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Abstract 
Diversity inventories are critical to creating accurate species range maps and estimating population sizes, which in turn lead 
to better informed landscape and wildlife management decisions. Metabarcoding has facilitated large-scale environmental 
diversity surveys. However, the use of a metabarcoding approach with bird feces to survey arthropod diversity is still rela-
tively undeveloped. The aim of this study was to see if and how a metabarcoding approach with bird feces could contribute 
to a saproxylic Coleoptera survey of traditional insect traps. We compared two methods of surveying saproxylic Coleoptera 
diversity (metabarcoding birds feces and deploying traditional traps) over two elevations in a mountain system. The two 
methods caught different species and different levels of functional guild richness. The metabarcoding method successfully 
recorded both distinct and overlapping portions of diversity from traditional collections, and the approach was also effec-
tive in signaling the presence of both rare species and nine country records. Our results show that metabarcoding Passerine 
bird feces can be successful when used alongside traditional collection methods to capture a broad diversity of saproxylic 
Coleoptera. This method, however, has quantitative and qualitative limitations, including the inability to produce species 
abundance data as well as the generation of false positives and negatives due to biases within the metabarcoding pipeline.
Implications for insect conservation As many terrestrial ecosystems lose insect diversity, insect diversity surveys are essential 
to understand the scope of the loss. Despite metabarcoding approach shortcomings, the declining costs and shorter survey 
and processing time required for this approach compared to traditional survey methods indicate that it can be a valuable 
addition to the toolkit for saproxylic Coleoptera diversity surveys.
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Introduction

Insect species make up 66% of all animal species found 
on earth (Zhang et al. 2011) and are conservatively esti-
mated to provide more than 57 billion USD in economic 

value to the United States alone as both crop pollinators 
and vital building blocks for ecological functioning (Losey 
and Vaughan 2006). Recent studies have shown an alarming 
decline in terrestrial insect populations in the past half cen-
tury (Dirzo et al. 2014; Sánchez-Bayo and Wyckhuys 2019; 
Møller 2020). For instance, one often cited study found a 
75% reduction in flying insects in natural areas in Germany 
over the last 27 years (Hallmann et al. 2017). The stress-
ors driving this decline of terrestrial insect populations are 
multifaceted and anthropomorphically derived and include 
pollution, the rise of industrial farming, climate change, and 
deforestation (Wagner et al. 2021).

Saproxylic Coleoptera [beetles that live or depend on 
dead or dying wood in some part of their lifecycle (Speight 
1989)] are not immune to this trend. In Europe, roughly 11% 
of native saproxylic Coleoptera are considered threatened 
and a further 13% are considered near threatened (Nieto and 
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Alexander 2010). The group is hyper-diverse with approxi-
mately 350,000–400,000 species worldwide (Storka et al. 
2015). It is also functionally diverse and can be divided 
into multiple functional guilds within different life history 
stages including predatory, mycophagous, myxomycopha-
gous (slime mold feeders), xylophagous, detritivorous, and 
parasitoid (Gimmel and Ferro 2018). This width and breadth 
of the taxonomic and functional variability of saproxylic 
Coleoptera have shown to be integral to nutrient cycling 
and food webs (Stokland et al. 2012; Gimmel and Ferro 
2018). Many types of saproxylic Coleoptera play vital roles 
in the decomposition of dead wood through the digestion of 
polysaccharides and lignin with endosymbiotic fungi and/or 
bacteria (Micó et al. 2011; Strid et al. 2014; Hardersen and 
Zapponi 2017). Some saproxylic Coleoptera are restricted 
to a single host species, occupying distinct ecological niches 
(Milberg et al. 2014). In addition to comprising essential 
ecosystem scaffolding, some families and species provoke 
economic damage, and climate change and increasingly 
even-aged stands are expected to compound this damage 
in the future (Pedlar et al. 2019; Sommerfeld et al. 2021).

Due to the ecological and economical importance of 
this group, surveys and inventories of saproxylic Coleop-
tera are employed throughout the world (see Saint-Germain 
et al. 2006; Karpiński et al. 2021) but the vast diversity of 
Coleoptera can hinder classification by morphological meth-
ods (Piper et al. 2019). Species level taxonomic identifica-
tion expertise in many arthropod families often takes years 
to master (Macfadyen et al. 2019). The larval morphology 
of many species are completely unknown (Kamiński et al. 
2019; Staniec et al. 2014). Furthermore, identifying fully 
cryptic species, or species that “morphology fails to delimit” 
(Liu et al. 2020) is only possible using molecular technology 
(DeSalle et al. 2005). For example, in the last decade Bronti-
spa longissima (Gestro, 1885) (Coleoptera: Chrysomelidae) 
and two species of wireworms (Coleoptera: Elateridae) were 
split into cryptic species complexes due to distinct differ-
ences in genomes and geographic distributions despite only 
subtle differences in morphologic distinctions (Takano et al. 
2011; Andrews et al. 2020, respectively).

Surveys and inventories of saproxylic Coleoptera are 
most often carried out using traditional insect traps, such 
as malaise, flight intercept, and baited or attraction traps. 
These established sampling devises can suffer from short-
comings, including weather-related failures, human or ani-
mal disruption and/or sabotage, and difficulty of locating 
installed traps.

Therefore, to detect or monitor insects and other species 
of interest in a rapidly changing world, scientists are increas-
ingly employing a metabarcoding approach to examine envi-
ronmental diversity (Liu et al. 2020). Metabarcoding allows 
the simultaneous identification of taxa within bulk samples 
by the parallel sequencing of a portion of a gene (barcode) 

(Shokralla et al. 2012). Generally, DNA is extracted from a 
sample and a segment of a gene is amplified through PCR 
using a set of primers chosen with the organism or taxo-
nomic group of interest in mind. The resulting amplicons 
are dual-tagged to facilitate re-assignment into the original 
samples and are pooled to form sequencing libraries. Finally, 
the amplicon sequence reads are assigned to taxonomic clas-
sifications using various bioinformatic methods (Piper et al. 
2019; Liu et al. 2020). Over the last decade, this technology 
has advanced from a laboratory protocol (Yu et al. 2012) 
and enabled studies documenting arthropod diversity in 
bulk samples from a variety of habitats such as fresh water 
(Hajibabaei et al. 2019), caves (West et al. 2020), soil (Porter 
et al. 2019), and in bulk samples collected from traditional 
traps such as malaise traps (Hardulak et al. 2020).

Herein, we test a metabarcoding-based method to docu-
ment saproxylic Coleoptera diversity in Passerine feces 
collected from birds captured and released from mist nets. 
Other studies have surveyed arthropod diversity in feces of 
birds caught in agricultural settings (Crisol-Martínez et al. 
2016; Jedlicka et al. 2017), and in feces of nestlings (Ryt-
könen et al. 2019), and in feces in adults taken from nest 
boxes (Shutt et al. 2020, 2021). Ribeiro (2019) examined 
dietary niches of an African Passerine by both metabarcod-
ing the birds’ feces and potential prey caught in pitfall traps.

Our aim was to ascertain whether metabarcoding bird 
feces could compliment traditional insect trap surveys in 
order to better describe the insect community in a given 
area. Therefore, we compared two methods (a species list 
of Coleoptera consumed by the birds characterized by meta-
barcoding and a species list of Coleoptera captured in tradi-
tional traps characterized by morphological identification) 
deployed at the same locations in two elevations to see if 
metabarcoding bird feces could be used as a viable addition 
to saproxylic Coleoptera surveys.

Methods

Study area and sample collection

Our study was conducted in Vall d’Ordino, a valley located 
within three km of Vall de Sorteny Natural Park in the par-
ish of Ordino, Andorra. Five ~ 0.1  km2 plots were selected 
in black pine (Pinus mugo species complex) forest between 
1719 and 2222 masl. In each plot, one or two mist nets and 
seven traditional insect traps (three attraction, three flight 
intercept, and one white malaise trap) were deployed.

Percent open space around each trap or mist net (1000 m 
radius) location was calculated using QGIS3.4 and the 
MCSA 2012 landcover map downloaded from the Institute 
of Andorran Studies (Centre de Biodiversitat de l’Institut 
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d’Estudis Andorrans 2012). Plots were characterized as 
“high” or “low” elevation depending on placement above 
or below the median elevation of all plots (i.e., 2064 masl).

Attraction traps consisted of a 1 L plastic bottles with a 
single hole cut in the side, hung upright 30 cm from a live 
tree trunk. Each bottle was filled with ~ 250 g of a bulk bait 
mixture of 7 L sangria (Don Simon), 2 L peach juice (Spar), 
and 1 kg each of salt and sugar (Viñolas et al. 2009). Flight 
intercept traps consisted of two clear plastic panes perpen-
dicularly crossed below a 14 cm diameter white hard disk 
attached to a white funnel 13 cm in diameter. Each white 
malaise trap measured 120 × 100 × 150 cm (Entosphinx 
S.R.O). A collection bottle containing 70% propylene gly-
col (VWR Chemicals) and a few drops of dish detergent was 
attached to each flight intercept and malaise trap. Malaise 
traps capture higher percentages of Hymenoptera and Dip-
tera (Karlsson et al. 2020) but successfully capture Coleop-
tera as well (Skvarla and Dowling 2017). All traditional 
traps were spaced at least 30 m apart. Traps were installed 
May 23–28, 2017, as mid-May is when snow traditionally 
recedes from the Andorran tree-line, and their contents were 
removed and baits refilled every 13–15 days until September 
30–31, 2017. All specimens captured in the traditional traps 
were kept in 70% ethanol until processed.

Mist nets were deployed in the same plots as the tradi-
tional traps between May 15, 2018, and September 30, 2018, 
and consisted of 3 × 6 m and 3 × 9 m long black polyester 
mesh nets with mesh size of 16  mm2 strung perpendicular 
to the ground between 2.5 m high poles. Three nets were 
installed in all sites except one; in this site due to geography 
only two nets were needed in order to capture the maximum 
number of birds. Nets were installed for ~ two hours every 
two weeks depending on weather (i.e., no rain or extreme 
wind) and on a rotating schedule in order to capture the most 
birds possible at a given site. Feces from Passerine birds 
captured in the mist nets were collected with a single use 
toothpick and stored in molecular grade alcohol on ice and 
transferred to long-term deep-freeze as soon as possible. A 
total of 132 fecal samples were collected. All 14 bird species 
collected are common and eat a wide variety of insects, and 
a list of bird species collected can be found in Appendix 1.

Species identification and sequencing

Through consulting with group specialists (listed in Table 1), 
we morphologically identified all Coleoptera specimens 
from traditional traps to the species level, with the exception 
of Scydmaeninae. Morphotypes of Staphylinidae were sent 
to a Staphylinidae expert for species identification. Species 
were then assigned to functional larval feeding guilds based 
on the literature currently available regarding each species’ 

lifecycle as well as the FRISBEE database (Bouget et al. 
2008).

DNA from the feces samples (each sample 
weighed ~ 3 mg) were isolated using QIAamp DNA Stool 
Mini Kits (QIAGEN) following the manufacture’s proto-
col with adjustments as suggested by Davies et al. (2022). 
These adjustments include lowering 25 µl proteinaseK 
to 20 µl in step four and 600 µl supernatant to 400 µl in 
step five. Four negative controls (i.e., no sample) were 
conducted alongside the extraction procedure. DNA con-
centration was quantified using a Qubit 3.0 Fluorometer 
(Thermo Fisher Scientific Inc.) and samples were sent to 
the Georgia Genomics and Bioinformatics Core (Univer-
sity of Georgia, Athens GA, USA) for library preparation 
and sequencing on the Illumina MiSeq platform (Illumina) 
using v3 chemistry with 600 cycles of 2 × 250 bp paired-
end read lengths. The primer pair ANML (Jusino et al. 
2017) was used to amplify a 180 bp segment of the mito-
chondrial gene, cytochrome oxidase C subunit 1 (COI).

Samples were sequenced together with five mock com-
munities of arthropods created with specimens caught 
in traditional traps (mock community composition in 
Appendix 2), as mock communities allow verification 
of taxonomic coverage and sequencing bias (Braukmann 
et al. 2019). Each insect chosen for the mock community 
was identified morphologically to family, and Coleoptera 
specimens chosen for mock community were morphologi-
cally identified to species before subsequent verification by 
sequencing. All specimens were dipped in a 1% concentra-
tion of detergent (Thermo Scientific Tween-80), placed 
in a sonicating water bath for 60 s, then moved to sterile 
distilled water. The head, wings and legs of individual 
specimens were collected, placed in a buffer solution, and 
macerated with a sterile pestle. DNA was extracted and 
quantified using the same protocol as for feces. Specimens 
were taxonomically identified by Sanger sequencing from 
the amplicons produced with conventional PCR using the 
LCO1490 and HC02198 primers (Folmer et al. 1994). The 
PCR was assembled as follows: for a final volume of 25 μl, 
each reaction contained a final concentration of 0.2 mM 
dNTP, 2.5 mM MgCl2, 0.4 μm of each primer, 1X buffer, 
Taq polymerase (Promega) and 1 μl of template DNA. 
Reactions were run on a Mastercyler Gradient thermo-
cycler (Eppendorf) following the conditions specified in 
Folmer et al. (1994) and amplicons were visualized in 1% 
agarose gel. Successfully amplified samples were sent for 
Sanger sequencing at Eton Bioscience Inc. (Raleigh, NC, 
USA) and results were queried using the NCBI BLAST 
algorithm tool (National Center for Biotechnology Infor-
mation) and BOLD (Barcode of Life Data System) to iden-
tify the specimen to the species level. Species identity was 
assigned if the sequence with the highest percent identity 
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had a value of 96% query cover or above (Jedlicka et al. 
2013).

Bioinformatic analysis

The script of the bioinformatic pipeline used in this study 
can be found in Appendix  3. In brief, the paired-end 
amplicon fastq files generated from the Illumina MiSeq 
sequencer were demultiplexed and primers were removed 
using the open-source bioinformatics pipeline QIIME 2 
2020.6 (Bolyen et al. 2019). Lower quality nucleotides 
on the amplicons were trimmed and truncated, and the 
amplicons de-noised with DADA2 (via q2-dada2) through 
a series of filtering, merging of paired reads, and de-rep-
lication (Callahan et al. 2016). The end product of the 
DADA2 pipeline is an ASV (amplicon sequence variant) 
table, which offers a higher specificity than traditional 
OTU-level flows (Prodan et al. 2020). An ASV value rep-
resents the number of times an error-free unique ampli-
con sequence variant is recovered from sequencing. The 
DADA2 pipeline uses error models to divide amplicon 

reads into partitions, bypassing clustering methods that 
use fixed dissimilarity methods (Callahan et al. 2016). 
Potential contaminants in the ASV table were identified by 
the package Decontam (Davis et al. 2018). Taxonomy was 
assigned using a classy-sklearn naïve Bayes via q2-feature-
classifier approach referencing the “tidybug” database, a 
training set of arthropod records curated by O’Rourke et al. 
(2020). Complementing the taxonomy classification based 
upon the curated database, assignations were checked on 
a case-by-case basis (see Irion et al. 2020, Smith et al. 
2020, Milazzo et al. 2021, and Ratcliffe et al. 2021) and 
the following protocol was carried out: (1) After taxonomy 
assignation was complete, assignations were individually 
checked for locational range. If an ASV was assigned to 
a species not found in Europe, it was removed. (2) If an 
ASV was assigned to a rare species or a species that is not 
currently found in the Pyrenees but is found in Europe, 
it was flagged. If multiple sequences were assigned to a 
single flagged species identity, the sequences were aligned 
to check for sequencing error and the sequences below an 
80% sequencing error were removed, leaving a consensus 

Table 1  Table of experts 
involved with identifying 
specimens. Column labeled 
“Level of Assistance Provided” 
indicates if the expert in the 
respective row assisted with 
author J. Bookwalter’s specimen 
identification of the specified 
group (“Assisted”), or the expert 
in the respective row performed 
all identifications of the 
specified group (“Identified”)

Group Expert Level of 
Assistance 
Provided

Cantharidae Fabrizio Fanti Identified
Carabidae Benoit Dodelin Identified
Cerambycidae Joan Bentanachs Assisted
Cerambycidae Ulrich Bense Assisted
Chrysomelidae Eduard Petitpierre Vall Assisted
Coccinellidae Vincent Nicolas Identified
Cryptophagidae, Latridiidae José Carlos Otero Identified
Curculionidae, Scarabaeidae Jamie Bookwalter Identified
Dasytinae (Melyridae) Gianfranco Liberti Assisted
Dermestidae Jiri Háva Identified
Elateridae, Erotylidae, Meloidae, Nitiduli-

dae, Salpingidae
José Iñaki Recalde Identified

Helophoridae, Hydrophilidae Luis Valladares Identified
Hydrophilidae Ayçin Yılmaz Akünal Identified
Kateretidae, Nitidulidae Jose Manuel Pereira Martínez Identified
Leiodidae Cédric Alonso Identified
Malachiidae Gabriele Franzini Identified
Mordellidae Dávid Selnekovič Identified
Ptiliidae Mikael Sörensson Identified
Ptinidae Amador Viñolas Identified
Scirtidae Rafal Ruta Identified
Scolytinae (Curculionidae) Miguel Alonso-Zarazaga Assisted
Scolytinae (Curculionidae) Thierry Noblecourt Assisted
Scraptiidae Brian Levey Identified
Staphylinidae Benedikt Feldmann Identified
Tenebrionidae Enrico Ruzzier Assisted
Throscidae Josef Mertlik Identified
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sequence. (3) All flagged assignments were then queried 
using the NCBI BLAST algorithm tool, and assignments 
that did not score at or above 98% identity were removed 
(Brandt et al. 2021; Ritter et al. 2022). (4) Multiple hits 
showing the same max score on the NCBI BLAST tool 
were removed from analysis.

Mock community

The species assignments given to the mock community 
ASVs by metabarcoding were compared with the species 
assignments of the mock community by sanger sequencing, 
and the ratio of bias according to taxonomic rank (i.e. the 
level of uncertainty) was calculated.

Statistical analyses

Mean species richness among plots in high and low eleva-
tion and the four collection types were calculated, and the 
number of Coleoptera species aggregated by family caught 
by traditional and feces collections were tallied. To compare 
species richness among collection types, the data was fit to a 
generalized linear mixed-effects model using the lme4 v.26 
package in R (Bates et al. 2015). Open space within a 1 km 
radius, elevation, and collection type were used as explana-
tory factors, and plot as random. After the richness model 
was fit, post-hoc Tukey tests were carried out to investigate 
error rates of the categorical factor of season and trap type. 
The Jaccard dissimilarity index was applied to the data using 
the “vegdist” function of the vegan package and “jaccard” 
as the method (Oksanen et al. 2020) to examine differences 
within and among collection types. The above analyses were 
performed on collection type results that consisted of all 
Coleoptera species found, and just saproxylic (sensu Speight 
1989) species. They were also performed on all the tradi-
tional traps combined versus feces collection.

Further examination of differences in species richness 
between the collection types was conducted by creating 
sample-size based rarefaction and extrapolation curves of 
Shannon diversity with 95% confidence intervals using 
the iNEXT package in R (Chao and Jost 2012; Chao et al. 
2014). The iNEXT procedure uses presence/absence data 
to create a sample-based (in our case traditional and feces 
collection based) rarefaction curve for the species found in 
the four collection types, and then estimates the numbers of 
sample units or percentage of sample coverage present in 
the assemblage but not represented in the traditional and/or 
feces collections. Sample coverage can be defined as “the 
percentage of the total number of individuals in a commu-
nity that belong to the species represented in the sample” 
(Chao and Jost 2012).

Finally, the species richness of each larval functional 
feeding guild (ie. “functional guild richness”) per collection 

type was calculated. Differences of collection types within 
a guild were examined using zero-truncated poisson regres-
sion with models fit by the glmmTMB package (Brooks 
et al. 2017) in R (R Core Team 2021), and P values were 
calculated using Tukey tests. Parasitic and myrmecophilous 
Coleoptera were considered predators for the purpose of this 
analysis. Rhizophagous and herbivorous Coleoptera were 
considered phytophages, and coprophagous, necrophagous, 
and fungivorous Coleoptera were considered detritivores. 
Differences in functional guild composition among the 
collection types were also plotted using the elbow method 
to define the optimal number of clusters, followed with a 
k-means cluster analysis (Maechler et al. 2021).

Results

A total of 5506 individual specimens was collected in the 
traditional traps, representing 36 Coleoptera families, 153 
species, and 15 unresolved taxa (interpreted herein as sepa-
rate species). In the feces samples, 8.95 million sequence 
reads were produced, identified as the DNA of 19 Coleop-
tera families, 51 species, and 11 unresolved taxa (interpreted 
herein as separate species) (Appendix 4). The ANML primer 
amplified Coleoptera taxa in 74.2% of the samples, and the 
ASV counts per feces sample ranged from 4 to 126,095 
(Supplementary material 2). The comparison of species 
assignments given to the mock community ASVs by meta-
barcoding sanger sequencing displayed a 16.67% uncertainty 
in the assignment to order, and an additional 33.3% uncer-
tainty in the assignment to family.

All Coleoptera species

Collection type was a significant factor in the model, with 
malaise (mean of 6.35±7.59 species per sample) and flight 
intercept (mean of 6.35±4.65) containing the highest spe-
cies richness, followed by feces (2.06±1.18) and attrac-
tion (1.52±0.754) (beta-estimates and P values in Table 2) 
(Fig.  1A). Tukey tests showed richness levels between 
malaise and flight intercept collection types and between 
attraction and feces collection types were not significantly 
different (Table 2). Elevation and percent of open space 
within a 1 k radius (beta-estimates and P values in Table 2) 
were not significant.

Saproxylic Coleoptera

As with all Coleoptera captures, collection type (with only 
saproxylic Coleoptera was taken into consideration) was a 
significant factor (attraction, mean of 1.32±0.58 species 
per sample; feces collection, 1.37±0.58; flight intercept, 
4.94±3.58; and malaise, 4.2±4.2) (estimates and P values 
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in Table 2) (Fig. 1B). Similar to results of all Coleoptera, 
richness levels between malaise and flight intercept collec-
tion types and between attraction and feces collection types 
were not significantly different (Table 2). The percent of 
open land within a 1 k radius and elevation also did not 
influence richness (beta-estimates and P values in Table 2).

Combined traditional traps of all Coleoptera 
versus feces collections

Richness levels of traditional trap collections of all Coleop-
tera were significantly different than feces collections (est.: 
0.91, P < 0.001). Elevation and percent of open space within 
a 1 k radius did not affect species richness (beta-estimates 
and P-values in Table 3).

Composition dissimilarity

The Jaccard dissimilarity index indicated that the species 
composition both within and among all collection types were 
distinctly different. Species composition within attraction 
traps had the least differences, although composition was 
still distinctly different (0.87 out of 1). All other trap within/
among index results were above 0.92. Similar to the data 
that includes all Coleoptera, a Jaccard index examination 
showed very different compositions of saproxylic species 
within and among all collection types, with a dissimilar-
ity index over 0.78 within attraction traps, and over 0.91 
between and among all other collection type combinations. 
When all traditional collection results were combined into 
one variable, the Jaccard index continued to measure distinct 

Table 2  Results of generalized linear mixed-effects modeling and 
subsequent Tukey tests: Effects of variables on richness of all Coleop-
tera collected and just saproxylic Coleoptera collected

Estimates and P values in bold font reflect a P value <0.05. (Estimate: 
Beta-estimate, ColType: Collection type, A:  Attraction trap, B:  Bird 
feces, F:  Flight intercept, M:  Malaise)

Variable  All Coleoptera Saproxylic 
Coleoptera

Elevation:Low Estimate 0.05 − 0.03
P value 0.72 0.88

Open space Estimate − 0.01 − 0.1
P value 0.34 0.37

ColType A:B Estimate 0.26 − 0.01
P value 0.09 0.95

ColType A:F Estimate 1.4 1.29
P value <0.001 <0.001

ColType A:M Estimate 1.57 1.15
P value <0.001 <0.001

Season Spring:Summer Estimate 1.07 1.21
P value <0.001 <0.001

Season Spring:Fall Estimate 0.77 0.93
P value <0.001 <0.001

Season Summer:Fall Tukey tests <0.001 <0.001
Season Spring:Fall <0.001 <0.001
Season Spring:Summer <0.001 <0.001
ColType A:B Tukey tests 0.32 1
ColType A:F <0.001 <0.001
ColType A:M <0.001 <0.001
ColType F:B <0.001 <0.001
ColType M:B <0.001 <0.001
ColType M:F 0.24 0.68

Fig. 1  A, B Boxplot of Coleop-
teraspecies richness by A trap 
and feces collection in all 
Coleoptera and B trapand feces 
collection in only saproxylic 
Coleoptera. A=Attraction, 
B=Bird feces,F=Flight inter-
cept, M=Malaise  *graphicspro-
gram used to create artwork: R, 
followed by MS powerpoint



563Journal of Insect Conservation (2023) 27:557–569 

1 3

species differences between and among all traditional col-
lections combined and feces collections.

Twelve Coleoptera species were found in both traditional 
and feces collections (Appendix 4). Five of these 12 were 
saproxylic species (Appendix 4). Thirty-nine species were 
found in just feces collections and 141 were found in just 
traditional collections (Appendix 4). Of the 141 species 
found in only traditional collections, 112 are Andorran 
records, and nine Andorran record species were found in 
both types of collections (feces and traditional). Records 
are defined as previously uncollected in Andorra, according 
to the most recent editions of the Catalogue of Palearctic 
Coleoptera (Löbl and Smetana 2011, 2013a, b, c; Löbl and 
Löbl 2015, 2016; Iwan and Löbl 2020). Some of the species 
found in traditional collections are unusual, such as Axino-
tarsus tripatriae Constantin 2013, a new species recently 
described (Constantin 2013) and Curtimorda maculosa 
(Naezen, 1794), rare in the Iberian Peninsula. Other rare 
species include Atheta parapicipennis Brundin, 1954 and A. 
nigritula (Gravenhorst, 1802) and Pityophthorus glabratus 
Eichhoff, 1878 and Pityogenes conjuntus (Reitter, 1887).

57% of species found only in traditional collections were 
saproxylic, compared to 36.0% found only in feces collec-
tions (Appendix 4). Sixteen saproxylic species were found 
only in feces and 92 saproxylic species were found only by 
traditional traps (Appendix 4). Staphylinidae comprised 
18.8% of species in traditional traps, versus 14.0% in feces 
collections (Fig. 2). Curculionidae comprised 12.5% of spe-
cies found in traditional traps, compared to 24.0% in feces 
(Fig. 2).

Functional guild analysis: Jaccard dissimilarity, 
modeling, and k‑means cluster analysis

A Jaccard dissimilarity analysis showed distinct differences 
within and among collection types when species were 
partitioned into larval functional guilds; all dissimilarity 
measures were above 0.92. Indeed, collection types caught 
different functional guilds (Beta estimates and P values in 
Table 4) (Fig. 3A–D). Flight intercept traps harbored signifi-
cantly higher richness of predators and wood-feeders than 
attraction collections (Fig. 3A,C). Richness of phytophagous 
guilds were significantly higher in malaise than flight inter-
cept and feces collections, and feces collections were mod-
erately higher than flight intercept collections (Fig. 3D). Too 

Table 3  Results of generalized linear mixed-effects modeling and 
subsequent Tukey tests: Effects of variables on Coleoptera richness 
when traditional collection traps are combined and compared with 
bird feces results

Reference used: bird feces. Estimates and P values in bold font reflect 
a P value <0.05. (Estimate: Beta-estimate, ColType:  Collection type, 
T:  Traditional)

Variable All Coleoptera

Elevation: Low Estimate − 0.26
P value 0.11

Open space Estimate − 0.01
P value 0.26

ColType: T Estimate 0.91
P value <0.001

Season Spring:Fall Estimate 1.14
P value <0.001

Season Summer:Fall Estimate 0.78
P value <0.001

Season Summer:Spring Estimate − 0.35
P value <0.001
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Fig. 2  Number of Coleopteraspecies aggregated by family in species 
lists created from traditionalcollection types and metabarcoding bird 
feces, including species found on bothlists *graphics program used to 
create artwork: MS Excel
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few phytophagous guild Coleoptera were found in attraction 
collections to analyze, and too few detritivore guild Coleop-
tera were found in bird feces collections to analyze (Beta 
estimates and P values in Table 4).

K-means hierarchical clustering results showed attrac-
tion and feces collections tended to cluster together when 
species were organized into functional guilds (Fig. 4). 
These results are similar to generalized linear model 

results in which both species richness (see Fig. 1A,B) and 
functional guild richness (see Fig. 3A–D) of attraction 
traps and feces trended together at lower richness levels 
than flight intercept and malaise.

Rarefaction and extrapolation curves

A rarefaction and extrapolation curve created by iNEXT 
estimated that 160 malaise, 175 attraction, 256 feces, and 
417 flight intercept collections would be needed to approach 
99% completeness sample coverage (Although 95% confi-
dence intervals show flight intercept and malaise are the 
only collection types that do not overlap) (Fig. 5A). At 99% 
sample coverage, feces collections are expected to have 
higher diversity than attraction traps (29.2 ± 6.4), and lower 
diversity than malaise and flight intercept traps. 256 feces 
collections would be needed to reach 99% sample coverage 
(Fig. 5B).

Discussion

Metabarcoding is a rapidly evolving technology with many 
untapped potential applications. Our study compared two 
methods of surveying saproxylic Coleoptera diversity (i.e., 
metabarcoding birds feces and deploying traditional traps), 
with the aim of adding metabarcoding bird feces as a viable 
addition to Coleoptera biodiversity surveys. The results 
showed (1) the four collection types (metabarcoding and 
three types of traditional traps) caught different species and 
different levels of functional guild richness, and (2) meta-
barcoding of bird feces successfully recorded a segment of 
taxonomic and functional diversity that both overlapped with 
and were distinct from traditional trap species lists in our 
plots. This approach is becoming less expensive but also is 

A B

C D

Fig. 3  A–D Boxplot of species richness (y-axis)  per collection 
type (x-axis) when results are partitioned into larval functional guilds 
(ie. “functional guild richness”). The four most common larval guilds 
are shown. Boxes under a common letter are not significantly differ-
ent according to Tukey tests. A: Attraction, B: Bird feces, F: Flight 
intercept, M: Malaise   *graphics program used to create artwork: R, 
followed by MS powerpoint

Table 4  Differences of func-
tional guild richness between 
collection types, ie. spe-
cies richness between col-
lection type when results are 
partitioned into larval func-
tional guilds  calculated using 
generalized linear mixed-effects 
modeling and subsequent Tukey 
tests

Estimates and P values in bold font reflect a P value <0.05. (Estimate: Beta-estimate, A:  Attraction trap, B:  
Bird feces, F: Flight intercept, M:  Malaise)

Collection Type Wood-feeding Phytophage Detritivore Predator

B:A Estimate − 0.08 1.64
P value 1.00 0.60

F:A Estimate 2.30 19.45 3.71
P value 0.00 1.00 0.00

M:A Estimate 1.37 19.66 3.98
P value 0.17 1.00 0.00

F:B Estimate 2.38 − 1.08 2.07
P value 0.00 0.05 0.12

M:B Estimate 1.45 0.86 2.34
P value 0.13 0.00 0.06

M:F Estimate − 0.93 1.94 0.22 0.27
P value 0.08 0.00 0.77 0.25
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limited by disadvantages, including biases that can lead to 
incorrect data output (O’Rourke et al. 2020).

The collections of the four collection types had very 
little taxonomic overlap, and rarefaction and extrapolation 
curves show additional samples of all four collection 
types would be needed to fulfill the taxonomic diversity 
potential of each collection type (Fig. 5B). Dissimilarity 
within all collection types was high. The birds in our study 
also consumed a wide variety of prey, and high among-
feces dissimilarity was also recorded in other dietary 
metabarcoding studies involving insectivorous Passerines 

(Shutt et  al. 2020) and insectivorous bats (Vesterinen 
et al. 2016). Thus, the addition of metabarcoding would 
very likely add additional information to a traditional 
trap schema, but the results also suggest future studies 
deploying different collection types should take into 
account varying levels of collection type efficiency (see 
Alinvi et al. 2007 and Silva et al. 2018).

Collections of attraction traps and feces tended to 
cluster together in terms of functional guilds richness per 
collection type, probably due to their lower levels of species 
and functional richness when compared to flight intercept 
and malaise traps (species richness: Fig.  1; functional 
guild richness: Fig. 3; cluster analysis: Fig. 4). However, 
the functional richness of phytophage guild Coleoptera 
in feces collections was moderately higher than flight 
intercept (Table  4; Fig.  3D), indicating future studies 
focusing on phytophage Coleoptera would be well served 
with additional metabarcoding feces surveys. The difference 
in functional richness caught by fecal metabarcoding is 
unsurprising as the diets of many Passerine birds (especially 
during migration and nesting season) depend heavily on 
phytophagous insects (Tallamy and Shriver 2021). Flight 
intercept, malaise, and attraction traps are designed to 
capture mobile arthropods (Yi et al. 2012), while birds 
can actively search out sessile arthropods and less mobile 
larval stages of many phytophagous and saproxylic insects. 
For example, Rhamphus pulicarius (Herbst, 1795), a leaf 
miner captured in our study only in feces (Appendix 4), has 
no abdominal legs in larval form (Morris 2012). Another 
study comparing metabarcoding results of malaise and soil 
samples found numerous winged dipterans identified in the 
metabarcoding soil results (likely as eggs or larvae) but not 
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Fig. 4  Scatter plot of k-means hierarchical cluster analysis. Points 
represent each collection type (n=211). Points are clustered accord-
ing to richness of each larval functional guild per collection type. A: 
Attraction, B: Bird feces, F: Flight intercept, M: Malaise   *graphics 
program used to create artwork: R

Fig. 5  A, B Sample-size based rarefaction (solid line) and extrapola-
tion (dotted line) curves with 95% confidence intervals for Coleoptera 
diversity found in four collection types: attraction, feces, flight inter-
cept, and malaise. A Percent of sample coverage (i.e. total probability 
of occurrence of the species observed in the sample) with respect to 
number of sample units (collections). B Shannon diversity estimates 
in rarefied and extrapolated samples with respect to number of sam-
ple units (collections). Numbers in parentheses indicate number of 

sample units necessary to reach 99% coverage, and insect diversity 
at 99% coverage with 95% confidence intervals. Feces collections are 
expected to have higher diversity than attraction traps (29.2±6.4), and 
lower diversity than malaise and flight intercept traps. 256 feces col-
lections would be needed to reach 99% sample coverage. A: Attrac-
tion, B: Bird feces, F: Flight intercept, M: Malaise   *graphics pro-
gram used to create artwork: R, followed by MS powerpoint
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the malaise samples, possibly due to the short flight season 
of these animals (Kirse et al. 2021).

It is also important to underline the fact that because our 
study was conducted from spring to fall (overlapping migra-
tion and nesting seasons), our dietary results could be very 
different than a Passerine dietary study conducted in win-
ter; many resident omnivorous Passerine birds transition to 
a more herbivorous diet in the winter (Chamberlain et al. 
2007; Renner et al. 2012). Furthermore, otherwise sedentary 
Passerines, such as the crested tit [Lophophanes cristatus 
(L., 1758)], can make short migration movements in espe-
cially harsh winters (Busse 1995). Examining the differences 
in diet between species of Passerine birds, however, is out 
of the scope of this paper, as the focus herein was to capture 
the most birds possible in a given site in order to explore 
the ways in which feces collections by mist netting could 
complement traditional insect traps.

In our plots, metabarcoding of bird feces successfully 
recorded a segment of taxonomic and functional diversity 
distinct from traditional trap species lists. The high level of 
species richness recorded in the birds’ feces is supported by 
other fecal metabarcoding studies involving insectivorous 
and/or omnivorous Passerines (Ribeiro et al. 2019; Rytkönen 
et al. 2019; Shutt et al. 2020; Silva et al. 2020). However, 
there was also significant overlap in our study; 12 species 
were shared between traditional and feces collections (9 
of the 12 were country records). This proves the value of 
incorporating metabarcoding bird feces to document diver-
sity as opposed to relying only on traditional traps, espe-
cially for projects designed to detect the presence of a rare 
or specific insect species or the presence of a forest pest. A 
database composed of DNA extracted from voucher speci-
mens of a species of interest, with a mock community that 
also includes this extracted DNA, would allow for a focused 
study plan with fewer biases inherent in the metabarcod-
ing pipeline. Furthermore, as metabarcoding becomes more 
widely used and less expensive, family or group experts 
would be unnecessary.

Nonetheless, there still exists certain disadvantages 
to dietary metabarcoding. Metabarcoding relies on 
characterizing DNA sequences. Transforming these 
sequence counts into individual abundance (the number 
of individual specimens per taxa in the feces sample) is 
thus far unattainable (Piper et al. 2019). Capturing relative 
abundance (the percentage of a taxa within a feces sample) 
is difficult due to technological and biological biases such 
as differential PCR amplification and DNA extraction 
efficiency (Deagle et al. 2013, 2019; Piñol et al. 2018). 
Most metabarcoding studies including ours transform 
sequence counts into a presence/absence matrix (O’Rourke 
et al. 2020). However, PCR-free approaches show promise 
in attaining accurate abundance measures in biological 
assessments using metagenomics (Liu et  al. 2016). As 

metabarcoding is a novel and rapidly evolving technology, 
the rate of false positive errors can also be high due to 
potential biases including inappropriate filtering thresholds 
and chimeric fragments (Zinger et al. 2019). Furthermore, 
insects are still poorly represented in the NCBI reference 
databases (Schoch et al. 2020), which highlights the need 
for more comprehensive and curated databases. A complete 
reference database is especially important as other fecal 
adult Passerine metabarcoding studies have recorded 
surprisingly high species rich diets (Shutt et al. 2020). The 
dearth of insect DNA in reference databases can lead to 
taxonomic classification errors or record gaps (Geiger et al. 
2016). The list of species from our metabarcoding study, 
for example, had high levels of uncertainty; for Coleoptera, 
the mock community showed a 33.3% uncertainty in the 
assignment of species, 33.3% uncertainty in the assignment 
of order, and 16.7% uncertainty in the assignment of class. 
Finally, the influence of digestion must be a consideration 
when regarding the recovery and detection of fecal DNA, as 
both physical and chemical processes will govern unequal 
DNA processing (Snider et al. 2021).

Parmain et al. (2013) reported a 20% mean assemblage 
dissimilarity between years in saproxylic Coleoptera. We 
acknowledge that our comparisons between our collecting 
methods could have been affected by normal population 
fluctuations. In our study, logistical reasons resulted in 
traditional sampling and feces sampling being conducted 
in subsequent years. However, the magnitude of difference 
in species richness and functional guilds observed in 
the traditional traps compared to that found in the feces 
suggests these differences should not be solely due to annual 
variation. To our knowledge, our study is the first to compare 
adult Passerine bird feces to collections of traditional insect 
traps using metabarcoding. However, another recent study 
compared Passerine nestling feces to insect frass collected 
in different years and found the technique to have promising 
applications (Rytkönen et al. 2019).

Even with these limitations (abundance count issues, 
false positive or negative errors, digestion considerations, 
and database restraints), the ability to monitor Coleoptera 
populations while simultaneously performing a survey of 
the bird population highlights the potential usefulness of 
metabarcoding technology. Our study compared Coleoptera 
species lists obtained using morphological identification 
from insects collected from traditional insect traps and meta-
barcoding procedures performed on birds’ feces and found 
distinct compositions of taxonomic and functional diversity. 
Numerous species, including several country records, were 
found in both collections. Upscaling taxa classification in 
bulk samples (such as feces collections) that would other-
wise be impossible due to time and cost constraints, could 
be an effective, albeit unusual, application for this rapidly 
evolving technology.
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