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Abstract

Understanding the role diet plays in the structure of food webs is vital, and dietary knowledge is key for conservation management
success. There is limited knowledge of the diets of woodland bird species, due largely to difficulties in accurately identifying
plant and invertebrate taxa being consumed. Here, we show the effectiveness of multi-marker faecal metabarcoding to provide
the most in-depth dietary analysis of a generalist passerine, the Hawfinch (Coccothraustes coccothraustes, Linnaeus), to date.
Faecal samples were obtained from 2016-2019 from Hawfinch populations prior to and during the breeding season throughout
the UK. DNA was extracted from 263 samples and amplified using Internal Transcribed Spacer 2 (ITS2) and cytochrome C
oxidase subunit I (COI) barcodes. Using high-throughput sequencing (HTS), we identified 49 and 97 ITS2 and COI zero
radius operational taxonomic units (zOTUs) respectively which equated to reputed dietary items. The herbivorous element
of Hawfinch diet was dominated by naturally occurring taxa such as beech (Fagus sylvatica, Linnaeus), hornbeam (Carpinus
betulus, Linnaeus) and oak (Quercus sp., Linnaeus). The most taxon rich and commonly recorded invertebrate taxon identified
was Lepidoptera. We found Hawfinch diet varied spatially, as well as between sexes. Hawfinch showed broad dietary plasticity
and utilised multiple resources within their foraging environments. Our study shows the potential of multi-marker DNA
metabarcoding to reveal subtle dietary differences, but also highlights the challenges of studying omnivorous species using
metabarcoding methods.
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Understanding the role diet plays in the structure of food webs is vital, and dietary knowledge is key for
conservation management success. There is limited knowledge of the diets of woodland bird species, due
largely to difficulties in accurately identifying plant and invertebrate taxa being consumed. Here, we show
the effectiveness of multi-marker faecal metabarcoding to provide the most in-depth dietary analysis of a
generalist passerine, the Hawfinch (Coccothraustes coccothraustes , Linnaeus), to date. Faecal samples were
obtained from 2016-2019 from Hawfinch populations prior to and during the breeding season throughout the
UK. DNA was extracted from 263 samples and amplified using Internal Transcribed Spacer 2 (ITS2) and
cytochrome C oxidase subunit I (COI) barcodes. Using high-throughput sequencing (HTS), we identified
49 and 97 ITS2 and COI zero radius operational taxonomic units (zOTUs) respectively which equated to
reputed dietary items. The herbivorous element of Hawfinch diet was dominated by naturally occurring taxa
such as beech (Fagus sylvatica , Linnaeus), hornbeam (Carpinus betulus , Linnaeus) and oak (Quercus sp.,
Linnaeus). The most taxon rich and commonly recorded invertebrate taxon identified was Lepidoptera. We
found Hawfinch diet varied spatially, as well as between sexes. Hawfinch showed broad dietary plasticity
and utilised multiple resources within their foraging environments. Our study shows the potential of multi-
marker DNA metabarcoding to reveal subtle dietary differences, but also highlights the challenges of studying
omnivorous species using metabarcoding methods.

Keywords

bird, Coccothraustes coccothraustes, diet, Hawfinch, metabarcoding, omnivory

1. Introduction

To gain a greater understanding of trophic interactions within the environment it is critical to have an in-
depth understanding of species’ diet (Rytkönen et al., 2019). Our understanding of biodiversity and ecosystem
functions is significantly increased by investigating spatial and temporal variation in trophic interactions wi-
thin food webs (Rytkönen et al., 2019; Yu et al., 2012). Estimating diet composition can provide knowledge
crucial for understanding the structure of ecological communities and the flow of energy and nutrients (Kart-
zinel et al., 2015; Nielsen, Clare, Hayden, Brett, & Kratina, 2017). Furthermore, characterising consumers’
resources can provide information about niche specialisation at both inter- and intra-specific scales (Kratina,
LeCraw, Ingram, & Anholt, 2012). The accurate identification of components within an omnivorous diet
is however, still considered challenging (da Silva et al., 2019; De Barba et al., 2014; Tercel, Symondson, &
Cuff, 2021). Due to the costly, laborious and taxonomically demanding nature of exploring omnivorous diet,
studies attempting to elucidate all dietary aspects are rare (Pompanon et al., 2012; Tercel et al., 2021).

Morphology-based methods of diet analysis can be time consuming and biased towards identification of dis-
tinguishable and intact undigested or semi-digested dietary items (Pompanon et al., 2012; Symondson, 2002).
Additionally, morphology-based methodologies often record ingested taxa at a coarse taxonomic resolution,
missing subtle differences in the taxa consumed and resulting in a lack of ability to make fine scale inferences
relating to species’ ecology (Mata et al., 2016). The use of molecular techniques such as high-throughput
sequencing (HTS) in conjunction with DNA barcoding, referred to as “metabarcoding” is being frequently
utilised to assess the diet of a range of organisms (Cuff et al., 2021; Evens et al., 2020; Kartzinel & Pringle,
2020; Thompson & Newmaster, 2014; Zalewski, Szymura, Kowalczyk, & Brzeziński, 2021). This technique
requires minimal a prioriknowledge on the dietary composition of the target organism (Alberdi et al., 2017;
Valentini et al., 2009) and a wide range of ingested taxa can be identified to fine taxonomic levels (King,
Read, Traugott, & Symondson, 2008). For the application of metabarcoding to study bird diet, faecal sam-
ples are highly suitable, as they contain residual dietary DNA and can be collected easily to study species
which may otherwise have been difficult to locate or directly observe (Pompanon et al., 2012; Taberlet,
Bonin, Zinger, & Coissac, 2018).

Within metabarcoding studies, detection of plant species have traditionally used sections of plant genes
rbcL and matK , which, when used in conjunction, have the power to provide up to 75% species-level
discrimination (de Vere et al., 2012). Limitations on amplicon length in HTS (maximum of 2 x 300 base
pair reads on an Illumina Miseq), as well as primers designed to amplify short barcodes in order to detect
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DNA in degraded samples (Ando et al., 2013; Dunn et al., 2018; Pompanon et al., 2012) has resulted in
these gene regions providing reduced taxonomic resolution in analysis of faecal samples (Pompanon et al.,
2012). The Internal Transcribed Spacer 2 (ITS2) nuclear gene has been proposed as a suitable barcode for
herbivorous dietary analysis (Moorhouse-Gann et al., 2018). Universal primers targeting the ITS2 region
have been developed, producing amplicons between 187-380 base pairs (Dunn et al., 2018; Moorhouse-Gann
et al., 2018). This has enabled the most variable region within the gene to be targeted, with the amplicon
length suitable for use within DNA metabarcoding studies of the Turtle dove (Streptopelia turtur , Linnaeus),
Pink pigeon (Nesoenas mayeri , Prévost) and Telfair’s skink (Leiolopisma telfairii , Desjardin) (Dunn et
al., 2018; Moorhouse-Gann, 2017; Moorhouse-Gann et al., 2018). In a diet which contains a wide range of
invertebrate taxa, DNA barcodes from the COI mitochondrial gene region have become the standard and are
used in many species-level identification studies (Kress, Garćıa-Robledo, Uriarte, & Erickson, 2015). This is
due to the extensive taxonomic coverage and depth within the Canadian, European, UK and USA taxonomic
COI reference sequence databases (Porter & Hajibabaei, 2018). Such large databases reduce the possibility
of false taxonomic assignment and improve higher taxonomic resolution (Andújar, Arribas, Yu, Vogler, &
Emerson, 2018; Porter & Hajibabaei, 2018; Somervuo et al., 2017).

Despite birds being one of the most studied animal classes, few studies have used molecular techniques
to improve understanding of their trophic ecology (Alonso et al., 2014). In comparison with studies on
mammals, in particular bats, the application of faecal metabarcoding within passerines studies is limited.
However, this is an evolving field, with research being undertaken on an expanding number of passerine
species (da Silva, Mata, Lopes, Lopes, & Beja, 2020; Shutt et al., 2020). For woodland birds that forage high
in the canopy and are often hidden from view, obtaining accurate identification of dietary items through
observation alone is particularly challenging, and many studies simply use foraging location to infer food
availability and individual fitness (Charman, Smith, Dodd, Gruar, & Dillon, 2012; Mackenzie, Hinsley, &
Harrison, 2014). Within temperate environments, passerine birds often demonstrate a broad dietary range,
incorporating a wide range of taxa (Cholewa & Weso lowski, 2011; Shutt et al., 2020), however, dietary
variability within generalist woodland species is relatively poorly understood. It has been proposed that
the diet of generalists could vary spatiotemporally, based upon resource availability and preferences of the
consumer. This variation within the diet may result in geographical patterns in population density, breeding
productivity, and local adaptation to resource use (Shutt et al., 2020).

The Hawfinch (Coccothraustes coccothraustes , Linnaeus) is one of many bird species closely associated with
woodland habitats to have shown major declines in the UK over a period of a few decades (Kirby et al., 2018).
Hawfinch breed across the Palearctic, with Britain its western range limit (Kirby et al., 2015). While little
is known about Hawfinch ecology, studies show Hawfinches have declined across Britain, with the species
now too rare to have regular status assessments by national annual monitoring schemes (Kirby et al., 2015).
Instead, population change is inferred from distribution data compiled from bird atlas surveys (Balmer et
al., 2013). These atlas data indicate a 76% reduction in the number of 10km squares occupied between 1968
and 2011 (Kirby et al., 2015, 2018) and are further evidenced by Langstonet al. (2002), who estimated a
40% population decline between the mid 1980’s to the late 1990’s. Hawfinch dietary studies are limited,
with all previous information obtained through personal observations. Hawfinch are thought to be dietary
specialists due to morphological adaptations (a large, powerful bill) allowing them to feed on large tree seeds
such as cherry (Prunus sp., Linnaeus), hornbeam (Carpinus betulus , Linnaeus), beech (Fagus sylvatica ,
Linnaeus) and Wych elm (Ulmus glabra , Hudson) (Mountford, 1957). During the breeding season (typically
from April to June), Hawfinch diet has been observed to include sycamore (Acer pseudoplatanus , Linnaeus),
hawthorn (Crataegus monogyna , Jacquin), blackthorn (Prunus spinosa , Linnaeus), wild service tree (Sorbus
torminalis , Crantz), dogwood (Cornus alba , L’Héritier), larch (Larix decidua , Miller) and oak (Quercus sp.,
Linnaeus) (Bijlsma, 1998; Bryant, 2011; Mountford, 1957; Tomia lojć, 2012; von Haartman, 1978). Hawfinch
incorporate invertebrates into their diet, particularly during the breeding season to provide sufficient nutrition
for egg production, consuming Lepidoptera, Coleoptera, Hemiptera, Annelida, Gastropoda and Araneae
(Mountford 1957).

In this study we used multi-marker DNA metabarcoding to construct a high-resolution diet profile of a

3



P
os

te
d

on
A

ut
ho

re
a

27
O

ct
20

21
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
63

53
49

02
.2

27
45

71
3/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

woodland passerine, aiming to elucidate the taxonomic composition and richness, as well as showing that
HTS is a powerful approach for analysing species interactions. We hypothesised that Hawfinch diet would
show variation across: (a) study sites and (b) sexes. This study also discusses the suitability of multi-marker
metabarcoding approaches for exploring omnivory.

2. Materials and Methods

2.1 Study sites and field data collection

Fieldwork was conducted in the period March to July of 2016-2019 at 11 woodland sites in the UK. Sites
selected were pre-existing Hawfinch ringing studies study areas within the Wye Valley, Dolgellau, Cardiff, the
New Forest and Norfolk (Figure 1). The artificial feed sites used to attract Hawfinches for capture have been
operational for a number of years within regions of Hawfinch population strongholds (Clements, 2013; Kirby
et al., 2018). Study s ites were broadly typical of British mixed broadleaved woodland, with sites in the Wye
Valley and north Wales dominated by beech, oak and ash (Fraxinus excelsior , Linnaeus). The study site
located in Norfolk was a mixed woodland consisting of lime (Tilia sp., Linnaeus), ash and maples (Acer sp.,
Linnaeus), while the New Forest site was dominated by oak, with an understorey flora comprising of Holly
(Ilex sp., Linnaeus) and bramble (Rubus sp., Linnaeus). All site locations are approximate for anonymity.

Hawfinches were caught by trained bird ringers, operating under British Trust for Ornithology (BTO) ap-
proved licences using either mist or whoosh nets. For each bird captured morphometric data and time
of capture were recorded, including maximum chord wing length, sex and body mass (Svensson, 1992).
Hawfinches were individually placed within a clean, paper bag which was then placed inside a cotton bag
and left for 10-20 minutes until the bird defecated. To avoid excessive stress, if birds had not defecated
within this time frame they were processed and released. Each faecal sample was removed from the paper
bags using a new, clean plastic toothpick to minimise contamination. Samples were placed in separate 2ml
Eppendorf tubes, and frozen to -20oC at 1-8h after collection.

2.2 Dietary analysis

DNA was extracted from a total of 365 faecal samples using the Qiagen QIAamp DNA Stool Mini Kit (Qiagen,
UK) with modifications designed to improve DNA yield from avian faeces, following Shutt et al.(2020). Sam-
ples were extracted in batches of 23 with an additional negative control containing no DNA. We used primers
UniplantF, 5’-TGTGAATTGCARRATYCMG-3’ and UniPlantR 5’-CCCGHYTGAYYTGRGGTCDC-3’ to
amplify a 187-387-bp fragment covering the ITS2 region of plant nuclear DNA (Moorhouse-Gann et al., 2018).
For amplification of invertebrate DNA, mlCOIintF, 5’–GGWACWGGWTGAACWGTWTAYCCYCC-3’
(Leray et al.2013) and Nancy 5’-ACTAGCAGTACCCGGTAAAATTAAAATATAAACTTC-3’, (Simonet al.
1992) were used following selection and modification by Stockdale (2018) for amplification of a 306-bp frag-
ment of the COI region. Primer sets were validated by Stockdale (2018) to ensure DNA amplification of
the expected range of taxa. A two-stage PCR process involved initial amplification of the target regions fol-
lowed by the addition of a unique combination of 10-bp molecular identifier tags (MID-tags), with samples
having a unique pairing of forward and reverse tags for subsequent sample identification. Within each PCR
96-well plate, 12 negative (extraction and PCR) and two positive controls were included following Taberlet
et al. (2018). Amplicons were multiplexed into five pools, each containing between 63 and 186 samples.
Library preparation for Illumina sequencing was undertaken via NEXTflex Rapid DNA-Seq kit (Bioo Sci-
entific, Austin, USA), with a unique adapter added to each pool. Pools were diluted to 4nM and quantified
using Qubit dsDNA High-sensitivity Assay Kits. Finally, the diluted pools were combined equimolarly and
sequenced on a MiSeq desktop sequencer via a v2 chip with 2 x 250bp paired-end reads (expected capacity
24-30,000,000 reads). Due to the unbalanced nature of the amplicon libraries, a 15% PhiX buffer was added
to the sequencing run in order to improve cross-talk and phasing calculations.

2.3 Identification of dietary taxa

The Illumina run generated 6,328,388 and 12,307,560 ITS2 and COI reads respectively. All reads were
checked for truncation, quality checked, filtered and assigned taxonomic identification following Drake et al.,
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(2021). All read counts less than the maximum in unused-MID tag combinations and negative controls for
each respective zero radius OTU (zOTU) were removed prior to statistical analysis. Read counts of non-
positive control taxa detected within positive controls were calculated as a percentage of the maximum read
count for that taxon. The greatest of these percentages was then applied as a measure of read percentage
to be removed from each taxon. This accounts for over-represented taxa tag jumping or “leaking” into
other samples during sequencing. Optimal thresholds of 3% and 1% were applied to ITS2 and COI data
respectively. No known lab contaminants such as German cockroach (Blatella germanica , Linnaeus) or
non-target taxa that could be identified as lab contamination were detected in either library. Data from
respective ITS2 and COI libraries were aggregated together to form a single taxon list for each marker, and
non-target taxa such as fungi and gastrotrichs were removed. In order to standardise the taxonomic level
and create evenness for analysis, all taxa were converted to genus-level, as some zOTUs could not be resolved
to species.

2.4 Statistical analysis

For all statistical analysis, the presence/absence of each taxonomic unit within a sample was used instead
of read count, as the latter is not an accurate representation of abundance due to amplification biases
(Clare, Symondson, & Fenton, 2014; Yu et al., 2012). Control samples were excluded from the analyses. All
statistical analysis were carried out in R version 3.6.3 (R Core Team, 2020) unless otherwise stated.

To evaluate the most prevalent plant and invertebrate taxa within Hawfinch diet, the number of samples
in which a dietary zOTU occurred (frequency of occurrence), was calculated. In order to estimate the
total dietary niche breadth, the specpool function in R’s vegan package (Oksanen et al., 2019) was used to
calculate Chao’s incidence-based estimator of richness (Chao & Jost, 2012; Oksanen et al., 2019). This is
based upon presence/absence of dietary taxa found in sample sites, and gives a single estimate for a collection
of sampling sites (Oksanen et al., 2019). Observed species richness divided by the Chao estimate gave the
proportion of total dietary diversity detected. Species accumulation curves were also produced using the
poolaccumfunction within the vegan package, relating the overall dietary diversity captured to the number
of faecal samples analysed. To determine whether plant or invertebrate taxonomic richness in Hawfinch diet
was greater, a Wilcoxon matched-pairs test was undertaken to test for a significant difference in the median
species richness of plant and invertebrate taxa detected. Only Hawfinch samples which provided taxonomic
results for both invertebrate and plant taxa were included. Based upon ringing recapture data, no individual
Hawfinch that had tested positive for both plant and invertebrate DNA was included more than once.

To test our hypotheses that diet varied among locations and between the sexes we compared dietary compo-
sition between sampling regions and sexes using multivariate generalised linear models (MGLMs) using the
functionmanyglm within the package mvabund (Wang, Naumann, Eddelbuettel, John, & Warton, 2012). Re-
gions were broadly categorised into: Wye Valley, Dolgellau, north Cardiff, New Forest and Norfolk, as some
regions contained multiple catching sites. Where an individual was sampled more than once, data was used
from the first capture only to avoid pseudo replication and subsequent biases. The functionanova.manyglm
in mvabund was used to test the significance of each term within the overall model and the p.uni = “adjusted”
argument was implemented to perform tests for each species in turn, adjusting the p -values with Holm’s
step down resampling algorithm (Westfall & Young, 1993). Parametric bootstrap (Monte Carlo) resampling
was applied to test for dietary differences, ensuring inferences took into account correlation between variables
(Wang et al., 2012). When necessary, pairwise comparisons were performed using thepairwise.comp function
of anova.manyglm . Models were simplified using the step function based upon the lowest Akaike’s infor-
mation criterion (AIC) value. For all models, diagnostic plots were checked to ensure model assumptions
were met. Dietary differences were visualised using non-metric multidimensional scaling analysis (nMDS)
via the function metaMDS in the vegan package (Oksanen et al., 2019). The nMDS was performed with
Jaccard dissimilarities in two-dimensional space (k=2). Spider plots were produced using nMDS results via
ordispider and plotted through ggplot2 (Wickham, 2016). Singletons and outliers were removed to visually
improve the ordination.

3. Results
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3.1 Sampling completeness

Plant DNA was successfully amplified from 262 faecal samples. We identified 49 plant zOTUs of which
86% could be identified to species and 100% to genus (Table S1). The most common taxa detected were
beech (38.5% of samples), sunflower seed (Helianthus sp., Linnaeus), provided ad libitum throughout the
year at all feed sites, (30.5% of samples) and hornbeam (16.0% of samples). At the genus level, 30 genera
were detected in Hawfinch diet. Across the study sites, 78.7% of the available dietary diversity at genus
level was detected, where the total extrapolated estimated genera diversity (Chao estimate) was 38.1 ± 8.2
(Figure 3). Invertebrate DNA was extracted successfully from 120 faecal samples. Of the 90 invertebrate
zOTUs identified, 92% were identified to species level and 100% to genus (Table S2). The most common
taxa detected were the winter moth (Operophtera brumata , Linnaeus) (26.7% of samples), mottled umber
(Erannis defoliaria , Clerck) (22.5% of samples) and tree slug (Lehmannia marginata , O.F.Müller) (22.5%
of samples). At the genus level, 74 genera were detected in Hawfinch diet, with 62.4% of the available
dietary diversity detected across the sampling regions. The extrapolated total estimated genera diversity
(Chao estimate) was 118.6 ± 22.6 (Figure 5). A Wilcoxon matched-pairs test revealed a significant difference
between plant and invertebrate taxonomic richness within the diet of Hawfinch (V= 1436, p = < 0.001)
(Figure 2). The mean number per faecal sample of plant genera detected in Hawfinch diet was 2.3, while the
mean number of invertebrate taxa was 3.3.

3.2 Dietary differences

Herbivorous dietary composition differed between sampling regions (R2 = 0.05, MGLM: LRT = 266.8, p =
< 0.001). Univariate analysis revealed six genera were associated with regional differences: Betula sp. (LRT
= 21.3, p = 0.002),Carpinus sp. (LRT = 36, p = 0.001), Fagus sp. (LRT =56.4, p = 0.001), Helianthus sp.
(LRT = 51.6, p = 0.001), Quercus sp. (LRT = 19.2, p = 0.002) andUlmus sp. (LRT = 30.5, p = 0.001)
(Table S3). Specifically, Fagus sp. and Ulmus sp. were detected with the highest frequency in the Wye Valley
(62.1% and 16.4% respectively), with birds sampled from north Wales showing the highest frequency for
Helianthus sp. (50.9%). Quercus sp. were detected at the highest frequency in Hawfinches sampled within
the New Forest (57.9%). The nMDS visualises the patterns of genus level consumption revealed from the
manyglm model (Figure 4). All sampling regions show some degree of dietary overlap, while the diets of
Hawfinches sampled from the regions of north Cardiff and the Wye Valley appear the most similar to
each other. Pairwise comparisons revealed significant genus level dietary composition differences between
all site comparisons except the Wye Valley and north Cardiff (p = 0.323) (Table S4). Invertebrate dietary
composition differed between sexes (R2 = 0.07, LRT = 109.7, p = 0.003), however no specific invertebrate
genera were associated with the dietary differences detected. The nMDS visualises the patterns of genus level
consumption revealed from the manyglm model (Figure 6).

4. Discussion

This study demonstrates that faecal metabarcoding can provide detailed insights into the omnivorous diet
of a scarce woodland bird. Previously unrecorded dietary items were found, despite sampling completeness
recorded at 78.7% and 62.4% for plant and invertebrate genera, respectively. This highlights the power
of DNA metabarcoding to reveal fine-scale taxonomic detail within dietary research. Our results suggest
that during the breeding season Hawfinch have a wide dietary niche breadth for both plant and invertebrate
species, supporting the hypotheses that Hawfinch diet differs between populations geographically and between
sexes. As found in other recent studies of bird diet (da Silva et al., 2020; Jedlicka, Vo, & Almeida, 2017;
Mitchell, Horsburgh, Dawson, Maher, & Arnold, 2021; Shutt et al., 2020; Sullins et al., 2018), the use
of molecular techniques has revealed an unsuspected wide range of dietary items and provides the first
comprehensive analysis of omnivory within Hawfinch diet. Although this study documents over 100 taxa
consumed, previously recorded common food resources such as beech, cherry and Lepidoptera (Mountford,
1957; Newton, 1967) clearly still play a dominant role in diet.

Diet is likely to reflect a mixture of prey availability, abundance and preference, with Hawfinch consumed a
broader range of invertebrate taxa in comparison to plant taxa, reflecting what may be naturally available
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within the environment. Food preference, rather than availability or abundance has been found to contribute
towards dietary shifting from invertebrates to fruit, potentially enabling birds to seasonally balance nutrient
and energy intake (Marshall, Dick, & Guglielmo, 2016). Invertebrates are typically a high protein to calorie
ratio food resource, with certain species providing specific nutritional value, for example spiders provide high
levels of the amino acid cysteine (Marshall et al., 2016; Ramsay & Houston, 2003). Hawfinch egg laying begins
around mid April (Kirby, Stanbury, Bellamy, & Lewis, 2019), and the presence of invertebrates within the
diet during the breeding season has been recorded in other passerine dietary studies conducted over similar
temporal periods (Newton, 1967; Shutt et al., 2020). This may help to provide specific nutrients beneficial
to breeding physiology, such as egg production in females, as well as providing high protein food for chicks
(Marshall et al., 2016). These dietary patterns are commonly observed in other passerine species such as
chaffinch (Fringilla coelebs , Linnaeus) (Holland, Hutchison, Smith, & Aebischer, 2006).

Many taxa present in the diet were rare, as has been documented in previous faecal metabarcoding studies
on generalist passerines (Shutt et al., 2020; Sottas et al., 2020). However, our findings on the more frequent
components of Hawfinch diet agree closely with previous observations of this species (Bijlsma, 1998; Mount-
ford, 1957). Previous studies found seeds of hornbeam, cherry and maple were important throughout the
year (Bijlsma, 1998; Mountford, 1957), with buds of ash, maple and beech as well as Lepidoptera becoming
important food resources during spring and summer (Bijlsma, 1998). The importance of beech as a food
resource was confirmed in this study, being the most prevalent plant taxon (detected in 38.5% of samples).
It is well understood that birds must balance food handling times with net energy intake, and a resource
is deemed more profitable if it has a higher energy reward per unit handling time (Molokwu, Nilsson, &
Olsson, 2011). It is known that Hawfinch commonly feed on beech nuts during autumn and winter months
(Mountford, 1957) due to the moderately high fat and carbohydrate levels of the beechnuts compensating
for energy losses due to cold weather during winter (Renner et al., 2013). The onset of the breeding season
can drive changes in feeding preferences as nutritional needs become higher (Lima, 2009). As the sampling
in this study began during the pre-breeding season and continued to the end of summer, Hawfinch may have
been gaining a high energy reward from feeding on any remaining available beech nuts, but also obtaining
similar nutritional benefits from the increased availability of beech buds in the spring. Beech buds have been
shown to contain >15% fat (Lebl, Kürbisch, Bieber, & Ruf, 2010), and this may be an important energetic
requirement for Hawfinch to boost condition before and during the breeding season.

Lepidoptera, Coleoptera, Hemiptera, Annelida, Gastropoda and Araneae have all been observed as prey at
the order level (Mountford, 1957) and all (excluding Annelida) were detected within this study. The high
prevalence of winter moth within Hawfinch diet is not unexpected, as this larva is an important food resource
for other woodland passerine species, such as nestling tits (Perrins, 1991). The earliest date winter moth
was detected within the diet was mid-April, with prevalence increasing throughout April and May. Kirby
et al. (2019) found Hawfinch egg laying commonly started during the third week of April and peaked in
mid May. This temporal increase in the number of nests coincides with the increased incidence of winter
moth within the diet, and most likely corresponds to a change in the availability of winter moth larvae. This
finding raises the possibility that Hawfinch may be using availability of winter moth as a breeding cue, as
has been suggested in other passerine species (Shutt et al., 2020). In contrast, the high prevalence of tree
slug within the diet was unexpected, as it was previously thought only snails were consumed (Mountford,
1957). This may be explained by the availability of algae and lichens within woodland, which are the main
components of tree slug diet (Kappes, 2006). During wet weather, tree slugs feed on algae growing on tree
trunks, but remain under the bark of dead timber during unsuitable weather (Kappes, 2006). Thus, tree
slugs may be taken during periods of high rainfall when foraging efficiency for defoliating Lepidoptera is
reduced (Morganti, Rubolini, Caprioli, Saino, & Ambrosini, 2017; Ortega-Jimenez & Dudley, 2012).

The metabarcoding results revealed oak to be widely prevalent within the diet, something not reported in
Mountford’s species monograph (1957). Past research undertaken on Hawfinch diet during winter (months
unspecified) and during the breeding season (April to August), broadly fitted with the sampling period of
this study, and it is surprising therefore, that oak was not observed as a food resource. Hawfinch dietary
studies have focused on direct observations of feeding, and while this method was widely used at the time of
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Mountford (1957), direct observation has known limitations, such as observer bias and error, as well as results
being influenced by data recorded from habitats in which a species is most observable (Matthews, Ridley,
Kaplin, & Grueter, 2020). Furthermore, whether oak species have specific dietary importance is dependent, in
part, on the plant tissue type consumed and the nutritional value. While this was not investigated within this
study, it is encouraged for further research. Having this nutritional information may inform how Hawfinch
food preferences change throughout the breeding season and whether there is specific temporal value available
across taxa.

Plant taxa detected within Hawfinch diet varied between geographical regions. This spatial variation is
consistent with similar metabarcoding studies of birds and insectivorous bats (Clare, Symondson, Broders, et
al., 2014; McClenaghan, Nol, & Kerr, 2019; Shutt et al., 2020). This could indicate local dietary specialisation,
however it is more probable that Hawfinch are flexible in dietary choice and these patterns arise from changing
availability of food resources. This may be a result of variation in tree species abundances within each study
region. This variation in resource use can be seen in the nMDS plot (Figure 3). While there is a degree of
overlap between all regions, the Wye Valley and north Cardiff sampling regions are situated closer together,
indicating dietary taxa detected from Hawfinch sampled within these regions show higher levels of similarity
than dietary taxa from Hawfinch sampled in north Wales.

The sexual differences in invertebrate dietary composition is likely due to behavioural, rather than morpho-
metrical differences between males and females. Hawfinch are judged to have minimal sexual dimorphism,
however biometric measurements such as bill length/depth were not recorded for this study and therefore
future work should incorporate this in order to improve understanding of possible intra-specific variation.
This is one of only two studies which have used DNA metabarcoding to detect monomorphic passerine species
exhibiting sexual dietary differences (see da Silva et al., 2020). It has been suggested in some bird species
that females have reduced foraging ranges in order to be closer to offspring, and as a result, may feed on more
abundant or predictable items, even if these items are less nutritious (da Silva et al., 2020; Sunde, Bølstad,
& Møller, 2003). Freeman (2014) found vertical segregation between the sexes of two New Guinean whistlers
(Pachycephala sp., Schlegel), with little sexual dimorphism, attributed to territory defence and intersexual
food resource differentiation.

It is also important to acknowledge the possibility of secondary consumption via lepidopteran taxa within
the diet (Tercel et al., 2021), which may result in indirect species associations. Secondary consumption may
result in falsely inflated detection of plant taxa through co-amplification of plant DNA within the guts of
lepidopteran taxa consumed by Hawfinch. Ecologically, it is known that Hawfinch feed primarily within the
canopy (Mountford, 1957), and will only come to the ground to feed on fallen seed in late winter. This suggests
that most invertebrate taxa were obtained from the vegetation or bark within the tree canopy, resulting in
possible accidental ingestion of plant taxa when gleaning prey items from trees. Due to metabarcoding
methods being unable to determine which plant tissue is being consumed, in conjunction with Hawfinch
also feeding on the same plant taxa as their prey at similar times of the year, differentiating what is “true”
secondary predation is extremely challenging.

In conclusion, this study has provided the first molecular insight into the generalist diet of Hawfinch, at a
finer resolution than previous work. We demonstrate that the diet of Hawfinch, as predicted, varies both
spatially and between sexes. This dietary variation suggests Hawfinch can respond to changing resource
availability by showing dietary plasticity. In order to maximise the power of dietary analysis, increasing the
temporal scale of sampling would be beneficial for future work, as would measuring invertebrate abundance
to compare with diet samples. The diet of nestling Hawfinch could be described and geographic variability of
diet assessed in order to quantify the apparent significance of Lepidoptera for Hawfinch and other woodland
birds. Furthermore, future research could involve faecal metabarcoding of multiple species from Hawfinch
study sites. A large number of co-existing predator species utilise Lepidoptera and other invertebrates during
the breeding season including great tit (Parus major , Linnaeus) (Ramakers, Gienapp, & Visser, 2019), marsh
tit (Poecile palustris , Linnaeus) (Weso lowski & Neubauer, 2017), blue tit (Cyanistes caeruleus , Linnaeus)
(Shutt, Burgess, & Phillimore, 2019) and both great spotted (Dendrocopos major , Linnaeus) and lesser
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spotted (Dendrocopos minor , Linnaeus) (Charman et al., 2012; Smith & Smith, 2013) woodpecker species.
Faecal metabarcoding of adults and nestlings from a range of representative woodland bird species would
help quantify the most important prey species, which could in turn inform conservation management to
maximise their abundance.

The results of this study were only possible due to the high taxonomic resolution available through metabar-
coding methods. As metabarcoding is becoming more prevalent within ecological research, it becomes
increasingly important to understand how taxonomic resolution can impact ecological studies, although
species-level identification may not always be necessary, depending on hypotheses studied (Brown et al.,
2014; Renaud, Baudry, & Bessa-Gomes, 2020). The study presented is an example of how the utilisation
of DNA metabarcoding can increase ecological understanding and improve insights into fine scale ecological
patterns.

As this study was focused primarily on elucidating the diet of Hawfinch, priority was given to maximise
the number of faecal samples within the HTS methodology. This however, limited the number of technical
replicates such as subsampling individual faecal samples throughout the extraction, amplification and se-
quencing process (Alberdi, Aizpurua, Gilbert, & Bohmann, 2018). This resulted in the inability to evaluate
and amend the stochasticity of the results (Alberdi et al., 2018; Zinger et al., 2019). Artificial communities
of known concentrations, or “mock communities” (Forin-Wiart et al., 2018) were also not included for the
aforementioned reasons. This resulted in the inability to analyse the sensitivity of the sequencing pipeline
among dietary taxa. Compiling a barcode library specific to the study would also be advantageous. While
work by (Jones et al., 2021) has resulted in increasing the number of ITS2 sequences within the DNA barcode
database by 1105 species, the utilisation of a custom reference database may allow all future research to be
conducted at the species level.
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Figure 1 Locations of study sites where faecal samples were collected are shown as red dots. Map was
produced on ArcGis v3.16.8 (QGIS Development Team, 2021).

Figure 2 Box and whisker plot showing the difference in taxonomic richness of plant and invertebrate genera
in the diet of Hawfinch.

Figure 3 Species accumulation curves for UK sites based on accumulation of plant genera detected across
successive faecal samples. Confidence intervals are overlaid in blue shading.
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Figure 4 Spider plot for herbivorous taxa consumed by Hawfinch in different geographic regions. Smaller
nodes represent individual Hawfinch with connecting lines joining the individual to the mean centroid (larger
nodes) of its region. Stress = 0.06.

Figure 5 Species accumulation curves for UK sites based on accumulation of invertebrate genera detected
across successive faecal samples. Confidence intervals are overlaid in blue shading.
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Figure 6 Spider plot for invertebrate taxa consumed by male and female Hawfinch. Smaller nodes represent
individual Hawfinch with connecting lines joining the individual to the mean centroid (larger nodes) of its
sex. Stress = 0.07.
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