overall diversity would have still been detected. In contrast, scat and pitfall
samples had higher per sample richness, making them suitable for surveys of total biodiversity
where funding is limited. We cannot make any specific recommendations on which assays to
use, as this is beyond the scope of this paper. Instead we can make broad recommendations for
appropriate assay targets based on survey target. For example, where there are concerns
about the DNA source, proponents may need to limit surveys to substrates and assay
combinations more likely to be locally present (invertebrate assays on bulk arthropods,

vertebrate assays on scat etc.)

We also show the limitations of metabarcoding where reference databases are
depauperate, and that caution should be exercised with regard to the source of DNA in each
substrate, which might originate from organisms outside the immediate study area. Our study

highlights the utility of eDNA as biomonitoring tool but also cautions that, like other survey
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methods, its utility, sensitivity and efficacy will be influenced by how studies are designed and

executed.
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722  Table 1: Summary of sequencing results for each assay
Assay Sequences Samples ASVs Substrates
(>200reads)
125V5 268,038 40 221 Scat
ZBJ-Art 5,676,094 160 2,253 Scat, Plant,
Pitfall, Vane,
Soil
Ant236 4,491,408 119 2,145 Scat, Plant,
Pitfall, Vane
trnL 11,660,421 164 546 Scat, Plant,
Pitfall, Vane,
Soil
rbcL 7,080,330 40 1,064 Plant*
Total 29,176,291 523 6,229
723  *rbcL was only applied to plant samples and was not tested for the other substrates
724  Table 2: Taxa of interest

Taxa

Dilleniaceae, Fabaceae,
Loranthaceae, Myrtaceae,
Pinaceae, Poaceae,
Proteaceae, Lauraceae

Noctuidae, Geometridae,
and Pyralidae

Aphididae, Cecidomyiidae,
Noctuidae, Clubionidae,
Curculionidae,
Galumnidae, and
Zyganidae.

Macathuria

Vulpes vulpes

32

Common names Substrate
Plant families All
Owlet moths, Scat
Geometer moths,
Grass moths
Aphids, Plant
Gallmidges,
Owlet moths,
Club spiders,
Weeuvils,
Mites/ticks,
Burnet moths

Plant
Red Fox Scat

Interest

These families were detected in all substrates

Invertebrate families associated with scat
samples (p<0.05) that reproduce on plant tissue

Invertebrate families associated with plant
samples (p<0.05) that all live and reproduce on
plant tissue

Cryptid, often difficult to find because of growth
habit. This taxa was found in sequencing data
from plant material samples, but not the plant
survey results

Invasive species that has led to the decline of
native fauna



Taxa Common names Substrate  Interest

Poaceae, Fabaceae, Grasses, Scat Found in every scat sample in both SCP and the
Asteraceae Legumes, Daisies Pilbara, likely common food sources for
Macropodidae (Kangaroos and Wallabies)

Pinaceae Pines Plant Detected in plant material sequences but not
morphological survey, likely sourced from pine
plantations near the SCP site

725

726  Table 3: Substrates recommended for eDNA surveys based on target taxa and survey
727 limitations.

Target taxa

Limitations Invertebrates Plants Vertebrates Total Biodiversity
None Pitfall+Vane  Scat+Plant Scat Pitfall+Vane+Scat+Plant
DNA Source Pitfall+Vane  Plant Scat Pitfall+Vane+Scat+Plant
Funding Pitfall/Vane  Scat Scat Scat+Pitfall
728 * Colour of substrate recommended indicates appropriate assay: Invertebrate assay, Plant assay,
729 Vertebrate Assay, Multiple assays

730

33



10°5] N -
1 508 7 ";_’—/ g
20°S 1
Hot desert
Avg 32.3°C,
21.3 M) m2
25°S 4 235mm rain
30°S - SCP
Hot &) :
Mediterranean
35°S 4 Avg 25.3°C,
18.6 MJ m?
857mm rain
40°S 1 1000 km LT
731 105°E 110°E 115°E 120°E 125°E 130°E
732  Figure 1: Map of the two study sites in Western Australia. The Pilbara (A) and the Swan Coastal
733 Plain (B) are shown in the photos. Information on the left contains the climate type
734 (Koppen Classification), the average daily maximum temperature, average daily solar
735 exposure, and the total rainfall for the sample year.
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738  Figure 2: ASV richness of all four barcoding assays in all the substrates. Error bars indicate
739 standard error, red points are SCP samples and black points are from the Pilbara.
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Figure 3: Taxonomic orders detected in each substrate. Fungal and algal orders were
removed as the assays are not equipped to properly detect fungal diversity. Orders were
chosen for this figure because there were too many families to fit in one figure.
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families shared between substrates at B) SCP and C) Pilbara site. Gray numbers indicate
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Figure 5: Comparison between plant families found in the morphological plant survey and using
sequencing. Numbers indicate the number of families in each category. Bar plots show the
proportion (reads for sequencing data, or plant species for morphological survey) from
families that were common between sequencing or the morphological plant survey.
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