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Abstract
In the face of global biodiversity declines, surveys of beneficial and antagonistic ar-
thropod diversity as well as the ecological services that they provide are increasingly 
important in both natural and agro- ecosystems. Conventional survey methods used 
to monitor these communities often require extensive taxonomic expertise and are 
time- intensive, potentially limiting their application in industries such as agriculture, 
where arthropods often play a critical role in productivity (e.g. pollinators, pests and 
predators). Environmental DNA (eDNA) metabarcoding of a novel substrate, crop 
flowers, may offer an accurate and high throughput alternative to aid in the detection 
of these managed and unmanaged taxa. Here, we compared the arthropod commu-
nities detected with eDNA metabarcoding of flowers, from an agricultural species 
(Persea americana— ‘Hass’ avocado), with two conventional survey techniques: digi-
tal video recording (DVR) devices and pan traps. In total, 80 eDNA flower samples, 
96 h of DVRs and 48 pan trap samples were collected. Across the three methods, 49 
arthropod families were identified, of which 12 were unique to the eDNA dataset. 
Environmental DNA metabarcoding from flowers revealed potential arthropod pol-
linators, as well as plant pests and parasites. Alpha diversity levels did not differ across 
the three survey methods although taxonomic composition varied significantly, with 
only 12% of arthropod families found to be common across all three methods. eDNA 
metabarcoding of flowers has the potential to revolutionize the way arthropod com-
munities are monitored in natural and agro- ecosystems, potentially detecting the re-
sponse of pollinators and pests to climate change, diseases, habitat loss and other 
disturbances.
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1  |  INTRODUC TION

Effective management of food production systems requires detailed 
knowledge of both their abiotic (e.g. climate) and biotic features (e.g. 
ecosystem services), herein referred to as agroecosystems (Lippert 
et al., 2021; Savary et al., 2019; Wada et al., 2016). Of the many bi-
otic features which make up agroecosystems, animal- mediated polli-
nation is one of the most critical, with at least 75% of cultivated plant 
species relying on this ecosystem service to improve both the quan-
tity and quality of crop yield (Aizen et al., 2009; Garibaldi et al., 2013; 
Ricketts et al., 2008). Consequently, pollination services have con-
siderable value for countries with large agriculture sectors, includ-
ing the United States ($US30 billion in 2012; Jordan et al., 2021), 
China (US$106 billion in 2010; Mashilingi et al., 2021) and Australia 
($US1.1 billion in 2003; Hein, 2009). Unfortunately, the majority of 
pollination services within agroecosystems are largely reliant on pol-
linating taxa that are increasingly threatened by climate change and 
pathogens.

Currently, the majority of animal- mediated pollination services 
in agroecosystems are reliant on managed insects, primarily the 
European honeybee (Apis mellifera), to facilitate cross- pollination 
(Potts et al., 2016). However, the focus is increasingly shifting to-
wards unmanaged insects (e.g. native bees, flies and moths), which 
are now recognized as important contributors to global crop pollina-
tion (Cook et al., 2020; Garibaldi et al., 2013; Rader et al., 2016). This 
shift has become necessary as A. mellifera hives and the pollination 
services they provide are increasingly threatened by mites and fun-
gal infections (e.g. Varroa destructor and Ascosphaera apis), and asso-
ciated diseases (e.g. Varroosis and Chalkbrood disease; see Goulson 
& Hughes, 2015; Sammataro et al., 2000). These biotic pressures 
weaken hives and increase the likelihood of colony collapse, a phe-
nomenon which is currently estimated to affect over 30% of hives 
annually in the USA, Canada and many European nations (see 
Biesmeijer et al., 2006; Gray et al., 2020; Steinhauer et al., 2021). In 
response, practitioners and researchers alike are increasingly pro-
moting the value of unmanaged pollinators, although surveys to de-
tect such taxa remain relatively uncommon in agroecosystems.

Surveying arthropod diversity to determine the presence or 
absence of beneficial (e.g. pollinators, predators) and antagonistic 
species (e.g. herbivorous pests, arthropod vectors) is critical for 
managing the health of agroecosystems and increasing food se-
curity (Barrios, 2007; Kestel et al., 2022; Letourneau et al., 2011; 
Senapathi et al., 2021). To date, identifying these taxa has largely 
relied upon passive trapping (e.g. pan, Malaise and vane traps), vi-
sual observation and active survey techniques (e.g. sweep netting; 
Gervais et al., 2018; Kearns & Inouye, 1993; Prado et al., 2017; Shi 
et al., 2022). Indeed, pan, Malaise and vane traps are some of the 
most commonly used methods to measure bee diversity in agroeco-
systems, largely because they provide a low- cost means to sample 
multiple sites simultaneously (McCravy, 2018; Prado et al., 2017; 
Spafford & Lortie, 2013). Studies using these passive survey meth-
ods have, for example, demonstrated the benefit of adjacent nat-
ural habitats for pollinator abundance and crop yield (see Klein 

et al., 2012; Morandin & Winston, 2006), and identified the inverse 
relationship between cultivated land use and wild pollinator diver-
sity, particularly for wild bee species (see Bergholz et al., 2022; Zou 
et al., 2017). Unfortunately, passive sampling techniques often re-
quire extensive time commitments and increasingly rare specialist 
taxonomic expertise to morphologically identify the arthropod taxa 
collected or observed (Brown, 2020; Pardo & Borges, 2020; Shi 
et al., 2022). Furthermore, even when morphological identifications 
are possible, passive sampling techniques often have intrinsic biases 
in the taxa that are captured. For instance, pan traps capture a range 
of taxa that share an attraction to the trap (e.g. bees attracted to 
blue pan traps; see Joshi et al., 2015) but are not necessarily ecolog-
ically relevant to the system under study (e.g. not all captured pan 
trap insects are flower- visitors or pollinators; see Popic et al., 2013). 
Pan traps also disproportionately capture small insect taxa (see 
Prado et al., 2017) and suffer from variable capture rates due to 
placement position (e.g. sampling under forest canopies can reduce 
capture rates for pan traps; see Abrahamczyk et al., 2010). As a con-
sequence of these limitations, passive sampling techniques are often 
complemented by visual observations and active surveys to provide 
more accurate measures of arthropod diversity (see Prendergast 
et al., 2020) and overcome the biases of each individual technique.

Visual observations and interpretation of the relationships be-
tween arthropods and the plants they pollinate have been a part 
of scientific inquiry since insect pollination was first documented 
in the 18th Century (Baker, 1979; Kolreuter, 1761; Sprengel, 1793). 
Detailed observations of flower visits can be difficult to achieve 
however, as the process is generally time- consuming and often lim-
ited in sample size (Bosch et al., 2009; Waser et al., 1996). Further, 
visual identification of each flower visitor requires specialist taxo-
nomic expertise, which may become increasingly inaccurate as more 
species visit (Bosch et al., 2009; Ebeling et al., 2008; Van Zandt 
et al., 2020). Observational- based studies may also fail to capture ir-
regular movement patterns typically shown by floral- visiting insects, 
increasing the potential of misclassification of generalist and special-
ist relationships (Pornon et al., 2017; Thomsen & Sigsgaard, 2019; 
Waser et al., 1996). In the context of agroecosystems, these issues 
can reduce the accuracy and effectiveness of arthropod surveys. As 
a result, new survey methods are being used that complement visual 
observations, one of the most notable being digital video record-
ing (DVR) devices. DVR devices have gained attention as a means to 
monitor flower- visitor interactions because they can capture multi-
ple flower visits simultaneously across many plants, the recordings 
can then be watched to obtain taxonomic and behavioural data (e.g. 
animal identity, stigma contact; see Krauss et al., 2017). Previous 
studies have shown that DVRs of A. mellifera foraging on to Lavandula 
angustifolia provided significantly similar visit rates to visual obser-
vations, while also showing that this technology can capture over 
four times the number of interactions between Hymenoptera spe-
cies and flowering plants than with visual observations alone (Gilpin 
et al., 2017; Naqvi et al., 2022). Despite such promise, DVR devices 
are often limited by their resolution and the size of the visiting ar-
thropod, both of which can limit the number of detections possible 
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    |  3KESTEL et al.

(although see Droissart et al., 2021; Steen, 2017), and prevent ac-
curate taxonomic identifications below the family level (e.g. Bonelli 
et al., 2020). As such, DVR devices do not currently provide a ‘silver 
bullet’ for monitoring flower- visits and alternative technologies and 
methods are still required.

Recently, environmental DNA (eDNA) metabarcoding has been 
added to the biodiversity survey tool kit, whereby DNA barcodes 
from multiple organisms can be sequenced in parallel eDNA me-
tabarcoding of environmental samples (e.g. soil, water and now air). 
It has been widely used to monitor aquatic and terrestrial systems 
(e.g. Capo et al., 2021; Clare et al., 2021; van der Heyde et al., 2020), 
but studies of plant– animal interactions using eDNA extracted from 
flowers are rare (Gamonal Gomez et al., 2023; Johnson et al., 2023; 
Newton et al., 2023; Thomsen & Sigsgaard, 2019), and few have sys-
tematically compared metabarcoding of arthropod DNA on flowers 
to other survey methods, despite alternative approaches potentially 
detecting different taxa (Gamonal Gomez et al., 2023; Newton 
et al., 2023). We compared two commonly used arthropod survey 
methods— pan traps and DVR devices— with two common eDNA 
barcoding assays, to detect a wide range of arthropods. We applied 
eDNA metabarcoding as it would be deployed in many agroecosys-
tems around the world, by using existing arthropod metabarcoding 
assays (see Clarke et al., 2014; Vamos et al., 2017), and without com-
prehensive arthropod DNA barcode reference libraries for the study 
region (Rasmussen et al., 2021; Young et al., 2021). Our aim was to 
understand the extent to which different arthropod survey methods 
complement one another, and ultimately improve the monitoring of 
plant– animal interactions in agroecosystems.

2  |  METHODS

2.1  |  Field site

For this study, inflorescences were collected from a Persea ameri-
cana (‘Hass’ Avocado) orchard, Marron Brook Farm (34°18′52 S, 
116°08′36 E), located in the avocado production region of 
Manjimup- Pemberton in south- west Western Australia (SWWA) 
(Mccarthy & McCauley, 2020). DVRs and pan trap sampling were 
carried out at the same time that inflorescences were collected from 
the study orchard. In the Manjimup- Pemberton region, the domi-
nant land uses are pasture and orchards, interspersed with remnants 
of native karri forest (Eucalyptus diversicolor). Orchards in this region 
are largely reliant on hiring managed A. mellifera hives to facilitate 
cross- pollination (Mccarthy & McCauley, 2020), although the impor-
tance of unmanaged arthropods to complement these services re-
mains unclear (Ish- Am, 2005; Ish- Am & Eisikowitch, 1998; Mccarthy 
& McCauley, 2020). Marron Brook Farm sits approximately 200 m 
above the sea level and is dominated by ‘Hass’ trees interspersed 
with ‘Fuerte’ pollinisers. Unlike many other orchards in the re-
gion, Marron Brook Farm cultivates an understorey of wild radish 
(Raphanus raphanistrum), which grows to a height of 1 m, and aims to 
encourage avocado pollinator presence. We randomly selected eight 

‘Hass’ trees between eight columns of 41 trees within this orchard, 
all of which were 8 years old and of heights between 3 and 5 m. The 
final three columns and rows were excluded from sampling in both 
orchards to help reduce the impact of edge effects. For each sample 
tree, ten P. americana inflorescences were removed for eDNA analy-
sis during the peak P. americana flowering season in 2020 (October 
30th and 31st) (Figure 1a).

2.2  |  eDNA surveys

2.2.1  |  Sample collection and DNA extraction

Prior to sampling, a pilot study determined that more arthro-
pod eDNA detections (fwhF2/fwhR2n assay; Vamos et al., 2017) 
were obtained for flowers ground in a mortar and pestle than 

F I G U R E  1  Three methods used to measure flower- visiting 
arthropods for Persea americana at Marron Brook Farm in 
Pemberton, Western Australia. (a) Inflorescences were removed 
from upper and lower storey of P. americana trees for eDNA 
metabarcoding. Lower understorey inflorescences were removed 
using sterilized hand secateurs (not pictured), while the upper 
storey inflorescences were removed using extended secateurs 
which were captured in net lined with a sterilized plastic bag 
(pictured). Inflorescences were then placed on ice until they could 
be stored at −20°C. (b) Two inflorescences per tree were monitored 
for 6 h over 2 days using GoPro Hero 7 Silver cameras. (c) Three pan 
traps (white, blue and yellow) were deployed for 16 h over 2 days to 
capture flying insects. Images captured by Diana Adorno.

(a) (b)

(c)
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4  |    KESTEL et al.

metabarcoding MilliQ wash water from entire inflorescences (re-
sults not shown). For eDNA analysis, five inflorescences were col-
lected from both the upper (>2 m) and lower canopy (<2 m) of each P. 
americana tree (N = 10 inflorescences per tree, N = 80 inflorescence 
total). Six inflorescences were collected from each tree on the 30th 
of October 2020 (three upper canopy, three lower canopy) and four 
inflorescences (two upper canopy and two lower canopy) were col-
lected from each tree on the 31st of October 2020 (Figure 1a). Both 
days were sunny with low winds and no rain (Table S1). To minimize 
sampling bias, inflorescences were sampled randomly from both 
the upper and lower canopy while walking around the full circum-
ference of each P. americana study tree (collection method adapted 
from Howlett et al., 2018). Inflorescences were removed from the 
lower canopy using sterilized hand secateurs, and inflorescences in 
the upper canopy were sampled using a net covered with a clean 
plastic bag replaced after each sample, and sterilized extended seca-
teurs. To minimize cross- contamination, all equipment was sprayed 
with 10% bleach solution and wiped down after each inflorescence 
was collected. Once removed, each inflorescence was placed into 
a thick plastic bag, zip- tied and kept on ice until the samples could 
be stored at – 20°C. Frozen inflorescences were processed in the 
TrEnD laboratory at Curtin University. For inflorescence process-
ing, open florets of each inflorescence were removed with doubled- 
gloves (changed after every inflorescence) and placed in a mortar 
and pestle where the plant material was ground into a fine paste. 
Mortars and pestles were soaked in 10% bleach solution, rinsed with 
reverse osmosis water, and placed in a UV oven for 15 min to pre-
vent cross contamination between samples. In total, 140– 190 mg of 
ground material was weighed out and transferred into a 2 mL safe- 
lock Eppendorf tube with 540 μL ATL buffer and 60 μL Proteinase K 
(QIAGEN). Samples were digested in a slow- rotating hybridisation 
oven at 56°C overnight (~12 h). Following digestion, DNA was ex-
tracted using the DNeasy Blood and Tissue Kit (QIAGEN) using a 
QIAcube Connect automated DNA extraction platform (QIAGEN). 
The final elution volume was 100 μL, and extraction controls (blanks) 
were carried out for every batch of DNA extractions.

2.2.2  |  PCR amplification

Quantitative polymerase chain reaction (qPCR; Applied Biosystems) 
was used to assess the quality of each eDNA sample targeting the 
cytochrome oxidase 1 (CO1) and 16S ribosomal subunit genes. 
Inhibitors in the PCR reactions and low copy number can impact me-
tabarcoding data (Murray et al., 2011, 2015), therefore each eDNA 
extract was assessed with a qPCR dilution series (neat, 1/10, 1/100) 
under the following conditions: 25 μL reaction volumes containing 
2.5 μL of 10 × PCR Gold Buffer, 2 μL of 2.5 mM MgCl2, 1 μL of 0.4 mg/
mL BSA, 0.25 μL of dNTPs, 0.5 μL of each primer, 0.2 μL AmpliTaq 
Gold, 2 μL of DNA and the remaining volume supplemented with 
DNase/RNase- Free Distilled Water. Two PCR assays were used: 
assay fwhF2/fwhR2n (Vamos et al., 2017), targeting the CO1 gene, 
herein referred to as CO1, and assay Ins_16S_shortF/Ins_16S_shortR 

(Clarke et al., 2014), targeting the 16S ribosomal subunit gene, herein 
referred to as 16S. The forward primer sequence for CO1 was 5′- 
GGDAC WGG WTG AAC WGT WTA YCCHCC- 3′ and reverse primer 
sequence 5′- GTRAT WGC HCC DGC TAR WACWGG- 3′. The forward 
sequence for 16S was 5′- TRRGA CGA GAA GAC CCTATA- 3′ and re-
verse sequence 5′-  ACGCT GTT ATC CCT AAGGTA- 3′. Amplicons for 
each assay were ~205 bp and ~167 bp for CO1 and 16S, respectively. 
Extracts were amplified on a StepOnePlus Real- Time PCR System 
(Applied Biosystems) under the following conditions for CO1: initial 
denaturation at 95°C for 5 min, followed by 50 cycles of 30 s at 95, 
50°C for 30 s and 2 min at 72°C, with a final extension for 10 min at 
72°C. For 16S the conditions were as follows: initial denaturation at 
95°C for 5 min, followed by 50 cycles of 30 s at 95, 51°C for 30 and 
45 s at 72°C, with a final extension for 10 min at 72°C. Extraction and 
non- template controls were included in each qPCR assay. DNA ex-
tracts that showed inhibition were diluted using MilliQ water and the 
optimum quantity of DNA input was determined for fusion tagging.

Environmental DNA that were of sufficient quality and free of 
inhibition, as determined from the initial qPCR screen (qPCR dilution 
series), were assigned a unique (6– 8 bp in length) multiplex identifier 
tag (MID- tag) for both the CO1 and 16S assays. To reduce the like-
lihood of contamination, chimera production and MID- tag jumping 
(Esling et al., 2015), DNA was amplified in a single round of qPCR 
for each assay using MID- tag primers consisting of either the CO1 
or 16S primers coupled to Illumina flow cell adaptors, custom se-
quencing primers and MID- tag combinations unique to this study. 
All fusion- tagged qPCR reactions were prepared in dedicated clean 
room facilities at the TrEnD Laboratory, Curtin University designed 
for ancient DNA work using an automated QIAgility robotics plat-
form (QIAGEN) and were carried out in 25 μL reactions containing 
2.5 μL of 10 × PCR Gold Buffer, 2 μL of 2.5 mM MgCl2, 1 μL of 0.4 mg/
mL BSA, 0.25 μL of dNTPs, 0.5 μL of each primer, 0.2 μL AmpliTaq 
Gold, 4– 8 μL of DNA and the remaining volume supplemented with 
DNase/RNase- Free Distilled Water. MID- tag PCR amplicons were 
carried out in duplicate reactions to control for PCR stochasticity 
and all fusion- tagged qPCRs were processed using the same param-
eters as the initial qPCR screens described above.

2.2.3  |  DNA library preparation and sequencing

Replicate MID- tag amplicons were pooled at approximately equi-
molar concentrations (e.g. minipool) based on their respective qPCR 
DRn values and were measured under a high- resolution capillary 
electrophoresis system (QIAxcel; QIAGEN) and the final library 
was size- selected (160– 425 bp) using a PippinPrep (Millennium 
Science Pty Ltd) with a 2% ethidium bromide cassette (Sage Science, 
Beverly) to remove any off- target amplicons and primer dimer. The 
final library was purified using the QIAquick PCR Purification Kit 
(QIAGEN), quantified using a Qubit 4.0 Fluorometer (Invitrogen) 
and diluted to 2 nM prior to sequencing. Sequencing by synthesis 
was performed on an Illumina MiSeq platform (Illumina) located in 
the Trace and Environmental DNA lab at Curtin University and as 
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    |  5KESTEL et al.

per Illumina's protocol for single- end sequencing with a 300 cycle 
MiSeq®V2 reagent kit and standard flow cell for environmental 
metabarcoding.

2.3  |  Data processing

Sequenced multiplex identifier- tagged amplicons were inputted 
to a containerized workflow (eDNAFlow; Mousavi- Derazmahalleh 
et al., 2021) and run through the Pawsey Supercomputing Centre in 
Kensington, Western Australia. Here, the sequences were filtered, 
formed into zero- radius operational taxonomic units (ZOTUs) and 
assigned taxonomic identifications. Sequences were quality checked 
using fastqc (Andrews, 2010) and quality filtered (Phred quality 
score < 20), before the multiplex identifiers were trimmed from the 
sequence reads using AdapterRemoval v2 (Schubert et al., 2016). 
Subsequently, the filtered reads were demultiplexed using obitools 
(Boyer et al., 2016) and sequences shorter than the minimum length 
of 120 bp were filtered out. Sequences were then dereplicated into 
ZOTUs with a minimum sequence abundance of 5 (see van der Heyde 
et al., 2020) using the USEARCH Unoise3 algorithm (Edgar, 2016). 
A database of ZOTUs was then generated and queried against the 
GenBank (NCBI) nucleotide database with 100% query coverage 
and 95% identity using blastn (Altschul et al., 1990). Erroneous 
ZOTUs with a sequence similarity below the 95% threshold were 
removed using the LULU post clustering curation method (Frøslev 
et al., 2017). Finally, a custom Python script (eDNAFlow; Mousavi- 
Derazmahalleh et al., 2021) was used to assign taxonomic identifica-
tions to the curated ZOTUs using the lowest common ancestor (LCA) 
approach. Taxonomic identification was assigned to a ZOTU when 
the percentage identity of two or more queried sequences with ≤1% 
difference had 100% query coverage and 97% sequence similarity. 
For the purposes of this study, we set the minimum threshold count 
of 5 reads for ZOTUs to classify a taxa as present within a sample.

2.4  |  DVR and pan trap surveys

Two GoPro cameras (Hero 7 Silver) were mounted on 1.5 m wooden 
stands to observe two of the ten sample inflorescences per study 
tree (Figure 1b). Due to the limited number of DVR devices and the 
complexity of building and transporting taller stands, only inflores-
cences in the lower canopy (<2 m) were monitored. Each DVR de-
vice was set to time- lapse mode (one image every 0.5 s) to maximize 
battery life. During video observations, 3 h of arthropod visits per 
day for the two sample days were recorded and condensed into two 
11 min 50 s videos (N = 64 DVRs). On the 30th of October DVRs 
commenced between 11:25 AM– 12:25 PM and recorded a total 
3 h of footage, while on the 31st of October the DVRs commenced 
between 8:35 AM– 9:23 AM and recorded a total of 3 h of footage. 
DVRs were deployed when temperatures were warm enough for bee 
activity (clear skies, wind speed <30 km/h, and >17°C; Prendergast 
et al., 2020). DVRs were downloaded at the end of each sampling 

day. One researcher watched each DVR on 0.4× speed to allow for 
individual visitations to be classified (method adapted from Gilpin 
et al., 2017). A visit was noted when an arthropod made contact with 
a flower on the inflorescence, subsequent flower contacts were not 
noted (method adapted from Sakamoto et al., 2012). If an arthropod 
flew out of frame and then revisited the same inflorescence, this was 
counted as a new visit. Arthropod images were grouped into mor-
photypes and identified to the species level, where possible, using 
photographic reference material and descriptions from Zborowski 
and Storey (2017).

Pan traps offer a non- invasive, efficient and cost effective means 
to measure arthropod diversity without observer bias (Westphal 
et al., 2008; Wilson et al., 2008). In contrast to other active sam-
pling techniques, pan traps are effective at capturing arthropod 
communities independent of floral resource availability (see Popic 
et al., 2013), and may better capture beneficial (e.g. predators) 
and antagonistic (e.g. pests) taxa relevant to agricultural systems. 
In the present study, standard pan trapping procedures were fol-
lowed, whereby three 4.8 cm × 10 cm polypropylene picnic bowls 
were painted either yellow, blue or white using waterproof enamel- 
based paint (Kearns & Inouye, 1993; Saunders et al., 2013; Zou 
et al., 2017). Each set of three bowls were deployed near the base of 
the eight chosen P. americana trees within the study orchard. Each 
bowl was filled with ~250 mL of ultrapure water and one drop of 
detergent. The three bowls were attached to a piece of chipboard 
with adhesive putty to prevent them from blowing over (Figure 1c). 
Pan traps were set up between 10:30 AM– 12:40 PM on the 30th of 
October and remained in the orchard for 5– 6 h, while on the 31st 
of October, pan traps were set up between 9:00 AM and 10:00 AM 
and remained in the orchard for 5– 6 h. Pan traps were set up when 
temperatures were warm enough for bee activity (clear skies, wind 
speed <30 km/h, and >17°C; Prendergast et al., 2020). At the end of 
each sampling day, the arthropods collected in each pan trap were 
transferred using plastic tweezers into 15 mL falcon tubes (one per 
pan) filled with 20% Dimethyl sulfoxide (DMSO) with saturated salt 
(NaCl). Arthropod samples were identified morphologically by an en-
tomologist, David Knowles, to provide taxonomic identifications to 
species- level where possible.

2.5  |  Statistical analysis

All statistical analyses were performed on R 3.5.1 (R Core 
Team, 2018). For all three survey methods, taxa not resolved to 
the species level were grouped into morphotype at the family 
level (e.g. Chironomidae sp.) and these morphotypes were used as 
a proxy for species (method adapted from D'Souza et al., 2021). In 
the eDNA dataset, samples with low sequencing depth and ZOTUs 
with 5 or more reads found in the negative controls were removed. 
Read counts were transformed to presence- absence to reduce 
the effects of PCR amplification and primer biases (Elbrecht & 
Leese, 2015). Shapiro– Wilk and non- parametric correlation tests 
were used to verify that no correlation existed between arthropod 
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6  |    KESTEL et al.

species size and eDNA detection frequency. eDNA species counts 
per inflorescence were then calculated for all arthropods, as 
well as the two dominant flower- visiting cohorts determined by 
the DVRs: Diptera and Hymenoptera. The Diptera species co-
hort contained seven families, representing seven unique spe-
cies: Drosophilidae sp., Hydrellia tritici (Ephydridae), Sciaridae sp., 
Chironomidae sp., Simosyrphus grandicornis (Syrphidae), Aedes 
notoscriptus (Culicidae), and Musca domestica (Muscidae). While 
the Hymenoptera species cohort was comprised of two fami-
lies, representing two unique species: Apis mellifera (Apidae) and 
a Braconidae sp. Generalized linear models (GLMs) with Poisson 
distributions were then generated for each of the three eDNA 
datasets (all arthropods, Diptera and Hymenoptera).

The co- variates included in these initial GLMs were: sample tree 
(1– 8), inflorescence location (upper; sampled >2 m in the canopy or 
lower; sampled <2 m in the canopy), and sampling date (30/10/2020 
or 31/10/2020), all three co- variates were listed as categorical. 
Dispersion statistics were calculated for each GLM and 100,000 
simulated datasets were run to confirm that the models could ac-
count for the high frequency of zeros, a common phenomenon in 
eDNA datasets (Song et al., 2017; Spear et al., 2021). Akaike infor-
mation criterion (AIC) frequentist testing was then used to assess 
the quality of each model and select the most appropriate GLMs for 
each dataset. AIC frequentist values were then recalculated and the 
final models were rerun in the 100,000 dataset simulations. To de-
termine the significance of the co- variates in the final models, we 
re- ran the final GLMs using robust standard errors and compared 
the output to the pan trap and DVR co- variate significance results. 
Cameron and Trivedi (2009) recommended using robust standard 
errors for estimating parameters derived from GLMs to control for 
instances when the distribution assumption that the variance equals 
the mean have minor violations.

For DVR and pan trap datasets, the same taxa pooling proce-
dures were followed to create three datasets for each method; 
all arthropods, Diptera and Hymenoptera. For the DVR data-
set, the Diptera species cohort comprised seven families totalling 
17 species: Calliphora albifrontalis (Calliphoridae), Lucilia cuprina 
(Calliphoridae), Calliphoridae spp., Chloropidae spp., Drosophilidae 
spp., Ephydridae sp., Musca domestica (Muscidae), Musca vetustis-
sima (Muscidae), Sarcophagidae sp., Syrphidae sp., and unclassified 
Diptera sp. The Hymenoptera species cohort detected on DVRs 
comprised eight families representing seven species: Apis mellifera 
(Apidae), Bethylidae sp., Braconidae sp., Formicidae sp., Halictidae 
sp., Pompilidae sp., and Polistes humilis (Vespidae). For the pan trap 
dataset, all arthropods, Diptera and Hymenoptera species cohorts 
were pooled per set of three coloured pan traps (blue, yellow and 
white). The pan trap Diptera species cohort comprised 11 fami-
lies representing 20 species: Agromyzidae sp., Calliphora varifrons 
(Calliphoridae), Chaemaeyiidae sp., Chironomidae spp., Chloropidae 
spp., Dolichopodidae sp., Drosophilidae spp., Phoridae sp., Sciaridae 
sp., Melangyna viridiceps (Syrphidae), and unclassified Diptera sp. The 
pan trap Hymenoptera species cohort comprised six families total-
ling 10 species: Apis mellifera (Apidae), Bethylidae spp., Braconidae 

sp., Formicidae sp., Lasioglossum hapsidium (Halictidae), L. castor 
(Halictidae), Lipotriches flavoviridis (Halictidae), Mutillidae sp., and 
unclassified Hymenoptera sp. Both the DVR and pan trap datasets 
were tested for Skewness and Kurtosis values using the Skewness 
and Kurtosis function in the ‘e1071’ package. A Shapiro– Wilk nor-
mality test and a non- parametric Kruskal– Wallis test were used to 
examine if all arthropod, Diptera and Hymenoptera species counts 
for the DVR and pan traps datasets varied according to sample tree. 
Mann– Whitney tests were then used to see if DVR and pan trap 
Diptera and Hymenoptera species counts varied according to the 
date of collection.

Sampling effort was examined using rarefaction curves, in the 
package ‘vegan’ in R, to determine if the number of samples collected 
were enough to fully capture the diversity for all arthropod families 
and species for each survey method. The differences in richness 
and identity detected by all three methods were quantified using 
a Jaccard Index; this required all three datasets to be standardized 
into presence- absence data. The Jaccard index analysis was under-
taken using the package ‘Vegan’ in R. Subsequently, non- metric mul-
tidimensional scaling (NMDS) ordination was used to visualize the 
similarity in species communities generated by each method using 
one dimension to minimize NMDS stress. An analysis of similarity 
(ANOSIM) was then used with the Jaccard dissimilarity matrix and 
9999 permutations to test if the communities differed significantly 
between the methods. We compared alpha diversity between the 
three survey methods using Chao2 alpha diversity indices at both 
the family and species level with collection dates pooled, Chao2 
was calculated using the package ‘fossil’ in R. The Chao2 index re-
turns an estimate of richness based on incidence data (Chao, 1984). 
A Shapiro– Wilk normality test and a non- parametric Kruskal- Wallis 
test were used to examine if the Chao2 diversity indices for arthro-
pod families and species differed between the three methods. A 
non- parametric Kruskal- Wallis test was used to compare the means 
for all arthropods, Diptera and Hymenoptera species counts per tree 
across the three survey methods. We tested the differences for fam-
ily and species counts between survey methods for all arthropods, 
as well as for the dominant flower- visiting Diptera and Hymenoptera 
cohorts using Kruskal- Wallis tests and non- parametric post- hoc 
Dunn tests with the Benjamini– Hochberg adjustment method.

3  |  RESULTS

3.1  |  eDNA surveys

We generated 15,366,374 raw sequence reads from the 80 inflo-
rescence samples and 10 hybrid, extraction and PCR controls. In 
total, 13,392,006 quality- filtered sequences were generated with 
a mean sequencing depth of 148,800 per sample. One ZOTU, 
Agrotis ipsilon, was found in the hybrid control (five reads) and was 
removed from the entire dataset. An additional 27 ZOTUS corre-
sponding to fungi spp., Homo sapiens and Canis sp. were also re-
moved from the eDNA dataset. After removal, the mean number of 
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    |  7KESTEL et al.

reads per sample was 2758 (±556 SE) for CO1 and 3391 (±1391 SE) 
for 16S, and between the two assays five samples failed to amplify.

3.2  |  Taxonomic composition

Overall, 24 families were represented in the eDNA dataset, of 
which Thripidae (Thrips australis, T. tabaci, Frankliniella sp. and 
Megalurothrips sp.: 80% of inflorescence samples), Apidae (Apis 
mellifera: 26% of inflorescence samples), as well as Sciaridae 
(Lycoriella castanescens and Sciaridae sp.: 25% of inflorescence 
samples) were the most common. In total, 38 taxa were identi-
fied by eDNA, with 10 (26%) resolved to genus level, 23 (61%) to 
species level, while 5 (13%) could not be resolved beyond fam-
ily level. Taxa included potential pollinators (e.g. Apis mellifera and 
Simosyrphus grandicornis), pests (e.g. Helicidae and Limacidae sp.) 
and parasites (e.g. Eriophyidae sp.). Average arthropod size was 
not found to correlate with eDNA detection frequency (p = .98). 
For GLM testing, the species counts for all arthropods, Diptera 
and Hymenoptera returned dispersion values of 1.16, 0.98 and 
0.87 respectively, potentially indicating overdispersion for all ar-
thropods and underdispersion for Hymenoptera. The percentage 
of zeros was found to be low for all arthropods (6%), but large 
for both the Diptera (57%) and Hymenoptera (72%) datasets. 
When simulated however, we found that the majority of the zeros 
for both Diptera and Hymenoptera GLMs could be explained 
(Figure S1) and concluded that our models were capable of ac-
counting for the zeros in both groups. AIC testing indicated that 
sample tree was a non- significant co- variate for all three models 
and was removed (Tables S2– S4). Subsequently, the dispersion 
values for all three models were found to be close to 1 (Figure S2). 
With robust standard errors, we found that for all arthropods and 
Hymenoptera, inflorescence location was a significant explana-
tory co- variate (p = .05 in both instances) (Table S5). Indicating 
that samples collected from the understorey (<2 m) yielded more 
arthropod species overall and more Hymenoptera species than 
samples collected from the upper storey (>2 m), while date of col-
lection was not found to be a significant co- variate for either all 
arthropods or Hymenoptera (p = .35 and .92). For Diptera, neither 
inflorescence location (p = .76) nor sampling day (p = .25) were 
found to be significant explanatory co- variates (Table S5).

3.3  |  DVR monitoring

Of the 14,032 flower visits observed across 96 h of DVRs, 35 taxa 
were identified: 18 (52%) to family level, 12 (34%) to species level 
and 5 (14%) could not be resolved beyond the level of order. In 
total, the DVR dataset comprised 23 families, of which hoverflies 
(Simosyrphus grandicornis and Melangyna viridiceps) were the most 
numerous visitors (89% of all flower visits with 130 ± 15.5 SE visits 
per hour), followed by the European honeybee (Apis mellifera) (7% 
of all flower visits with 10 ± 1.1 SE visits per hour) and non- syrphid 

Diptera species (Calliphoridae sp. and Muscidae sp.) (3% of all flower 
visits with 4 ± 1.1 SE visits per hour). Flower visits by moth species 
(Phrissogonus laticostata and Plutella xylostella) and native wasp spe-
cies (Polistes humilis and Bethylidae sp.) were rare (<1 flower visit 
per hour). The percentage of zeros was found to be zero for all ar-
thropods, Diptera and Hymenoptera. The skewness values gener-
ated were 0.63 for all arthropods, 0.54 for Diptera, and 0.76 for 
Hymenoptera, indicating a mild positive skews. The kurtosis val-
ues were −0.31 for all arthropods, −1.24 for Diptera and −0.24 for 
Hymenoptera, indicating platykurtic distributions. As with the pan 
trap dataset, we employed non- parametric testing and found that 
neither sample tree nor date of collection significantly influenced 
all arthropods, Diptera or Hymenoptera species counts (Table S5).

3.4  |  Pan traps

A total of 499 individual arthropods were collected from the pan 
traps, with 35 taxa identified of which 21 (60%) were resolved to fam-
ily level, 6 (17%) to species level, and 8 (23%) could not be resolved 
beyond order level. In total, 28 families were represented in the pan 
trap dataset and among these, the three most common taxa were all 
members of Diptera; Drosophilidae sp. (33%), Phoridae sp. (22%) and 
Dolichopodidae sp. (6%). Unlike the eDNA results, the pan traps also 
showed the presence of three native bee species: Lipotriches flavo-
viridis (Halictidae), Lasioglossum hapsidum (Halictidae), and L. castor 
(Halictidae). The data for all arthropods, Diptera, and Hymenoptera 
were all found to be non- normally distributed. The percentage of 
zeros was found to be zero for all three datasets. The skewness 
values were 1.58 for all arthropods, −1.01 for Diptera and 1.02 for 
Hymenoptera, indicating a positive skew for both all arthropods and 
Hymenoptera and a negative skew for Diptera. All arthropods had a 
leptokurtic tail shape (kurtosis value = 2.99), while both Diptera and 
Hymenoptera had mesokurtic tail shapes (kurtosis values = 0.43 and 
0.24, respectively). Using non- parametric testing, the species counts 
for all three pan trap datasets did not show significant variation be-
tween sample trees or collection date (Table S5).

3.5  |  Three method comparison

Overall, eDNA collected from flowers detected the greatest diver-
sity of arthropod families of all three collection methods (Figure 2a 
and Table 1). Although none of the three methods alone appeared 
to capture the total arthropod diversity present within the or-
chard (Figure S3). Arthropod family composition recorded by each 
survey method showed clear partitioning (Figure 2b; ANOSIM, 
p < .01). Alpha diversity index values at both the family and species 
level did not differ significantly between the three survey meth-
ods (Figure 2c; Kruskal– Wallis test, p = .10). While the number of 
all arthropod species detected per tree did not vary significantly 
between the three survey methods, the number of Diptera and 
Hymenoptera species captured by eDNA were significantly lower 
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8  |    KESTEL et al.

when compared to pan traps and DVRs (Figure 2d; Dunn tests, 
p < .01). Collection method was also found to have a significant ef-
fect on the number of taxa recorded for both Diptera (p < .01) and 
Hymenoptera (p < .01), but not for all arthropod taxa (p = .24). Per 
sample, DVRs captured the greatest diversity of arthropod fami-
lies (6 ± 0.35 SE), followed by pan traps (4 ± 0.27 SE), and eDNA 
(3 ± 0.19 SE) (Dunn tests, p < .001). Similarly at the level of species, 
DVRs captured the greatest diversity (7 ± 0.39 SE), followed by pan 
traps (4 ± 0.27 SE), and eDNA (3 ± 0.21 SE) (Dunn tests, p < .001). A 
post- hoc test for Diptera showed that the three collection meth-
ods differed significantly for the number of species collected, with 
DVRs detecting the largest number of Diptera species (7 ± 0.39 
SE), followed by pan traps (6 ± 0.33 SE), and eDNA (1 ± 0.35 SE). 
For Hymenoptera, the species counts between eDNA (1 ± 0.27 SE) 
and DVRs (2 ± 0.21 SE) as well as DVRs and pan traps (3 ± 0.30 
SE) were comparable, with the only significant difference found 
between eDNA and pan traps (Figure 2d).

4  |  DISCUSSION

Globally, ~ 40% of all insect species, both managed and unman-
aged, could be at risk of extinction in coming decades as a con-
sequence of climate change, loss of habitat, pesticide use, as well 
as vulnerability to emerging pests and pathogens (Sánchez- Bayo & 
Wyckhuys, 2019). Improved arthropod survey methods are there-
fore increasingly necessary to complement current survey tech-
niques and allow reliable and timely detections of both beneficial 
and antagonistic arthropod species (D'Souza et al., 2021; Evans & 
Kitson, 2020; Newton et al., 2023). Here, we show that when com-
bined with traditional survey methods, metabarcoding of eDNA 
collected from flowers can increase the number of arthropod fami-
lies detected by 25%. Consistent with previous studies, eDNA me-
tabarcoding allowed efficient and reliable detections of potential 
pollinators, as well as plant pests and parasites without the need 
for extensive taxonomic expertise (Gamonal Gomez et al., 2023; 

F I G U R E  2  (a) Number of families 
identified for each survey method; eDNA 
(N = 24), DVR (N = 23) and Pan Trap 
(N = 28). (b) Non- metric multidimensional 
scaling ordination (Stress value = 0.1098) 
showing the relationship between 
arthropod family assemblage and survey 
method based on a Jaccard dissimilarity 
matrix for factor method. (c) Chao2 
alpha diversity measures based on 
presence- absence data for arthropod 
families and species. Chao2 values were 
calculated, per survey method, by pooling 
all samples over both collection dates 
for each tree (eDNA; N = 10 per tree, 
DVR; N = 4 per tree, pan trap; N = 6 per 
tree) and calculated using the package 
‘fossil’ in R. (d) Dunn Tests generated for 
all arthropod species collected per tree 
and both major flower- visiting arthropod 
groups for Persea americana (Diptera and 
Hymenoptera) for the three methods 
(eDNA; N = 80; Pan trap N = 48; DVR 
N = 32). p- Values were adjusted with the 
Benjamini- Hochberg method to correct 
for Type 1 errors. Significance values; 
n.s. = p > .05, * = p ≤ .05, ** = p ≤ .01 and 
*** = p ≤ .001.
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    |  9KESTEL et al.

TA B L E  1  Taxonomic identifications of the 49 arthropod families found between the three survey methods (eDNA, Pan Trap and DVR) at 
Marron Brook Farm between 30/10/2020 and 31/10/2020.

Order Family eDNA Pan trap DVR

Diptera Agromyzidae □ ■ □

Calliphoridae □ ■ ■

Chamaemyiidae □ ■ □

Chironomidae ■ ■ □

Chloropidae ■ ■ ■

Culicidae ■ □ □

Dolichopodidae □ ■ □

Drosophilidae ■ ■ ■

Ephydridae □ □ ■

Muscidae ■ □ ■

Phoridae □ ■ □

Sarcophagidae □ □ ■

Sciaridae ■ ■ □

Syrphidae ■ ■ ■

Hymenoptera Apidae ■ ■ ■

Bethylidae □ ■ ■

Braconidae ■ ■ ■

Formicidae □ ■ ■

Halictidae □ ■ ■

Mutillidae □ ■ □

Pompilidae □ □ ■

Vespidae □ □ ■

Other Acrididae □ ■ ■

Bourletiellidae ■ ■ □

Caeciusidae ■ ■ □

Chrysopidae ■ □ □

Cicadellidae □ ■ □

Coccinellidae □ □ ■

Curculionidae □ ■ □

Ectopsocidae ■ □ □

Eriophyidae ■ □ □

Geometridae ■ ■ ■

Helicidae ■ □ □

Latridiidae ■ □ □

Limacidae ■ □ □

Miridae ■ ■ ■

Nitidulidae ■ □ □

Noctuidae ■ □ □

Phlaeothripidae ■ □ □

Plutellidae ■ □ ■

Staphylinidae □ ■ □

Thomisidae □ □ ■

Thripidae ■ ■ □

Tydeidae ■ □ □

Unknown families (Number) □ (0) ■ (3) ■ (3)

Note: The main flower- visiting orders, as determined by DVRs; Diptera and Hymenoptera, are highlighted. Shaded boxes indicate presence. The 
unknown families for Pan Traps were: Termite sp. (order Isoptera), elongated fly sp. (order Nematocera) and unclassified fly spp. (order Diptera). While 
the unknown families for DVR were: beetle spp. (order Coleoptera), unclassified fly spp. (order Diptera) and unclassified sp. (order unknown).
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10  |    KESTEL et al.

Johnson et al., 2023; Newton et al., 2023). The accuracy of this mo-
lecular method is, however, dependent on the quantity and quality 
of arthropod eDNA, the presence of non- target DNA contamina-
tion, the sequence analysis method chosen, and the availability of 
arthropod sequences in online databases (Evans & Kitson, 2020; 
Ficetola et al., 2016; Valentin et al., 2021). Importantly, this study 
demonstrates that no single survey method can capture the com-
plete range of taxa foraging on the avocado orchards. For instance, 
eDNA detected the highest levels of arthropod family diversity 
overall, but family diversity levels for the main P. americana flower 
visitors— Diptera and Hymenoptera— were significantly higher in 
pan traps and DVR devices, respectively, compared to the eDNA 
results. While eDNA metabarcoding of flowers has the potential 
to revolutionize the way arthropod communities are monitored, as 
applications continue to diversify, it is crucial that novel uses are 
validated against longstanding survey methods, and that the rela-
tive strengths and weaknesses of each are evaluated.

4.1  |  Complementarity of three survey methods

Using three survey methods, we detected a wide range of arthropod 
taxa, and while alpha diversity was similar, each method character-
ized a different arthropod community from one another, and only 
represented a fraction of the total diversity. However, the most com-
mon flower- visiting insects -  hoverflies (Syrphidae spp. 130 ± 15.5 
SE visits per hour) and European honey bees (Apis mellifera 10 ± 1.1 
SE visits per hour)— were detected by all three methods.

It is unclear why each survey method detected a different arthro-
pod community, but it is likely that different detection biases are as-
sociated with each method. For example, Drosophilidae sp. were the 
most common insects found in the pan traps (62% of samples), but they 
were not observed by DVR devices (likely due to camera resolution), 
and only detected once by eDNA metabarcoding (Figure S4). These 
findings complement those of Newton et al. (2023), where only two of 
the total 57 arthropod taxa were shared between eDNA metabarcod-
ing of flowers and visual surveys. Indeed, compared to the arthropod 
communities described by DVRs and eDNA, the pan trap dataset likely 
represents a broader community of both Diptera and Hymenoptera 
than just flower- visiting arthropods (e.g. only pan traps detected 
members from Dolichopodidae, the adults and larvae of which are 
generally insectivorous; see Zborowski & Storey, 2017), thereby po-
tentially increasing the dissimilarity between the three methods (Kelly 
et al., 2017; Leempoel et al., 2020). Similarly, the presence of DNA from 
non- flower- visiting pest and a parasite taxa likely increased the dissim-
ilarity between the three survey methods. For instance, only eDNA 
detected herbivorous pests belonging to Helicidae, Limacidae and 
Eriophyidae (see Berlander & Baker, 2007), which, although not nec-
tivorous, may have left traces of DNA while moving across floral tissue 
or during feeding (see Kudoh et al., 2020). As well as highlighting the 
differences within each method, the three- survey method approach 
also helped to identify the taxonomic gaps in the eDNA dataset.

The inclusion of DVRs highlighted the presence of false negatives 
in the eDNA metabarcoding dataset. For example, some families 

(e.g. Calliphoridae, Sarcophagidae, and Pompilidae) were observed 
by DVRs visiting flowers, but were absent in the eDNA dataset. A 
previous study by Thomsen and Sigsgaard (2019) also found that 
metabarcoding of arthropod eDNA on flowers failed to detect com-
mon flower visitors, possibly because of poor efficacy of available 
assays for some taxa. For instance, the AT rich mitochondrial ge-
nomes of Hymenoptera and Hemiptera form homopolymer regions 
which are difficult to amplify and sequence (Hebert et al., 2016). 
Additionally, given that most crop flower visits are brief (e.g. Rader 
et al., 2012), the opportunities for arthropod DNA deposition that is 
detectable by metabarcoding may be limited. As a consequence, we 
stress that eDNA metabarcoding is currently unable to show which 
taxa are the most frequent flower- visitors, and potentially the most 
likely to affect pollination, due to the lack of abundance data (see 
Mathon et al., 2021), as well as the presence of incidental non- target 
DNA (e.g. herbivorous pest taxa; see Kudoh et al., 2020). We there-
fore recommend a combined approach of eDNA metabarcoding with 
DVR devices to utilize the significant taxonomic resolution afforded 
by eDNA with the abundance and behavioural data available from 
DVRs.

4.2  |  Assay, study design and database 
considerations

Metabarcoding of arthropod DNA on flowers is a nascent method 
for measuring arthropod diversity, but one that holds great prom-
ise for the future. As an emerging monitoring tool however, we 
identify potential areas that can be incorporated into future stud-
ies to help improve its accuracy and reliability in agricultural sys-
tems. First, further development of eDNA metabarcoding assays 
that detect a broader range of agriculturally important flower- 
visiting taxa (e.g. Diptera, Lepidoptera and Hymenoptera sp.), or 
amplify shorter amplicons in regions that minimize sequencing 
errors (Leese et al., 2021; Marquina et al., 2019), would improve 
the robustness of eDNA- based surveys by reducing the frequency 
of false positive and negative species identifications. Second, 
incorporating additional complementary methods with eDNA 
surveys can help overcome the limitations of presence- absence 
data (Johnson et al., 2023; Newton et al., 2023). Third, we rec-
ommend that detection thresholds, established with pilot studies, 
are incorporated into eDNA studies to determine DNA deposition 
and degradation rates from different arthropod species, as well 
as quantifying the size range of fragments that successfully am-
plify (Valentin et al., 2021). These studies could incorporate lo-
cally relevant abiotic and biotic factors (e.g. UV light or microbial 
activity; see Strickler et al., 2015) to provide temporal caveats for 
species assemblages generated from eDNA detections (Macher 
et al., 2016). An a priori understanding of these caveats would 
help improve the accuracy of eDNA survey techniques because 
they could account for rapid DNA degradation with either more 
frequent sampling (see Krehenwinkel et al., 2018), or targeting of 
shorter amplicons (see Saito & Doi, 2021). By incorporating these 
recommendations, metabarcoding of arthropod DNA on flowers 
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could generate reliable and accurate classifications of flower- 
visitor communities, while also accounting for the biotic (e.g. DNA 
deposition) and abiotic (e.g. UV levels) factors that can often influ-
ence the accuracy of eDNA- based surveys.

Robust eDNA metabarcoding based detection of arthropods 
important to agricultural systems have, to date, required combi-
nations of assays targeting CO1 and 16S, paired with a custom 
reference library to achieve broad taxonomic coverage (Clarke 
et al., 2014; Magoga et al., 2022; Thomsen & Sigsgaard, 2019). 
This approach maximized the amount of recoverable taxa because 
ribosomal genes show less taxonomic bias (Deagle et al., 2014), 
while the reference libraries developed for CO1 are more exten-
sive and offer higher taxonomic resolution (Elbrecht et al., 2019). 
In the present study, we found that the addition of an assay tar-
geting 16S helped to identify three insect families that were not 
identified with CO1 (Figure S5). Compared to CO1, the 16S re-
gion has a limited number of reference sequences for arthropods, 
meaning that many of the potentially flower- visiting taxa present 
in a given agricultural system may erroneously appear as absent 
(Ficetola et al., 2015; Thomsen & Sigsgaard, 2019). In the context 
of monitoring agricultural systems, false negatives for flower- 
visitors could misinform management decisions and increase ex-
penditure (e.g. unnecessarily hiring more managed bee hives to 
increase pollination services; see Ish- Am & Eisikowitch, 1998). 
This problem is notable because only ~20% of all insect taxa have 
been morphologically described (Stork, 2018). Hence, in coun-
tries like Australia, with more than 70,000 insect species, only 
a small proportion of specimens have been vouchered and bar-
coded (Rougerie et al., 2014; Zborowski & Storey, 2017), although 
globally the completeness of reference libraries is improving 
(Kjærandsen, 2022; Magoga et al., 2022; Taylor et al., 2018). While 
it remains possible to ignore this issue and analyse metabarcoding 
data without a custom reference library (see Aizpurua et al., 2017; 
Moran et al., 2019), we reason that, despite using two assays, the 
lack of barcode reference sequences in our study decreased the 
diversity of floral visitors detected by eDNA. In practice, without 
complementary surveys or prior verification (e.g. pilot surveys; 
see Goldberg et al., 2018), eDNA surveys may underestimate the 
diversity of both beneficial and antagonistic agricultural arthro-
pod taxa. Therefore, we recommend using active and/or passive 
survey techniques, such as sweep netting and pan traps, to cap-
ture local arthropod specimens (Saunders & Luck, 2013; Spafford 
& Lortie, 2013). These specimens can then be identified morpho-
logically and compared against the NCBI and BOLD databases 
to determine if barcode regions from these species have already 
been sequenced.

4.3  |  Potential applications of eDNA 
metabarcoding of flowers

Either complementing long- standing survey approaches, or used 
on its own, eDNA metabarcoding offers many opportunities to 

improve the characterization of plant– animal visitor networks 
within agroecosystems. For example, unmanaged non- bee flower- 
visitors have historically been omitted from crop pollination stud-
ies, in part because observing flower- visitors and identifying pollen 
grains are time- intensive and require specialist expertise that is 
not always readily available, and becoming rarer (Bell et al., 2016; 
Bosch et al., 2009; Rader et al., 2016). As a consequence, the pol-
lination services offered by these unmanaged taxa as well as the 
food resources they require remains largely unexplored (Potts 
et al., 2016). By targeting pollen accumulated on the bodies of 
arthropods (arthropod- centric sampling), previous eDNA studies 
have been able to classify unobserved nocturnal pollen transport 
networks (Macgregor et al., 2019), as well as detecting broader 
foraging resources for an economically damaging pest species— 
the turnip moth (Agrotis segetum)— than formerly reported in the 
literature (see Chang et al., 2018). If combined with eDNA me-
tabarcoding of flowers (plant- centric sampling), researchers could 
target arthropod DNA on floral structures significant for pollina-
tion (e.g. stigma or anthers) to help determine if these unmanaged 
taxa are providing neutral (no effect), facilitative (e.g. pollination) 
or resource parasitism (e.g. only harvesting pollen) interactions 
(Evans & Kitson, 2020; Rathcke, 1983). Such targeted eDNA sam-
pling could be incorporated with single visit deposition (SVD) (see 
King et al., 2013), often used for crop pollination studies, to help 
improve the accuracy of morphological classifications for both 
flower visitors and the pollen they deposit (Pornon et al., 2017). 
Furthermore, eDNA metabarcoding of flowers could be used to 
compare arthropod diversity at different flowering stages (e.g. 
dichogamy), or between flowering populations in separate geo-
graphical locations. The information generated from such stud-
ies could then be used by practitioners to encourage or suppress 
these unmanaged species, depending on their relationship to the 
crop under study, potentially helping increase the resilience of 
plant- pollinator networks within these agroecosystems (Kestel 
et al., 2022). The use of eDNA metabarcoding of flowers also holds 
potential in natural systems to both accurately identify flower- 
visiting species for previously undocumented plant species (see 
Newton et al., 2023) and assist in the detection of pest taxa before 
they become established in natural habitats, especially those in 
remote or difficult to access locations.

5  |  CONCLUSION

We compared the arthropod communities detected with eDNA me-
tabarcoding of flowers from P. americana with two commonly used 
survey techniques: DVR devices and pan traps. In total, 80 eDNA 
flower samples, 96 h of DVRs showing 14,032 flower visits, and 48 
pan trap samples containing 499 arthropods were collected. This 
study confirms that eDNA metabarcoding of flowers can increase the 
number of arthropod families detected by 25% when combined with 
conventional DVR devices and pan traps. When comparing family di-
versity levels for the main P. americana flower visitors –  Diptera and 
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Hymenoptera— we found significantly higher diversity levels with 
pan traps and DVR devices, respectively, compared to eDNA. We 
suggest that the accuracy and reliability of eDNA metabarcoding of 
flowers could be improved by: (i) further development of eDNA me-
tabarcoding assays to target agriculturally important flower- visiting 
taxa, (ii) including complementary methods to generate behavioural 
and count data for the flower- visiting species of interest (e.g. DVR 
devices), (iii) pilot studies to establish locally relevant eDNA detec-
tion thresholds, and (iv) sequencing of barcode regions from key taxa 
missing from the NCBI and BOLD databases. Overall, we have dem-
onstrated that eDNA metabarcoding of flowers has the potential to 
transform the way arthropod communities are monitored in general, 
potentially detecting the response of pollinators and pests to climate 
change, diseases, habitat loss and other disturbances.
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