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Knowledge of diet and dietary selectivity is vital, especially
for the conservation of declining species. Accurately
obtaining this information, however, is difficult, especially if
the study species feeds on a wide range of food items within
heterogeneous and inaccessible environments, such as the
tree canopy. Hawfinches (Coccothraustes coccothraustes), like
many woodland birds, are declining for reasons that are
unclear. We investigated the possible role that dietary
selection may have in these declines in the UK. Here, we
used a combination of high-throughput sequencing of 261
hawfinch faecal samples assessed against tree occurrence
data from quadrats sampled in three hawfinch population
strongholds in the UK to test for evidence of selective
foraging. This revealed that hawfinches show selective
feeding and consume certain tree genera disproportionally to
availability. Positive selection was shown for beech (Fagus),
cherry (Prunus), hornbeam (Carpinus), maples (Acer) and oak
(Quercus), while Hawfinch avoided ash (Fraxinus), birch
(Betula), chestnut (Castanea), fir (Abies), hazel (Corylus), rowan
(Sorbus) and lime (Tilia). This approach provided detailed
information on hawfinch dietary choice and may be used to
predict the effects of changing food resources on other
declining passerines populations in the future.

© 2023 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.



1. Introduction

To confidently identify the available and consumed food items within the environment of an animal
remains a major challenge in ecology [1]. Accurate identification is especially difficult if the study species
use a wide range of food resources within diverse environments [1-3]. Birds, like all organisms, must
adapt to local habitats and resources in order to satisfy their energetic demands [4]. Individual birds
must select which habitat or foraging areas to visit more frequently than others in order to fulfil their
daily energy budget and dietary needs [5]. Food types are deemed more rewarding if they provide
greater energy per handling time than alternative resources, with many species selecting mixed diets in
order to meet energetic and nutritional demands [6,7].

To elucidate a species’ dietary composition using traditional morphology-based methods can be time
consuming, and biased towards identification of distinguishable and intact undigested or semi-digested
dietary items [3]. Molecular techniques such as DNA metabarcoding are being used increasingly to
assess the diet of a range of organisms [1,8-11]. These techniques require minimal a priori knowledge of
the dietary composition of the study species [2,12,13], and a wide range of taxa can be identified to fine
taxonomic levels [14-17]. However, quantitative metabarcoding outputs are still a point of discussion, as
several factors can introduce bias into results and subsequently provide unreliable biomass estimates [18].

Despite birds being one of the best-studied animal classes, few studies have used molecular
techniques to improve understanding of their trophic ecology [11,19,20]. In comparison with studies
on mammals, in particular bats, the application of faecal metabarcoding within passerines studies is
rare. Metabarcoding is an evolving field, with research being undertaken on an expanding number of
passerine species [11,20,21]. However, previous studies have mainly focused on bird species with
specialists diets and narrow feeding niches, while DNA metabarcoding has been seldom applied in
studies focusing on more generalist species (but see [22]).

Partitioning of available resources has been highlighted as a key factor structuring bird communities [23].
Differences in morphological and physiological characteristics result in resource use and foraging strategies
differing between species [23]. Additionally, as food availability is often strongly impacted by seasonality,
birds can respond to fluctuating temporal and spatial availability of resources through adapting a
specialized foraging behaviour [24]. Specialized foraging can reduce resource competition among
individuals, a beneficial foraging strategy under strong intra-specific competition pressure [25]. While
specialized foragers may benefit from improved foraging efficiency, they may be vulnerable to fluctuations
in abundance of the limited resources exploited [26]. Therefore, the adaptive value of specialization may
vary temporally and spatially, due to fluctuations in resource availability or level of competition [27,28].

It is important to note, however, that foraging can be a flexible activity. Optimal foraging theory states
that resources are exploited which maximize net energy intake while minimizing energetic costs, through
a trade-off between resource profitability and searching time [29]. Furthermore, the theory suggests that
‘specialized’ predators should adopt a more generalist feeding strategy when preferred foodstuffs are in
low abundance, incorporating foodstuffs previously ignored [30]. Generalists can also show selectivity
towards certain dietary items, and be more selective when preferred items are available in the
environment [31]. Dietary plasticity therefore is an important mechanism enabling response to
environmental changes such as seasonal or temporal fluctuations in resources, or anthropogenic
pressure [32,33], with a suboptimal diet being detrimental to individual fitness [34].

Dietary preferences in birds, or the greater consumption of a certain food resource despite equal
opportunity to feed on an alternative food [35], can be linked to physiological capabilities and
nutritional requirements [36,37]. The process of ‘selection’, unlike preference, is where an animal
makes a choice among differing resources and consumes them disproportionately to their availability
[38]. This process is a result of interactions between dietary selection and a number of factors which
modify them, including handling time, the spatial distribution of resources and availability of
alternative resources [35,39,40]. Increasing our understanding of resource use in relation to food
availability is a focal point within the study of bird communities [4] and may provide valuable
insights into the mechanisms behind declines seen in some woodland passerines.

The hawfinch (Coccothraustes coccothraustes) breeds across the Palaearctic, with Britain being its westerly
range limit [41]. Over recent decades, the number of hawfinches has declined substantially across Britain,
with a 76% reduction in occupied 10 km squares between 1968 and 2011 [42]. Hawfinches persist in highly
wooded landscapes containing mature and diverse tree assemblages [43]; however, there is a paucity of
information regarding hawfinch diet, with the only information based upon visual observations [44].
Hawfinches are thought to be dietary specialists adapted to use large-seeded tree species due to their
large and powerful beak [44]. During the breeding season (April-August), hawfinches were observed
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feeding most regularly on seeds of beech (Fagus sp.) and wych elm (Ulmus glabra), as well as the buds of B
cherry (Prunus sp.), hornbeam (Carpinus betulus) and larch (Larix decidua) [44]. Flowers from oak (Quercus
sp.), beech and maples (Acer sp.) were also consumed [44]. However, this dietary information may in
part reflect the relative ease of observing these food items, and there has been no advancement of
hawfinch dietary knowledge since these visual observation studies. No studies have investigated
whether hawfinches are actively selecting these food items.

This study combined results from DNA metabarcoding of hawfinch faecal samples with the relative
abundance of naturally occurring tree genera from three hawfinch foraging areas within the UK: the Wye
Valley, north Wales and the New Forest. We predicted that the prevalence of some taxa detected in the
diet of hawfinches will be consumed disproportionately to their availability, indicating dietary selectivity
or avoidance. The results from this study may then be used to inform woodland management strategies
for hawfinch and other declining woodland passerines.

*sos1/Jeunof/610Guiysgnd/aposjedos

2. Materials and methods
2.1. Study areas

We used three distinct study areas, based on existing ringing studies within managed woodlands. The
first study area incorporated a segment of the Wye Valley between Monmouth and Chepstow along
the border of England and Wales. The second was near Dolgellau, Gwynedd in north Wales, with the
third in the New Forest, Hampshire. The Wye Valley and north Wales study areas were similar in
habitat type, consisting of steeply sloping valleys and heterogeneous, mature woodland dominated by
beech, oak and ash (Fraxinus sp.). Other notable components of the landscape included farmland and
conifer plantations. The New Forest study area was heterogeneous mature woodland dominated by
oak, with an understorey flora comprising Holly (lex aquifolium) and bramble (Rubus sp.).
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2.2. Collection of hawfinch faecal samples

From March to July 2017-2019, hawfinches were caught under licence using mist nets at artificial feeding
stations within the study areas. The artificial feed sites used to attract hawfinches for capture have been
operational for a number of years within regions of hawfinch population strongholds [43,45]. Sunflower
seeds (Helianthus sp.) are provided between March and June at these artificial feeding sites when
targeting hawfinches, to attract them down from the canopy for capture. Once caught, individual
hawfinches were placed in new, clean paper bags to collect uncontaminated faecal samples. Faecal
samples were stored at —20°C between 1 and 6 h after collection. A total of 57 additional samples had
previously been collected and stored at —20°C during 2016-2017, in anticipation of this study.

2.3. DNA extraction and sequencing

Using the protocol for pathogen detection with modifications by [11,20], designed to improve DNA
yields from avian faeces (electronic supplementary material S1), DNA was extracted from 261 faecal
samples using the Qiagen QIAamp DNA Stool Mini Kit (Manchester, UK). The second internal
transcribed spacer (ITS2) gene of the nuclear ribosomal DNA was targeted for amplification of plant
DNA with primers modified to an identification barcode [46]. Library preparation for Illumina
sequencing was undertaken via NEXTflex Rapid DNA-Seq kit (Bioo Scientific, Austin, USA) with
unique adapters added. A MiSeq desktop sequencer was used for sequencing.

The bioinformatics pipeline followed [47]. In brief, reads were clustered to zero-radius operational
taxonomic units (hereafter zOTUs), based on a 100% clustering threshold, resulting in high taxonomic
resolution and preventing incorrect clustering of variants [46]. Tree species represented by multiple
zOTUs were collapsed so multiple zOTUs were represented by a single entry. The ITS2 database [48]
was used for comparison with known reference sequences. Sequences were assigned a taxonomic
identity from the ITS2 database using a 97% identity threshold [48,49].

2.4, Tree surveys

For prevalence of different tree species, we used data collected during other studies within the same
woods from long-term ongoing hawfinch projects [41,43]. A total of 280 nest sites and random



locations across all three study areas were visited between 2013 and 2016 within the same woods [41]. A
further 199 locations were visited in 2017 from the north Wales study area. These data were based on
foraging locations from GPS tracking of individual hawfinches and random locations in any
woodland within the north Wales study area [43]. As these samples of tree prevalence were based on
hawfinch faecal samples collected from the same woodlands, they constitute a reasonable sample of
the tree prevalence available to hawfinches in each study area.

Atalllocations a quadrat of 10 m x 10 m was marked out, with the given location at the southwest corner of
the quadrat. Within each quadrat, trees were identified and circumference at breast height (CBH) of all trees and
shrubs was recorded. As many closely related tree species are difficult to identify to species, with some genera
frequently hybridizing, morphometrically similar species were recorded together (e.g. ‘oak’ includes Quercus
robur, Quercus petraea and hybrids). Any trees which had a CBH less than 20 cm diameter were not recorded
to discount saplings, which are known not to be used as a food resource by hawfinch. As all tree surveys
were undertaken within managed woodlands, large trees were rare. Across all study areas, from 3316 trees
measured, 0.24% were greater than 1 m diameter (greater than 314 cm CBH). Within north Wales and the
Wye Valley, trees greater than1m made up 0.1% of all trees recorded (2296 and 930 trees measured,
respectively). Within the New Forest, of the total number of trees measured (90), large trees contributed to 5.5%.
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2.5. Statistical analysis

Tree survey count information was analysed in conjunction with plant dietary data produced from DNA
metabarcoding of hawfinch diet to determine diet selectivity. Frequency of occurrence (FOO) of taxa was
calculated by totalling the number of instances that a given taxon occurred across all hawfinch samples.
This was then calculated as a percentage of the total number of samples (%FOO) by dividing the FOO
value by the total number of hawfinch faecal samples collected (detailed in table 1). FOO was chosen,
as DNA metabarcoding cannot accurately provide biomass measurements of dietary taxa [15,18]. All
analyses were done at the genus level to standardize the taxonomic level of recording across the
dietary and tree prevalence data.

To determine spatial differences in hawfinch diet, tree genera determined by DNA metabarcoding
were visualized using non-metric multi-dimensional scaling (nMDS) analysis via the function
metaMDS in the vegan package [50] in R v. 3.6.3 [51]. The nMDS was performed with Jaccard
dissimilarities in three-dimensional space (k=3). The spider plot was produced using nMDS results
via ordispider and plotted through ggplot2 [52]. Differences in tree communities between study areas
were tested with multi-variate analysis of variance using the adonis function of the vegan package.

Hawfinch dietary choice may be greatly influenced by food availability. It is possible to elucidate
feeding selectivity by testing the observed prevalence of taxa in the diet against the prevalence
predicted by a null model that uses the relative abundance of taxa in the foraging environment. This
enables us to differentiate between taxa which are consumed at greater, lesser or equal frequency than
expected based upon their availability. Hawfinch dietary choices were analysed using null models
within the econullnetr package [53], which simulated the expected frequencies with which different
tree genera would be found across the faecal samples if hawfinches selected food items purely based
on their relative abundance in the tree surveys (i.e. showing no selection).

Data were analysed by including all tree quadrats throughout the three study areas where hawfinch was
known to be feeding and comparing this with the equivalent presence/absence molecular dietary data.
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Local-scale models were run separately using only tree survey and equivalent molecular dietary data
from the individual study areas. Models were run for 999 iterations to produce frequency distributions of
expected rates of herbivory based on the plant food available. Observed herbivory rates were then
compared with those expected by chance. When the observed consumption rates fell outside the central
95% of simulated values, this indicated statistically significant deviations from random herbivory and
indicated dietary selection. A total of six tree genera (Euonymus, Hedera, Malus, Sambucus, Sequoia and
Tsuga) were excluded from the analysis as they were surveyed, but not detected in the diet. Artificially
provided sunflower seed was also removed as this was not naturally available within the study areas. All
analyses were done at the genus level to standardize the taxonomic level of analysis, as some closely
related tree species could not be differentiated in the field.

3. Results

A total of 6 328 388 sequences were retrieved from 261 hawfinch faecal samples, while 193 610 sequences
were detected within negative controls. A total of 202849 unique sequences were removed due to



Table 1. The FOO expressed as a percentage (%F00) of tree genera represented in 261 hawfinch faecal samples across the UK n
that tested positive for herbivorous dietary items.

percentage of samples testing positive for herbivorous taxa (%F00)

genus all (n=261) north Wales (n = 108) Wye Valley (n = 134) New Forest (n=19)

Ulmus 165 37 2.1 0
B e et
e i

Prunus 38 78 24 0
S et
i s R o
T
L i

Betula 1.1 57 52 263
S e
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contamination, tag-jumping and poor-quality sequences or reads likely to be a result of degradation.
Dietary items most frequently detected in hawfinch diet were beech, hornbeam and oak, with FOO
for all genera included in table 1. Dietary differences between hawfinch populations were visualized
in figure 1.

Tree count data revealed a total of 27 tree genera across the three study sites. The most frequently
recorded (number of recorded counts in brackets) were hazel (Corylus) (493), birch (Betula) (455) and
oak (450). In north Wales, birch (78), ash (Fraxinus) (47) and oak (44) were the most recorded tree
genera. The Wye Valley was dominated by ash (57), beech (55) and hazel (46), while the genera most
frequently recorded within the New Forest were beech (7), holly (llex) (4) and oak (3). The adonis
results revealed a significant difference in tree species composition between study area landscapes
(R*=0.75, p=0.01).

From a total of 261 hawfinch faecal samples, the resource selection model revealed that hawfinch
showed feeding selectivity and avoidances (figure 2; electronic supplementary material, figure S2).
Analysis of hawfinch populations at a national scale revealed selectivity for six genera: beech, cherry,
elm, hornbeam, maples (Acer) and oak. Hawfinch was shown to avoid seven genera: ash, birch,
chestnut (Castanea), fir, hazel, lime (Tilia) and rowan (Sorbus).

Analysis of feeding preferences from 108 hawfinch faecal samples in north Wales showed feeding
selectivity for four genera: beech, cherry, hornbeam and yew (Taxus). Six genera were consumed less
frequently than expected: ash, birch, elm, fir, hazel and rowan. Analysis of 134 faecal samples within
the Wye Valley revealed selectivity for five genera: beech, elm, maples, oak and yew. Significantly
weaker interactions than expected were revealed for ash, fir, hazel and lime. Conversely, 19 hawfinch
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Figure 1. Spider plot showing dietary differences in herbivorous taxa consumed by hawfinch across the three sampling areas.
Smaller nodes represent individual hawfinch with connecting lines joining the individual to the mean centroid (larger nodes) of

its region. Stress =0.12.
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Figure 2. Dietary selectivity of hawfinches at a UK scale. Horizontal lines represent 95% confidence intervals for predicted FOO
generated by the null model (the number of samples in which taxa would be present if consumed in proportion to their
availability). White circles indicate tree genera eaten in proportion to their availability (i.e. falling within the 95% confidence
interval); blue circles: genera eaten in lower proportions than expected; orange circles: genera eaten at a greater proportion
than expected.
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faecal samples analysed from the New Forest showed significant dietary selectivity towards oak and did
not show significant dietary avoidance for any genus.

4. Discussion

Hawfinches were found to strongly select for feeding on cherry at both national and landscape scales,
which has previously been highlighted as a frequently used key food resource [44]. This selectivity
may be due to the high nutritional value of cherry, or that hawfinch can handle cherry efficiently,
giving a high energy reward per handling time [54]. The selectivity shown may also be consistent
with optimal foraging theory, which suggests that when food is abundant, individuals are likely to be
choosy and will select higher quality food [55]. Hawfinch is generally considered a habitat specialist;
however, dietary composition and selectivity were shown to vary between sites at a relatively local
geographical scale with similar foraging environments, as has been seen in the Daubenton’s bat
(Myotis daubentonii) [31,41]. Thus, hawfinch may show local adaptions to efficiently use certain tree
genera in order to reduce the cost of associated foraging [31]. These results, combined with a priori
knowledge, highlight the potential importance of certain tree genera in hawfinch persistence within
their core habitat of mature semi-natural woodland [41]. Hawfinch may also be selectively feeding on
cherry due to their morphological adaptations of having a large, powerful bill, permitting them to
crack cherry stones, a food resource unavailable to many other bird species. Significant relationships
between beak morphology and feeding ecology have been found in Darwin’s finches, great tit (Parus
major), shorebirds and raptors [56-58]. Local conditions can also result in morphological adaptations
within a species, for example in birds, food type and feeding behaviour are strongly linked to bill
shape and size [59,60]. This morphological adaptation and foraging specialization may allow
hawfinch to coexist with other avian species within the same habitat (in this case broad-leaved
woodlands) through niche-partitioning, therefore avoiding competitive exclusion [61].

Key food resources identified through DNA metabarcoding such as elm and hornbeam were also
shown to be strongly selected for, strengthening the hypotheses in earlier studies that these tree
species act as regularly used food resources [44,62]. The impact of Dutch elm disease which resulted
in the estimated loss of 20 million elm trees in the UK [63] may have induced hawfinch to seek out
and hence feed preferentially on elm trees that remain, especially if the loss of this resource may
reduce hawfinches’ ability to retain a suitable breeding condition [41]. EIm may be providing food
resources such as buds and flowers during early spring, when availability of other resources is low [41].

Hawfinch showed dietary avoidance of ash. This genus has increased in abundance within broad-
leaved woodland since the 1940s, making up 13.1% of total broad-leaved area in 2002 [64]. Ash has
not been highlighted as a frequently used food resource [44], and the avoidance shown may be due to
other more rewarding food resources (such as cherry) being available. Furthermore, ash seeds are
known to contain phenolic compounds which may limit their consumption by hawfinch [65].
Throughout much of the UK ash trees are dying from ash dieback disease (Hymenoscyphus fraxineus)
[66]. Although these trees form a major component of UK forests, our data suggest the loss of ash
trees may not affect hawfinches. Hazel was also shown to be avoided by hawfinch, and this result
supplements previous observational data showing hawfinch do not use hazel as a food resource
[44,62]. Hazel is an understorey shrub species, and while hawfinch requires a complex understorey for
persistence within woodland, they are not known to feed within the understorey layer [67]. Feeding
occurs on the ground and in the canopy [44,62]. Additionally, the seeds of hazel are large, and as a
result, the only avian species able to handle them are greater spotted woodpecker (Dendrocopos major)
and nuthatch (Sitta europaea), due to their feeding behaviour of ‘hammering’ open the seed [68].

The dietary avoidance shown by hawfinch seen in this study may also be due to the presence of
secondary compounds within certain dietary items [69]. The presence of toxic secondary compounds
can decrease the value of the food resource [54,70]. Food which contains high levels of toxins is often
less preferred and of lower quality, and generalist species will forage on a preferred higher quality
food resource, incorporating the lower quality food into the diet only when the preferred food choice
falls below a certain threshold [71]. The impacts of secondary compounds may be dependent on the
amount consumed, rather than their concentration [72]. For example, bullfinches (Pyrrhula pyrrhula)
are known to reject seeds containing high levels of phenols [65]. This study revealed rowan, known to
contain secondary compounds [73], was strongly avoided by hawfinch based on its relative
abundance. It is possible that the concentrations of toxins within rowan limit consumption, therefore
when this toxin capacity is exceeded hawfinch switch to a different food resource.
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It is important to take into consideration that seasonal diet expansion or switching may occur. This may [ 8 |
be due to physiological processes such as gut modulation through the alteration of digestive physiology,
allowing more efficient nutrient uptake [74]. Birds may switch or expand their dietary niche breadth in
relation to increasing nutrient requirements for migration or breeding [75,76], or as a result of declining
food availability [77]. The results from this study are only a temporal snapshot, and while focused
within the spring and summer months, it can be assumed that during this sampling period hawfinch
would have differing nutrient and energetic requirements than in autumn and winter. To capture a
comprehensive temporal picture of hawfinch dietary selectivity, tree abundance and dietary data should
be collected throughout the year. It is also important to consider the impact of masting, the synchronized
occurrence of mass seed production within forests [78]. As the woodlands were largely managed for
timber, large trees (greater than 1 m diameter) likely to have disproportionate food supply during
flowering, or years of high seed set, were rare in our study areas. While these large trees could attract
disproportionate numbers of hawfinches, it was not possible to look at these effects with our data.

While the methodology used in this study provides a broad overview of hawfinch dietary selection,
there are limitations to this approach which should be considered. The detection of species abundance
and distribution is frequently imperfect within ecological studies [79], due mainly to observer error or
rarity of species [80,81]. While many tree surveys were undertaken, complete surveys of the
woodlands were not possible due to the time needed to accomplish this. From the taxa shown to be
selected for by hawfinch, only oak and beech were frequently encountered (450 and 399 counts,
respectively). Cherry (41), elm (92), hornbeam (38) and maples (150) were scarce. Highly selected-for
tree genera seen in this study may be a result of low measured abundance from the tree surveys,
potentially due to the patchy distribution of certain tree genera within woodlands. This may result in
skewed estimates of overall tree richness and abundance. Nonetheless, without the application of
remote sensing data such as hyperspectral reflectance data, on-the-ground field quadrats were the
most appropriate and effective sampling methodology available to quantify tree genera abundance.

DNA metabarcoding is unable to accurately provide biomass measurements of dietary taxa [15,18].
At best, a semi-quantitative prediction of biomass consumed can be analysed from calculating the
number of samples which contain a given food item (FOO), or from calculating the relative
frequencies of sequence reads, coined relative read abundance (RRA) [15]. The RRA methodology is
based upon the assumption that the number of sequences generated for a particular dietary taxon is
proportional to the relative biomass of the dietary taxon consumed [82,83]. This method is not
without caveats, as a recent meta-analysis by Lamb et al. [18] showed RRA and ingested food biomass
showed a positive correlation in some model systems [32,84], but the same relationship was not found
in others [85-87]. Taking these caveats into consideration, RRA methodology is not yet suitable for
dietary quantification of highly generalist species such as hawfinch, which have the potential to
consume a high number of different species. The use of FOO as a measure of importance can,
however, conceal the true biological importance to the consumer [15]. This is due to all taxa given
equal weight independent of the volume consumed, resulting in the importance of food taxa taken
frequently in small amounts being artificially inflated within the dataset [15].

To conclude, hawfinch populations in the UK show dietary selectivity for resources previously
observed to be highly used [44] and frequently occurring within their diet. This may be due to the net
energy benefit gained by hawfinch from consuming these resources, the presence of secondary
compounds which limits consumption of certain resources, or the seasonal switching of diet to match
changing nutritional requirements. Whether the dietary selection found within this study directly
translates to dietary importance is determined by the tree tissue type consumed and its nutritional
value. While this was not investigated in this study, it is encouraged for future research. Having
nutritional information will further knowledge regarding how sensitive hawfinch is to environmental
changes, such as climate change or changes in woodland composition, factors which have been
investigated as possible drivers of woodland bird decline [88].

The combined use of DNA metabarcoding and tree composition data in this study has enabled the
feeding selectivity of hawfinch to be analysed for the first time. The combination of in-depth dietary
data using molecular methodologies and knowledge of feeding selection can result in more in-depth
analyses of woodland bird species diets and trophic interactions, leading to improved understanding
of how woodland bird species are interacting within their environment. This has the potential to
enhance understanding of the drivers behind the decline of woodland bird species.
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Ethics. All hawfinches were caught and fitted with a metal identification ring by professional bird ringers operating
under British Trust for Ornithology approved ringing licences.



Data accessibility. The data and code that support the findings of this study are openly available from the Dryad Digital
Repository: https://doi.org/10.5061/dryad. h9wOvt4nh [89].

The data are provided in the electronic supplementary material [90].
Authors’ contributions. E.H.S.: formal analysis, writing—original draft and writing—review and editing; P.B.:
conceptualization, funding acquisition and supervision; W.K.: conceptualization, data curation, methodology and
writing—review and editing; I.P.V.: conceptualization, resources, software, supervision and writing—review and
editing; W.O.C.S.: conceptualization, supervision and writing—review and editing; P.O.: conceptualization,
supervision and writing—review and editing.

All authors gave final approval for publication and agreed to be held accountable for the work performed therein.
Conflict of interest declaration. We declare we have no competing interests.
Funding. EH.S. was supported by a NERC GW4+ Doctoral Training Partnership studentship from the Natural
Environment Research Council (grant no. NE/L002434/1) and additional funding from the Royal Society for the
Protection of Birds (grant no. 210-x-1656). For the purpose of open access, the author has applied a CC BY public
copyright licence (where permitted by UKRI, ‘Open Government Licence’ or ‘CC BY-ND public copyright licence’
may be stated instead) to any Author Accepted Manuscript version arising.
Acknowledgements. The authors thank the RSPB fieldwork team for support in collecting tree survey data.

References

Lopes (M et al. 2015 DNA metabarcoding diet 10.  Zalewski A, Szymura M, Kowalczyk R, Brzeziriski 20.  Shutt JD, Nicholls JA, Trivedi UH, Burgess MD,
analysis for species with parapatric vs sympatric M. 2021 Low individual diet variation and high Stone GN, Hadfield JD, Phillimore AB. 2020
distribution: a case study on subterranean trophic niche overlap between the native Gradients in richness and turnover of a forest
rodents. Heredity 114, 525-536. (doi:10.1038/ polecat and invasive American mink. J. Zool. passerine’s diet prior to breeding: a mixed
hdy.2014.109) 314, 151-161. (doi:10.1111/jz0.12871) model approach applied to faecal

Valentini A et al. 2009 New perspectives in diet 11. Davies SR, Vaughan IP, Thomas RJ, Drake LE, metabarcoding data. Mol. Ecol. 29, 1199-1213.
analysis based on DNA barcoding and parallel Marchbank A, Symondson WOC. 2022 Seasonal (doi:10.1111/mec.15394)

pyrosequencing: the trnL approach. Mol. Ecol. and ontological variation in diet and age- 21. Mitchell LJ, Horsburgh GJ, Dawson DA, Maher
Resour. 9, 51-60. (doi:10.1111/j.1755-0998. related differences in prey choice, by an KH, Arnold KE. 2021 Metabarcoding reveals
2008.02352.x) insectivorous songbird. Ecol. Evol. 12, e9180. selective dietary responses to environmental
Pompanon F, Deagle BE, Symondson WOC, (doi:10.1002/ece3.9180) availability in the diet of a nocturnal, aerial
Brown DS, Jarman SN, Taberlet P. 2012 Who is 12. Alberdi A, Aizpurua 0, Bohmann K, insectivore, the European Nightjar (Caprimulgus
eating what: diet assessment using next Gopalakrishnan S, Lynggaard C, Nielsen M, europaeus). Ibis (Lond. 1859) 164, 60-73.
generation sequencing. Mol. Ecol. 21, Gilbert MT. 2017 Promises and pitfalls of using (doi:10.1111/ibi.13010)

1931-1950. (doi:10.1111/1.1365-294X.2011. high-throughput sequencing for diet analysis. 22.  Da Silva LP, Mata VA, Lopes PB, Pereira P,
05403.x) Mol. Ecol. Resour. 98, 1423-1428. Jarman SN, Lopes RJ, Beja P. 2019 Advancing
Bohm SM, Kalko EKV. 2009 Patterns of resource 13, Cuff JP et al. 2021 Money spider dietary choice the integration of multi-marker metabarcoding
use in an assemblage of birds in the canopy of in pre- and post-harvest cereal crops using data in dietary analysis of trophic generalists.
a temperate alluvial forest. J. Omithol. 150, metabarcoding. Ecol. Entomol. 46, 249-261. Mol. Ecol. Resour. 19, 1420-1432. (d0i:10.1111/
799-814. (doi:10.1007/510336-009-0401-7) (doi:10.1111/een.12957) 1755-0998.13060)

Davison M, Jones M. 1997 Residence time in 14.  (zenze Z) et al. 2018 Spatiotemporal and 23, Tu HM, Fan MW, Ko JCJ. 2020 Different
concurrent foraging with fixed times to prey demographic variation in the diet of New habitat types affect bird richness and evenness.
arrival. J. Exp. Anal. Behav. 67, 161-179. Zealand lesser short-tailed bats (Mystacina Sci. Rep. 10, 1221. (doi:10.1038/541598-020-
(doi:10.1901/jeab.1997.67-161) tuberculata). Ecol. Evol. 8, 7599-7610. (doi:10. 58202-4)

Bolnick DI, Svanbdck R, Fordyce JA, Yang LH, 1002/ece3.4268) 24. Van Den Bosch M, Baert JM, Miiller W, Lens L,
Davis JM, Hulsey (D, Forister ML. 2003 The 15.  Deagle BE et al. 2019 Counting with DNA in Stienen EWM. 2019 Specialization reduces
ecology of individuals: incidence and metabarcoding studies: how should we convert foraging effort and improves breeding
implications of individual specialization. Am. sequence reads to dietary data? Mol. Ecol. 28, performance in a generalist bird. Behav. Ecol.
Nat. 161, 1-28. (doi:10.1086/343878) 391-406. (doi:10.1111/mec.14734) 30, 792-800. (doi:10.1093/beheco/arz016)
Carrillo CM, Moreno E, Valera F, Barbosa A. 2007 16.  Nergaard L et al. 2021 eDNA metabarcoding for 25. Svanback R, Bolnick DI. 2007 Intraspecific
Seed selection by the trumpeter finch, biodiversity assessment, generalist predators as competition drives increased resource use
Bucanetes githagineus. What currency does this sampling assistants. Sci. Rep. 11, 6820. (doi:10. diversity within a natural population.

arid-land species value? Ann. Zool. Fennici 44, 1038/541598-021-85488-9) Proc. R. Soc. B 274, 839-844. (d0i:10.1098/
377-386. 17. Moorhouse-Gann RJ et al. 2022 Impacts of rspb.2006.0198)

Thompson KA, Newmaster SG. 2014 Molecular herbivory by ecological replacements on an 26.  Dall SRX, Bell AM, Bolnick DI, Ratnieks FLW.
taxonomic tools provide more accurate island ecosystem. J. Appl. Ecol. 59, 2245-2261. 2012 An evolutionary ecology of individual
estimates of species richness at less cost than (doi:10.1111/1365-2664.14096) differences. Ecol. Lett. 15, 1189-1198. (doi:10.
traditional morphology-based taxonomic 18.  Lamb PD, Hunter E, Pinnegar JK, Creer S, Davies 1111/j.1461-0248.2012.01846.x)

practices in a vegetation survey. Biodivers. RG, Taylor MI. 2019 How quantitative is 27. Van De Pol M, Brouwer L, Ens BJ, Qosterbeek K,
Conserv. 23, 1411-1424. (d0i:10.1007/510531- metabarcoding: a meta-analytical approach. Tinbergen JM. 2010 Fluctuating selection and
014-0672-2) Mol. Ecol. 28, 420-430. (doi:10.1111/mec. the maintenance of individual and sex-specific
Evens R et al. 2020 DNA diet profiles with high- 14920) diet specialization in free-living oystercatchers.
resolution animal tracking data reveal levels of 19.  Waap S et al. 2017 The diet of a nocturnal Evolution 64, 836-851. (doi:10.1111/j.1558-
prey selection relative to habitat choice in a pelagic predator, the Bulwer’s petrel, across the 5646.2009.00859.x)

crepuscular insectivorous bird. Ecol. Evol. 10, lunar cycle. Sci. Rep. 7, 1384. (doi:10.1038/ 28.  Sheppard CE et al. 2018 Intragroup competition

13 044-13 056. (doi:10.1002/ece3.6893)

541598-017-01312-3)

predicts individual foraging specialisation in a

951067 ‘0L s tadp 205y sosyjeumol/biobunsyqndfaanosiedor g



29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

M.

4.

group-living mammal. Fcol. Lett. 21, 665-673.
(doi:10.1111/ele.12933)

Macarthur RH, Pianka ER. 1966 On optimal use
of a patchy environment. Am. Nat. 100,
603—609. (doi:10.1086/282454)

Singer MS, Bernays EA. 2003 Understanding
omnivory needs a behavioral perpesctive.
Ecology 84, 2532-2537. (d0i:10.1890/02-0397)
Vesterinen EJ et al. 2016 What you need is what
you eat? Prey selection by the bat Myotis
daubentonii. Mol. Ecol. 25, 1581-1594. (doi:10.
1111/mec.13564)

Kartzinel TR, Chen PA, Coverdale TC, Erickson
DL, Kress WJ, Kuzmina ML, Rubenstein DI,
Wang W, Pringle RM. 2015 DNA metabarcoding
illuminates dietary niche partitioning by African
large herbivores. Proc. Nat/ Acad. Sci. USA 112,
8019-8024. (doi:10.1073/pnas.1503283112)
Smith JA, Thomas AC, Levi T, Wang Y, Wilmers
(C. 2018 Human activity reduces niche
partitioning among three widespread
mesocarnivores. Oikos 127, 890-901. (doi:10.
1111/0ik.04592)

Sasakawa K. 2009 Effects of maternal diet on
fecundity and larval development in the
‘primitive’ granivorous carabid Amara
(Curtonotus) macronota. Entomol. Exp. Appl.
130, 106—112. (doi:10.1111/.1570-7458.2008.
00799.x)

Bolser JA, Alan RR, Smith AD, Li L, Seeram NP,
McWilliams SR. 2013 Birds select fruits

with more anthocyanins and phenolic
compounds during autumn migration.

Wilson J. Ornithol. 125, 197-108. (doi:10.1676/
12-057.1)

Wheelwright NT. 1988 Seasonal changes in food
preferences of American robins in captivity. Auk
105, 374-378. (https://www.jstor.org/stable/
4087507)

Wilson AL, Downs CT. 2011 Food preferences of
Knysna and purple-crested turacos fed varying
concentrations of equicaloric and equimolar
artificial fruit. J. Exp. Biol. 214, 613-618.
(doi:10.1242/jeb.047217)

Johnson DH. 1980 The comparison of usage and
availability measurements for evaluating
resource preference. Ecology 61, 65—71. (doi:10.
2307/1937156)

Smith AD, Mcwilliams SR. 2014 Fruit removal
rate depends on neighborhood fruit density,
frugivore abundance, and spatial context.
Oecologia 174, 931-942. (doi:10.1007/500442-
013-2834-1)

Rojas TN, Bruzzone OA, Zampini IC, Isla MI,
Blendinger PG. 2021 A combination of rules
govern fruit trait preference by frugivorous bat
and bird species: nutrients, defence and size.
Anim. Behav. 176, 111-123. (doi:10.1016/j.
anbehav.2021.04.001)

Kirby WB, Bellamy PE, Stanbury AJ, Bladon AJ,
Grice PV, Gillings S. 2015 Breeding season
habitat associations and population declines of
British Hawfinches Coccothraustes
coccothraustes. Bird Study 62, 348-357. (doi:10.
1080/00063657.2015.1046368)

Balmer DE, Gillings S, Caffrey BJ, Swann RL,
Downie IS, Fuller R). 2013 Bird atlas 2007-11:
the breeding and wintering birds of Britain and
Ireland. Thetford, UK: BTO Books.

43.

4.

47.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Kirby WB, Stanbury AJ, Lewis J, Smith DL, Cross
AV, Grice PV, Bellamy PE. 2018 Nest survival,
causes of failure and productivity of British
Hawfinches Coccothraustes coccothraustes. Bird
Study 65, 279-289. (doi:10.1080/00063657.
2018.1506424)

Mountford G. 1957 The Hawfinch. London, UK:
Collins.

Clements R. 2013 A UK population estimate for
the Hawfinch. Br. Birds 106, 43—44.
Moorhouse-Gann RJ, Dunn JC, De Vere N, Goder
M, Cole N, Hipperson H, Symondson WO. 2018
New universal ITS2 primers for high-resolution
herbivory analyses using DNA metabarcoding in
both tropical and temperate zones. Sci. Rep. 8,
1-5.

Drake LE, Cuff JP, Young RE, Marchbank A,
Chadwick EA, Symondson WOC. 2021 An
assessment of minimum sequence copy
thresholds for identifying and reducing the
prevalence of artefacts in dietary metabarcoding
data. Methods Ecol. Evol. 13, 694—710. (doi:10.
1111/2041-210X.13780)

Ankenbrand MJ, Keller A, Wolf M, Forster F.
2015 1TS2 Database V: twice as much. Mol. Biol.
Evol. 32, 3030-3032. (doi:10.1093/molbev/
msv174)

Banchi E, Ametrano (G, Greco S, Stankovic¢ D,
Muggia L, Pallavicini A. 2020 PLANITS: a curated
sequence reference dataset for plant ITS DNA
metabarcoding. Database 2020, pp. 25-42.
(doi:10.1093/database/haz155)

Oksanen J et al. 2019 vegan: Community
Ecology Package. R package version 2.5-6. See
https://cran.microsoft.com/snapshot/2020-04-
03/web/packages/vegan/index.html.

R Core Team. 2020 R: a language and
environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing.
See https://www.r-project.org

Wickham H. 2016 Ggplot2: elegant graphics for
data analysis. New York, NY: Springer.
Vaughan IP et al. 2018 econullnetr: an R
package using null models to analyse the
structure of ecological networks and identify
resource selection. Methods Ecol. Evol. 9,
728-733. (doi:10.1111/2041-210X.12907)
Molokwu MN, Nilsson JA, Olsson 0. 2011

Diet selection in birds: trade-off between
energetic content and digestibility of seeds.
Behav. Ecol. 22, 639-647. (doi:10.1093/beheco/
arr025)

Pyke GH, Pulliam HR, Charnov EL. 1977 Optimal
foraging: a selective review of theory and
tests. Q. Rev. Biol. 52, 137-154. (doi:10.1086/
409852)

Gosler G. 1987 Pattern and process in the bill
morphology of the Great Tit Parus major. Ibis
(Lond. 1859) 129, 451-476. (doi:10.1111/j.
1474-919X.1987.th08234.x)

Barbosa A, Moreno E. 1999 Evolution of
foraging strategies in shorebirds: an
ecomorphological approach. Auk 116, 712-725.
(doi:10.2307/4089332)

Bright JA, Marugan-Lobédn J, Cobb SN, Rayfield
E). 2016 The shapes of bird beaks are highly
controlled by nondietary factors. Proc. Natl
Acad. Sci. USA 113, 5352. (doi:10.1073/pnas.
1602683113)

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

Remsen J. 2003 The ‘Coerebidae”: a polyphyletic m

taxon that dramatizes historical over-emphasis
on bill shape as a taxonomic character. J. Avian
Biol. 34, 321-323. (doi:10.1111/j.0908-8857.
2003.03313.x)

Garcia Anton A, Garza V, Traba J. 2018 Climate,
isolation and intraspecific competition affect
morphological traits in an endangered steppe
bird, the Dupont’s Lark Chersophilus duponti.
Bird Study 65, 373-384. (doi:10.1080/
00063657.2018.1504875)

Mansor MS, Rozali FZ, Davies S, Nor SM, Ramli
R. 2021 High-throughput sequencing reveals
dietary segregation in Malaysian babblers. Curr.
Zool. 68, 381-389. (doi:10.1093/cz/z0ab074)
Newton 1. 1967 The adaptive radiation and
feeding ecology of some British finches. /bis
(Lond. 1859) 109, 33-96. (doi:10.1111/j.1474-
919X.1967.tb00005.x)

Gibbs J, Brasier C, Webber J. 1994 Dutch elm
disease In Britain. Forestry Authority Research
Division. See https://www.planthealthcentre.
scot/sites/www.planthealthcentre.scot/files/
inline-files/RIN252.pdf.

Hopkins JJ, Kirby KJ. 2007 Ecological change in
British broadleaved woodland since 1947. Ibis
(Lond. 1859) 149, 29-40. (doi:10.1111/j.1474-
919X.2007.00703.x)

Greig-Smith PW, Wilson MF. 1985 Influences of
seed size, nutrient composition and phenolic
content on the preferences of bullfinches
feeding in ash trees. Oikos 44, 47-54.
Mitchell RJ et al. 2014 Ash dieback in the UK: a
review of the ecological and conservation
implications and potential management
options. Biol. Conserv. 175, 95-109. (doi:10.
1016/j.biocon.2014.04.019)

Perea R, Venturas M, Gil L. 2014 Seed predation
on the ground or in the tree? Size-related
differences in behavior and ecology of
granivorous birds. Acta Ornithol. 49, 119-130.
Laborde J, Thompson K. 2009 Post-dispersal
fate of hazel (Corylus avellana) nuts and
consequences for the management and
conservation of scrub-grassland mosaics. Biol.
Conserv. 142, 974-981. (doi:10.1016/j.biocon.
2009.01.024)

Rios JM, Mangione A, Marone L. 2012 Effects of
nutritional and anti-nutritional properties of
seeds on the feeding ecology of seed-eating
birds of the Monte Desert, Argentina.

Condor 114, 44-55. (doi:10.1525/cond.2012.
110043)

Diaz M. 1996 Food choice by seed-eating birds
in relation to seed chemistry. Comp. Biochem.
Physiol. A Physiol. 113, 239-246. (doi:10.1016/
0300-9629(95)02093-4)

Hochman V, Kotler B. 2006 Effects of food
quality, diet preference and water on patch use
by Nubian ibex. Oikos 112, 547-554. (doi:10.
1111/j.0030-1299.2006.14214.x)

Dearing MD, Foley WJ, Mclean S. 2005 The
influence of plant secondary metabolites on the
nutritional ecology of herbivorous terrestrial
vertebrates. Annu. Rev. Ecol. Evol. Syst. 36,
169-189. (doi:10.1146/annurev.ecolsys.36.
102003.152617)

Bobinaité R, Grootaert C, Van Camp J, Sarkinas
A, Liaudanskas M, Zvikas V, Viskelis P,

*sos1/Jeunof/610Guiysgnd/aposjedos

9510€7 0L S uadp 20§ Y



74.

75.

76.

71.

78.

Venskutonis PR. 2020 Chemical composition,
antioxidant, antimicrobial and antiproliferative
activities of the extracts isolated from the
pomace of rowanberry (Sorbus aucuparia L.).
Food Res. Int. 136, 109310. (doi:10.1016/j.
foodres.2020.109310)

Whelan J, Brown JS, Moll J. 2007 The
evolution of gut modulation and diet
specialization as a consumer-resource game. In
Advances in dynamic game theory: numerical
methods, algorithms, and applications to ecology
and economics (eds S Jorgensen, M
Quincampoix, TL Vincent), p. 377-390. Boston,
MA: Birkhauser.

Mcwilliams SR, Kearney SB, Karasov WH. 2002
Diet preferences of warblers for specific fatty
acids in relation to nutritional requirements and
digestive capabilities. J. Avian Biol. 33,
167-174. (doi:10.1034/j.1600-048X.2002.
330207.x)

Lahti DC. 2003 Cactus fruits may facilitate
village weaver Ploceus cucullatus breeding in
atypical habitat on Hispaniola. Wilson Bull. 115,
487-489. (doi:10.1676/03-016)

Dostine PL, Franklin DC. 2002 A comparison of
the diet of three finch species in the Yinberrie
Hills area, Northern Territory. Emu Austral
Ornithol. 102, 159-164. (doi:10.1071/
MU01034)

Nussbaumer A et al. 2021 Contrasting resource
dynamics in mast years for European beech and
oak—a continental scale analysis. Front. Forests

79.

80.

81.

82.

83.

84.

Global Change 12, 689836. (doi:10.3389/ffgc.
2021.689836)

Kellner KF, Swihart RK. 2014 Accounting for
imperfect detection in ecology: a quantitative
review. PLoS ONE 9, €111436. (doi:10.1371/
journal.pone.0111436)

Dettmers R, Buehler DA, Bartlett JG, Klaus NA.
1999 Influence of point count length and
repeated visits on habitat model performance.
J. Wildl. Manage 63, 815-823. (doi:10.2307/
3802794)

Gu W, Swihart RK. 2004 Absent or undetected?
Effects of non-detection of species occurrence
on wildlife—habitat models. Biol. Conserv.
116, 195-203.(doi:10.1016/S0006-
3207(03)00190-3)

Deagle B, Chiaradia A, Mcinnes J, Jarman S.
2010 Pyrosequencing faecal DNA to determine
diet of little penguins: is what goes in what
comes out? Conserv. Genet. 11, 2039—2048.
(doi:10.1007/510592-010-0096-6)

Neby M, Kamenova S, Devineau 0, Ims RA,
Soininen EM. 2021 Issues of under-
representation in quantitative DNA
metabarcoding weaken the inference about diet
of the tundra vole Microtus oeconomus. Peer) 9,
€11936. (doi:10.7717/peerj.11936)

Nichols RV, Akesson M, Kjellander P. 2016 Diet
assessment based on rumen contents: a
comparison between DNA metabarcoding and
macroscopy. PLoS ONE 11, €0157977. (doi:10.
1371/journal.pone.0157977)

86.

87.

88.

89.

90.

Deagle BE, Thomas AC, Shaffer AK, Trites AW, n

Jarman SN. 2013 Quantifying sequence
proportions in a DNA-based diet study using lon
Torrent amplicon sequencing: which counts
count? Mol. Ecol. Resour. 13, 620-633. (doi:10.
1111/1755-0998.12103)

Elbrecht V, Peinert B, Leese F. 2017 Sorting
things out: assessing effects of unequal
specimen biomass on DNA metabarcoding. Ecol.
Evol. 7, 6918-6926. (doi:10.1002/ece3.3192)
Pifiol J, Senar MA, Symondson WOC. 2018 The
choice of universal primers and the characteristics
of the species mixture determine when DNA
metabarcoding can be quantitative. Mol. Ecol. 28,
407-419. (doi:10.1111/mec.14776)

Fuller RJ, Noble DG, Smith KW, Vanhinshergh D.
2005 Recent declines in populations of
woodland birds in Britain: a review of possible
causes. Br. Birds 98, 116—-143.

Stenhouse EH, Bellamy P, Kirby W, Vaughan IP,
Symondson WOC, Orozco-Terwengel P. 2023
Data from: Herbivorous dietary selection
shown by hawfinch (Coccothraustes
coccothraustes) within mixed woodland
habitats. Dryad Digital Repository. (doi:10.5061/
dryad.h9wOvt4nh)

Stenhouse EH, Bellamy P, Kirby W, Vaughan IP,
Symondson WOC, Orozco-Terwengel P. 2023
Herbivorous dietary selection shown by
hawfinch (Coccothraustes coccothraustes) within
mixed woodland habitats. Figshare. (doi:10.
6084/m9figshare.22765172)

*sos1/Jeunof/610Guiysgnd/aposjedos

9510€7 0L S uadp 20§ Y



	Herbivorous dietary selection shown by hawfinch (Coccothraustes coccothraustes) within mixed woodland habitats
	Introduction
	Materials and methods
	Study areas
	Collection of hawfinch faecal samples
	DNA extraction and sequencing
	Tree surveys
	Statistical analysis

	Results
	Discussion
	Ethics
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


