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Simple Summary: In everchanging landscapes with intense land use for agriculture, forestry and
settlements, songbirds need to adapt their feeding and breeding behaviour according to changing
habitats and food supplies. Blue and Great Tits occur in various habitats from forest to park-like sites
and strongly rely on caterpillars to feed their offspring. Using genetic analyses of Blue and Great Tit
droppings, we compared the diet composition of nestlings among forest, urban parks, and meadows
with scattered fruit trees (traditional orchards). Additionally, we compared the food availability in
the trees of each habitat to the respective nestling diets. Both bird species showed a diverse diet
dominated by butterflies in all habitats. Moth components in the diet were most similar between
forest and orchard sites, while components of other insect-like prey were most similar between
orchard and urban sites. Both bird species especially selected three major moth families at all sites
and alongside two families of sawflies in the orchard and forest sites. Our results on nestling diet and
prey preferences provide further insights in the feeding behaviours of Blue and Great Tits among
changing anthropogenic landscapes. Moreover, our genetic approach using bird droppings provides
a baseline to support insect monitoring.

Abstract: Increasing landscape transformations and urbanisation affect insectivorous bird populations
in various ways such as food availability, breeding phenology, or reproductive success. Especially
during the breeding season, many passerine birds rely on the availability of caterpillars as the
main prey for their nestlings. Previous studies suggested that similar diet preferences of sympatric
species may result in interspecific competition, as demonstrated for Blue and Great Tits in forest
habitats. However, nestling diet and prey preferences in other habitats are not fully understood. Prey
availability, especially caterpillars, is lower in cities than in forests, thus influencing prey choice and
interspecific competition. Here we used faecal DNA metabarcoding to investigate if nestling diet
composition of the two sympatric species Blue Cyanistes caeruleus and Great Tits Parus major varied
among species and different habitats (forest, traditional orchards, and urban parks). Furthermore, we
examined food availability by DNA barcoding of the arboreal arthropod communities among habitats
and compared them to the nestling diet to infer parental prey selectivity. The study was carried
out in central Germany from 2018 to 2019. Blue and Great Tits showed a diverse diet which was
dominated by Lepidoptera in all habitats. Lepidopteran diet components were most similar between
forest and orchard sites, as were the components with other arthropods between orchard and urban
sites. Both tit species showed selectivity for the lepidopteran families Geometridae and Tortricidae
in all habitats, and for Noctuidae (Lepidoptera), Tenthredinidae and Braconidae (Hymenoptera) in
forest and orchard sites. As the tits showed preferences for mainly families of Lepidoptera, and
Hymenoptera, our approach provides a baseline to support monitoring of these groups.
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1. Introduction

Intensified land use in agriculture and forestry are considered the main cause of global
change and biodiversity loss through the conversion of complex natural ecosystems to
simplified ecosystems [1,2]. Intense land use has caused declines in biodiversity through
the loss, modification, and fragmentation of habitats [3]. The reduction in plant species
richness that follows intensive agriculture results in changes in the community composition,
particularly among herbivorous insects and their natural predators [4].

In recent years, widespread declines in insect fauna have occurred around the world,
which could cause the extinction of 40% of the world’s insect species within a few
decades [5,6]. These declines were also apparent in Germany, where a decrease of 76%
in flying insect biomass in protected areas was observed between 1989 and 2016 [7]. In
grasslands and forests, arthropods declined markedly not only in abundance and number
of species, but also in overall biomass [6]. Recent research indicates that the main drivers
of terrestrial insect declines are consequences of agricultural intensification combined with
adversely synergistic factors like climate change and an increase in urbanisation, or bio-
logical factors like pathogens and introduced species [5,8]. While the recent worldwide
declines not only concern specialists, but also generalist and common insect species, it is
anticipated that the loss of insect diversity and abundance could provoke cascading effects
on food webs and threaten ecosystem services [5,7]. Most European birds feed on insects
and occasionally on other invertebrates, especially during the breeding season when they
feed their nestlings [9–11]. As a result, the decline in insects also affects insectivorous bird
guilds. Population trends in Germany showed that bird species that feed on small insects
and spiders are particularly affected by population declines, notably migratory species [10].
Across Europe, 13% of insectivorous birds declined in the period 1990–2015, which was
associated with agricultural intensification and loss of grassland habitat [11].

Increasing urbanisation has caused some wild bird species to adapt to urban habitats
and colonise both urban and natural habitats [12,13]. However, the ecological conditions
differ from their natural environments. Urban birds are challenged by fragmented habitats,
different tree species composition, human disturbance, altered microclimates and different
feeding conditions, in particular lower arthropod prey availability [12,14,15].

Great Tits Parus major and Blue Tits Cyanistes caeruleus are two species that breed in
both, natural and man-made habitats. Both tit species are common insectivorous passer-
ine birds of the Western Palearctic, which nest in cavities. They are suitable bird models
for long-term studies due to their propensity to breed in nest boxes [16–18]. Blue Tits
compete with Great Tits for breeding cavities and are suppressed by Great Tits when
cavity supply is scarce [17]. Apart from nesting sites, Blue and Great Tits also compete
for similar food resources [17,19,20]. Both species are almost entirely insectivorous dur-
ing the breeding season and feed their offspring mainly with Lepidopteran larvae and
Araneae [21–23]. Lepidoptera belong to the most important tree defoliating insects and
are often seen as pests when occurring in high densities [24,25]. Insectivorous predators
like tits serve as natural pest control while functioning as a stabilizing factor in endemic
insect densities [24,26]. Since tits have large broods, they need plentiful of food supplies
for their nestlings [27,28]. Both Great and Blue Tits are foliage-gleaners and forage mainly
on twigs, buds and leaves during breeding season [29,30]. While both tits prefer large
caterpillars, Blue Tits switch to smaller but more abundant caterpillars when competing for
food with Great Tits [31]. However, when caterpillar food supply is scarce, both species
feed their nestlings additionally with other arthropods. In this case, Great Tits feed their
nestlings also with Araneae or imagos of Lepidoptera and Diptera, while Blue Tits switch
to Araneae and Hemiptera [16,17]. Particularly in early nestling stages, tits feed Araneae
to their offspring [22,32,33]. Though both tit species compete for similar resources, they
continuously co-exist in various habitats.

Previous studies that observed differences in breeding success between forest and
urban sites linked the lower reproductive success in urban sites to lower prey availabil-
ity [34–36] (but see also [37]). To measure the availability of caterpillars in the field, frass
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drop counts using caterpillar faeces to estimate their biomass per leaf area following
Fischbacher et al. [38] have been used as a standard method [35,39]. Moreover, collect-
ing arthropods from trees or branches has been applied in several studies to assess prey
availability [22,38,40]. Common methods to study the diet of tit nestlings include cam-
era recordings [16] or collecting prey items directly from the chicks using neck-collars
to prevent them from swallowing [23,41,42]. The neck collar method was applied as a
standard method for many years [41]. But the method is rather invasive and according to
observations tit parents tend to remove larger prey from the gullet when it is prevented
from swallowing [32]. As neck collar samples and faecal samples can provide similar
results, faecal samples are more recommended as they are a less-invasive and easily ac-
cessible method [43]. Despite that, neck collar samples showed a lower detectability of,
e.g., Hymenoptera, than faecal samples [43]. When using camera recordings, most studies
determined prey items either to family or to order level while some items could not be
determined [44–46].

The emergence of next-generation sequencing and metabarcoding of faecal DNA
enables a non-invasive method for analysing the diet composition of generalist predators
on a fine taxonomic resolution [47–49]. In recent years, these molecular methods have been
broadly used to analyse the diet composition of various vertebrates like mammals [48,50,51],
fish [52] or birds [53–55]. Most recently, metabarcoding has been used to identify arthropod
prey of tits in Finnish mixed forest [56], in urban and forest sites [57] and in adults prior
to breeding [58]. Metabarcoding furthermore provides a method to analyse food webs by
examining available and consumed prey [56]. Moreover, it has been suggested, that the
faeces of generalist predators can serve as ‘biodiversity capsules’, as they may contain a
representative sample of the potential prey occurring in the foraging area [59]. In this study,
we analysed the bird–insect food webs of Blue and Great Tit nestlings in different habitats
to reflect parental foraging choices in response to differences in arthropod diversity and
abundance. Furthermore, we examined whether tits could serve as bio-diversity capsules to
monitor the arthropod diversity in their breeding habitats considering global insect decline.
To achieve this, we analysed faecal samples through metabarcoding and tested whether the
diet differs among habitats and between tit species. In particular, we studied the following
hypotheses: (1) the arthropod prey differs in diets of Blue and Great Tits; (2) the prey differs
among habitats (forest, orchards and urban sites), and (3) the diet composition in tit faecal
samples reflects the prey availability on trees.

2. Materials and Methods
2.1. Study Sites and Nest Boxes

We conducted this study over two consecutive breeding seasons (2018–2019) on nest-
box breeding tit populations in different habitats within and close to the city of Giessen
(Hesse, Germany; 50◦35′0′′ N, 8◦40′0′′ E; Figure 1). Giessen is in the centre of Hesse
along the course of the river Lahn, a geographical region of forested low mountain ranges
with a humid–temperate climate. The city covers an area of roughly 73 km2 with around
94,000 inhabitants and a population density of 1300/km2.

The nest boxes were installed in forest and urban habitats in 2013. The nest boxes
in the traditional orchards were added in 2014 and consist of four sites of extensively
managed meadows with scattered fruit trees (i.e., traditional orchard or ‘Streuobstwiesen’
habitats, hereafter called ‘orchard sites’). The subplots of the study sites varied in tree
density (see Figure S1); therefore, plots of the same habitat type were pooled to analyse
habitat differences. The forest sites, 20 hectares in total, are located 3.5 km south of
Giessen at the foot of the local mountain Schiffenberg in a forest matrix; and bisected by a
road. The sites consist of managed mixed deciduous forest dominated by Common Beech
Fagus sylvatica interspersed with scattered trees of Common Oak Quercus robur, Common
Hornbeam Carpinus betulus, Scots Pine Pinus silvestris, Cornish Oak Quercus petraea and
Silver Birch Betula pendula. The site includes scattered wet patches with small ponds and
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dense understory of young trees or shrubs like Common Hawthorn Crataegus monogyna or
Blackthorn Prunus spinosa.
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Figure 1. Study sites in urban (black), forest (green), and orchard (yellow) habitats around the city of
Giessen in central Hesse (Germany). For a distribution of the sample sizes among the study sites, see
Tables S1 and S2.

The orchard sites are located 7–14 km away from Giessen in a matrix between urban
periphery and arable land and within the districts of the neighbouring town of Pohlheim.
They cover a total area of 10 hectares dominated by cultivated forms of Apple Malus
domestica and in parts by Sweet and Sour Cherries Prunus avium and P. cerasus. Apple and
other fruit trees are interspersed with Common Plum Prunus x domestica, Common Walnut
Juglans regia and Horse-chestnut Aesculus hippocastanum. The grassland below the fruit
trees was extensively grazed by sheep, no pesticides were used. The edges of the managed
meadows are lined with small groups of hedges with shrubs like Common Hawthorn
or Blackthorn.

The urban habitats investigated in Giessen included the botanical garden of the
university (3.2 ha), an urban park formerly used as a cemetery (8.3 ha) and the university
campus of natural sciences (9.5 ha). These sites cover an area of 21 hectares in total and
are frequently used by passersby. The urban habitats are arranged as parks that include
local tree species like beech F. sylvatica spp., Common and Cornish Oak, Silver Birch, or
poplars Populus sp. and non-native tree species like London Plane Platanus x acerifolia,
or Northern Red Oak Quercus rubra. Trees are interspersed with groups of cultivated
shrubs like Forsythia x intermedia, Rhododendron sp. or Ilex aquifolium. The botanical garden
and the urban park have a variety of non-native coniferous and deciduous tree species.
Furthermore, the campus of natural sciences is the only urban habitat that also contains
cherry and apple trees. The botanical garden and the urban park are located in the centre of
the city, while smaller green spaces, tree groups and gardens create steppingstones within
the urban matrix. The university campus is located at the southern edge of the city in an
~380 m vicinity to the woodland and natural reserve Bergwerkswald. In addition, there are
further managed green spaces and an isolated patch of arable land on the eastern side of
the campus beyond an intersecting road.
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The weather during the two-year period was similar in April (incubation), with mean
temperatures of 12.4 ◦C (2018) and 10.1 ◦C (2019). This was 4 ◦C and 2 ◦C above the
long-term mean [60]. May (chick-rearing) temperatures had mean values of 16.0 ◦C (2018)
and 11.2 ◦C (2019). Thus, 2019 was warmer (4 ◦C), while 2018 was slightly colder (1 ◦C)
than the long-term mean. Precipitation was slightly below average, except in May 2019,
when 40% more precipitation than on average was registered [60].

2.2. Faeces Collection and DNA Extraction from Faeces

We inspected nest boxes at least once a week during the breeding season from 20
March until the last broods fledged in late June/early July to obtain parameters of breeding
phenology. Chicks were individually marked with aluminium rings and measured for
other study purposes. While taking measurements, we collected faecal samples mainly
from spontaneous defecation in the hand. The faeces of tit nestlings are excreted as a faecal
sac with a thin membrane layer that coats faeces and urine. In this study, we collected faecal
sacs of chicks aged 5–15 days during the breeding seasons in 2018 and 2019. Before and
after handling, the chicks were kept briefly in cloth bags to reduce stress levels. After the
handling of each nest, we checked for defecation in the cloth bags and collected potential
droppings as well. To avoid contaminations by previous defecations, we used a clean bag
for each nests. The faecal samples were immediately transferred to centrifuge tubes and
stored in a cooling bag with cold packs to prevent DNA degradation. After a maximum
of 3 h, the faecal samples were stored in a cold chamber at −20 ◦C until DNA extraction.
Analysed samples in this study were collected from the end of April until the beginning of
July, but mainly during May.

We extracted DNA from faecal samples using QIAamp® Fast DNA Stool Kit Mini
from Qiagen (Venlo, The Netherlands) according to a slightly adjusted extraction protocol.
Extracted DNA was eluted and stored in 50 µL Qiagen ATE buffer solution (Tris-CL
10 mM, EDTA 0.1 mM, NaN3 0.04%).

2.3. Primer Performance and Selection

We tested two arthropod-specific primers for metabarcoding with Illumina. Both
approaches designed primers to target short fragments of the mitochondrial cytochrome c
oxidase subunit 1 (CO1) barcode region for amplification of presumably degraded mtDNA
in faeces (see Table S3). Zeale et al. [48] used the primer set ZBJ-ArtF1c/ZBJ-ArtR2c
(hereafter ZBJ-Art) to determine arthropod prey in bats. Jusino et al. [61] employed a
new primer set LCO1490/CO1-CFMRa (hereafter ANML) but tested both primer sets
with Ion Torrent NGS technology. According to Jusino and colleagues [61], the ANML
primer set showed a higher success rate in identifying different arthropod groups than the
primers ZBJ-Art.

We analysed 16 faecal samples corresponding to the breeding season 2018 with the
two primer pairs ZBJ-Art and ANML. Due to filtering steps to avoid false positives and
contamination (see Data processing), only 15 samples were left for further analysis in the
repeated run with ANML. Within the 15 samples, using ZBJ-Art, we found 10 species
belonging to two taxonomic orders, and using ANML, 18 species belonging to six orders
(Figure S2). Most of the identified species belonged to the order Lepidoptera (ZBJ-Art 9
species; ANML 10 species). The taxonomic resolution at species level (i.e., the ratio of taxa
at the species level to the total number of identified taxa) was higher for ANML (100%) than
for ZBJ-Art (71%). Despite the similar number of Lepidoptera species, most identified taxa
differed between the two primer sets and only two Lepidoptera taxa were determined in
both approaches. Moreover, the sample size of faeces processed with ZBJ-Art primers was
reduced due to sequencing and filtering steps, especially regarding the Blue Tit samples
(Table S4). Hence, we selected ANML for further DNA amplification.
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2.4. PCR Amplification of Prey DNA from Faeces

For the first amplification step we used the ANML primer set with attached adapters
(P5, P7) for Illumina Sequencing. We performed PCR amplifications in single reactions
using 2 × GoTaq® Long PCR Master Mix (Promega, Madison, WI, USA) for primers with a
reaction volume of 20 µL. Reaction mix included 10 µL GoTaq® Long PCR Master Mix, 2 µL
of each primer (10 µM), 2 µL template and 4 µL of water for molecular biology (conditions
see Table S3). PCR success was checked for all samples using capillary electrophoresis
(QIAxcel Advanced system, Qiagen N.V., Venlo, The Netherlands).

2.5. DNA Purification, Index PCR and Sequencing

To remove unincorporated primers and nucleotides from PCR reactions, PCR products
were purified using the Illustra™ ExoproStar 1-Step Kit (Cytiva Global Life Sciences
Solutions USA LLC, Marlborough, MA, USA) according to the provided protocol. After
purification, we performed index PCRs to mark sequences individually with specific dual
indices (i5, i7) which were added to adapters. PCR was again performed in single reactions
with a reaction volume of 25 µL. The reaction mix consisted of 12.5 µL 2 × GoTaq® Long
PCR Master Mix (Promega), 2.5 µL of index primer i5 (10 µM), 2.5 µL of index primer i7
(10 µM), 2.5 µL template and 5.0 µL of water for molecular biology. Thermal cycling
conditions for index PCR were 95 ◦C for 3 min, followed by 8 cycles of: 95 ◦C for 30 s,
55 ◦C for 30 s and 72 ◦C for 30 s, and final extension at 72 ◦C for 5 min.

We performed a final clean-up and normalisation step for the products of index PCR
with SequalPrepTM Normalization Plate (96) Kit (Invitrogen, San Diego, CA, USA). We
then used 2 µL of the normalised samples for the NGS library. Finally, the NGS library was
sequenced on a MiSeq desktop sequencer using 250-bp paired-end reads (Illumina, San
Diego, CA, USA) at SEQ-IT GmbH & Co., KG (Kaiserslautern, Germany).

2.6. Arthropod Samples from Trees

In each habitat, we cut 2–3 branches of 1 m length from trees during the nestling
period in 2019 (5 trees in the forest, 6 in the habitats with more diverse tree species,
Table S2). Samples were taken from predominant tree species in each habitat: Common
Beech and oaks in forest sites. In the orchard sites, we collected branches from cherry
and apple trees. In urban sites, we sampled from Broad-leafed Lime Tilia platyphyllos,
Pedunculate Oak, Silver Birch, Silver poplar, cherry, and apple trees. The nest sites and
samples trees were close to each other, and not close to a habitat edge. Before cutting,
branches were covered with a 120 L plastic bag to prevent arthropods from falling off
the branch. After branch collection, plastic bags were knotted tight and either directly
examined in the lab or stored overnight in 4 ◦C cooling chamber to slow down insect
metabolism and mobility. In such cases, the branches were then examined for arthropods
the following day. In the laboratory, all arthropods were collected from branches and
pre-sorted into three categories (I) caterpillars (including Symphyta larvae), (II) Araneae
and (III) other arthropods. Subsequently, collected samples of each category were sorted
into parataxonomic units (PU) based on easily recognisable morphological features see [62].
If possible, PUs were already determined to species level or to a higher taxonomic level
using a stereo microscope.

As recommended by Emerson et al. [62], we used four samples of each PU in each
habitat as representatives for genetic analysis. In case a PU contained less than four
samples, we took the maximum number available. Samples were analysed genetically
using a barcode region for mitochondrial DNA (mtDNA) sequencing in the cytochrome
oxidase subunit 1 (CO1) gene. We extracted DNA of selected PUs according to protocol
based on Martínez et al. [63] with around 25 mg of arthropod tissue. For insects, we used
abdominal segments to reduce bacterial contamination from the digestive tract. Regarding
Araneae, we used 1–2 legs for the DNA extraction. Tiny arthropods that weighed around
25 mg like Aphididae, nymphs or tiny Araneae were used as whole. During extraction
DNA was precipitated with ammonium acetate and nucleic acids were purified using
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NZYGelpure purification kit (NZYTech, Lisbon, Portugal). DNA was finally eluted in
50 µL AE buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0; Qiagen, Venlo, The Netherlands).
We amplified DNA with standard PCR in single reactions in a 20 µL total PCR volume
containing 10 µL innuMIX Standard PCR MasterMix (Analytik Jena, Jena, Germany), 2 µL
of purified water, 1 µL of a 10 µM aliquot of each primer and 2µL DNA template. Initially
we used primers ZBJ-ArtF1c and ZBJ-ArtR2c (see [48]). For negative PCRs we subsequently
used either primers LCO1490/HCO2198 (see [64]) or primer set ANML: LCO1490/CO1-
CFMRa (see [61]). PCR was carried out under the following conditions: Initial denaturation
at 95 ◦C for 3 min; repeated 35 cycles (denaturation at 94 ◦C for 30 s, primer annealing at
53 ◦C for 30 s and primer extension at 72 ◦C for 30 s) and final extension at 72 ◦C for 10 min.
For primers LCO1490/CO1-CFMRa we adjusted the primer-annealing temperature to 46 ◦C.
PCR success was checked using capillary electrophoresis of the QIAxcel Advanced system.
Positive PCR products were Sanger-sequenced with both the forward and reverse primers
by MicroSynth SeqLab (Göttingen, Germany). The sequences were examined and edited
with CLC Main Workbench v. 7.6.4 (Qiagen N.V.). Forward and reverse sequences were
assembled, ambiguous or mismatched nucleotides were edited, and consensus sequences
were created. In case consensus sequences could not be created, single-strand sequences
were edited in the same way and the sequence with least nucleotide mismatches was used
for species identification.

We used the National Center for Biotechnology Information (NCBI) nucleotide BLAST
algorithm [65] to match PU sequences to reference sequences in the NCBI GenBank nu-
cleotide database. We determined PUs to species level only with a BLASTn assignment
match greater than or equal to 98%. Otherwise, higher taxonomic level was determined for
the respective sample. We classified PU groups as determined if (a) at least two samples
were analysed until nucleotide BLAST and showed the same taxon or (b) if most of the
analysed PUs were identified as the same taxon (see Table S5). If only one out of several PU
samples could be identified with nucleotide BLAST or if taxa within a PU were mixed, we
categorised them as ambiguous PUs (see Table S6). For PUs where amplification failed, no
proper sequences were created or none of the analysed samples could be determined, we
considered those PUs as ‘not identifiable’. Additionally, samples where only endoparasites
were matched in BLASTn were also considered as ‘not identifiable’.

2.7. Data Processing—Bioinformatic Analyses of Sequences from Faecal Samples

As previously described [66], we used a custom workflow in GALAXY [67,68]) to
transform the raw Illumina sequence data into a list of molecular operational taxonomic
units (MOTUs) with assigned taxonomy. These steps included: assessing sequence quality
with FASTQC [69], adapter and quality trimming of the paired-end reads with TRIM-
MOMATIC (minimum quality score of 20 over a sliding window of 4 bp [70]; merging
of the overlapping paired-end read pairs using FLASH [71], converting sequence files to
FASTA with the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit, accessed on 22
August 2023), and extracting amplicons in MOTHUR [72]. We used USEARCH [73] to
delete identical replicates (dereplicate; derep_fulllength), to detect and remove chimeric
sequences (uchime_denovo) and to cluster sequences into MOTUs. We applied a filtering
step for index reads with a quality score threshold of 26 to reduce index misassignments
and thus sample crosstalk as recommended by Wright & Vetsigian [74]. Using the BLASTn
algorithm [65] we matched MOTU sequences to reference sequences in the NCBI GenBank
database, using a cut-off of 90% minimum sequence identity and a maximum e-value of
0.00001. After that, we discarded MOTUs that corresponded to regular fieldwork contami-
nants in faecal samples, such as bacteria, soil fungi, human or predator DNA [55]. MOTUs
were accepted in a sample only if they contained a minimum of five sequences. Taxonomic
assignment was based on the percentage similarity of the query and the reference sequences.
We only retained sequences with a BLASTn assignment match greater than 98% [55].

Next, we proceeded with additional filtering steps to avoid false positives or possible
contamination and to obtain more reliable data as described by [75]: We discarded all

http://hannonlab.cshl.edu/fastx_toolkit
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sequences for which the total number of counts was less than 1% of the most common
sequence. Additionally, we also discarded sequences where the number of counts per
sample was always lower than 10. Following these filtering steps, we checked the distri-
bution ranges of the detected taxa based on the Global Biodiversity Information Facility
(GBIF) and Fauna Europaea. For taxa whose distribution was out of range (e.g., in the
United States), we selected the next higher taxonomic level with distribution in Germany.
Besides positive samples, also non-template controls (NTCs) were prepared and sent in for
sequencing. Subsequently, the reads of analysed samples were adjusted in data-processing
steps according to NTC reads to control for potential contamination. The reads in each
sample were only accepted if they were at least double the reads of NTCs, otherwise they
counted as zero. Thus, following these filtering steps, the sample size was slightly reduced
(Table 1). For a distribution among the study sites of each habitat, see Table S1a.

Table 1. Sample sizes of nestling faeces from breeding season 2019 in each sample processing step
amplified with ANML adapter primers and index primers. Nest numbers of final samples are given
in brackets.

Blue Tit Great Tit

Sample Processing Steps Forest Orchard Urban Forest Orchard Urban

(1) PCR products in NGS Library for sequencing 20 19 20 20 20 20
(2) successfully sequenced samples 17 19 20 19 20 18
(3) after manual filtering steps to avoid false positives 17 (11) 19 (12) 20 (15) 19 (10) 20 (17) 18 (15)

2.8. Data Processing—Statistical Analyses and Biodiversity Indices

Statistical analyses were conducted with R [76]. In this study we pursued a conserva-
tive approach with qualitative data (presence only), as sequencing reads do not necessarily
reflect relative quantities of consumed prey [49,53]. Based on this approach, Fisher’s exact
tests were performed to compare frequencies in the occurrence of prey items in diet.

We analysed differences in diet composition among habitats and species by first
comparing biodiversity indices. Hence, we calculated Shannon diversity (H’) and evenness
(E) to measure the diversity of ingested prey taxa [77]. Furthermore, we compared diet
composition among habitats and between bird species with Jaccard similarity index (CCJ)
on family and species level [78]. In a second approach, we tested for differences in diet
composition with permutation tests in the R package VEGAN [79]. For the visualisation
of habitat differences in arthropod communities and diet compositions, we applied non-
metric multidimensional scaling (NMDS, function metaMDS in the R package VEGAN).
NMDS uses rank orders to combine information from multiple dimensions into, usually,
two dimensions, in order to be visualised and interpreted. This method is considered
as the most reliable, unrestricted ordination method in community ecology [80,81]. The
function metaMDS permitted us to inspect the agreement between the two-dimension
configuration and the original configuration through a stress parameter. If the stress is
<0.05 the agreement is excellent, <0.1 is very good, and <0.2 is a good representation. All
stress values in the present tests were ≤0.2. We performed permutational multivariate
analysis of variance using distance matrices (PERMANOVA) using the function adonis. Nest
was included as a fixed factor in the models. We checked for the multivariate homogeneity
of group dispersions (variances) with the function betadisper. All p-values in the present tests
were >0.05, suggesting that the assumption of homogeneity of group dispersion was met.
PERMANOVA were performed to detect differences in diet composition among habitats
and nests. We estimated parental prey preferences using Manly’s resource selection index
and the relative selectivity measure Bi [82]. The resource selection function (wi = used/available)
and the used and available proportions were calculated for each habitat and species using the
function widesI in the adehabitatHS 0.3.15 package in R with data type design I [83]. Groups
that were found either only in diet or in tree samples were not included in the analyses of a
given habitat or tit species. Selectivity was assumed when Manly’s resource selection index was
greater than 1 and the proportion used exceeded the proportion available.
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3. Results

Overall, we found 93 arthropod taxa in the faecal samples of Blue (n = 56) and Great
Tit (n = 57) nestlings with a taxonomic resolution on species level of 98% (detected taxa see
Tables S8 and S9). We detected 85 taxa within 56 samples in the diet of Blue Tit and 76 taxa
in 57 samples of Great Tit nestlings.

3.1. Diet Compositions of Nestlings

We found seven different arthropod orders for both tit species (Lepidoptera, Hymenoptera,
Araneae, Diptera, Hemiptera, Coleoptera and Orthoptera) and one additional species of Neu-
roptera for Great Tits. The prey communities of Blue and Great Tit nestlings showed similar
Shannon diversities (H’) in each habitat, with high evenness (E > 0.85) (Table S9).

Lepidoptera was the most common arthropod order which was detected in all fae-
cal samples (FO = 100%). The most frequent Lepidoptera families were Lasiocampidae,
Geometridae, Tortricidae and Noctuidae (Table 2). The most frequent species in the diet
across all habitats was the Lackey Moth Malacosoma neustria (Lasiocampidae, FO > 50%
in all cases). We detected two Lepidoptera species listed on the Red List of Germany,
Agrochola nitida and Griposia aprilina. In Germany A. nitida is classified as ‘vulnerable’ and
was identified in two faecal samples in the urban sites (in 2018). G. aprilina is classified as
‘near threatened’ and was identified in 15 samples across all habitats (in 2019).

Table 2. Diet composition of Blue and Great Tit nestlings in the breeding season 2019 in forest,
orchard and urban habitats (primer ANML). MOTUs in faecal samples are grouped at family level
and summarized for prevalence (Prev) and frequency of occurrence (% FO). n = number of faecal
samples with at least one detected MOTU.

% FO Blue Tit Great Tit

Prev All All Forest Orchard Urban Forest Orchard Urban

Order Family n = 113 n = 113 n = 17 n = 19 n = 20 n = 19 n = 20 n = 18

Araneae Anyphaenidae 14 12.4 11.8 5.3 20.0 15.8 20.0
Araneae Araneidae 8 7.1 17.6 21.1 5.3
Araneae Clubionidae 6 5.3 5.3 10.0 5.0 11.1
Araneae Philodromidae 29 25.7 47.1 21.1 55.0 5.3 10.0 16.7
Araneae Theridiidae 7 6.2 10.5 10.0 5.3 5.0 5.6
Araneae Thomisidae 27 23.9 47.1 26.3 20.0 26.3 15.0 11.1

Coleoptera Buprestidae 3 2.7 5.0 5.0 5.6
Coleoptera Curculionidae 5 4.4 10.5 15.0
Coleoptera Elateridae 1 0.9 5.6
Coleoptera Tenebrionidae 2 1.8 11.8

Diptera Asilidae 1 0.9 5.3
Diptera Muscidae 3 2.7 11.8 5.0
Diptera Phoridae 1 0.9 5.0
Diptera Psychodidae 1 0.9 5.0
Diptera Syrphidae 6 5.3 11.8 5.3 5.0 5.3 5.6
Diptera Tachinidae 32 28.3 58.8 47.4 25.0 21.1 15.0 5.6

Hemiptera Aphididae 25 22.1 17.6 26.3 30.0 10.5 30.0 16.7
Hemiptera Miridae 10 8.8 17.6 5.3 15.0 10.0 5.6
Hemiptera Pentatomidae 1 0.9 5.0

Hymenoptera Apidae 4 3.5 5.9 10.0 5.6
Hymenoptera Braconidae 46 40.7 11.8 47.4 45.0 36.8 40.0 61.1
Hymenoptera Ichneumonidae 1 0.9 5.3
Hymenoptera Tenthredinidae 42 37.2 23.5 52.6 35.0 21.1 40.0 50.0
Lepidoptera Chimabachidae 3 2.7 17.6
Lepidoptera Crambidae 1 0.9 5.3
Lepidoptera Drepanidae 12 10.6 29.4 5.3 15.8 15.0
Lepidoptera Erebidae 36 31.9 58.8 21.1 10.0 57.9 20.0 27.8
Lepidoptera Geometridae 93 82.3 94.1 89.5 85.0 78.9 80.0 66.7
Lepidoptera Lasiocampidae 97 85.8 58.8 78.9 90.0 94.7 90.0 100.0
Lepidoptera Lycaenidae 14 12.4 23.5 5.3 25.0 5.3 10.0 5.6
Lepidoptera Noctuidae 73 64.6 76.5 52.6 85.0 57.9 80.0 33.3
Lepidoptera Notodontidae 19 16.8 17.6 5.3 25.0 21.1 15.0 16.7
Lepidoptera Pyralidae 18 15.9 35.3 21.1 30.0 5.3 5.0
Lepidoptera Tortricidae 84 74.3 88.2 94.7 70.0 78.9 60.0 55.6
Lepidoptera Yponomeutidae 1 0.9 5.0
Lepidoptera Ypsolophidae 30 26.5 11.8 15.8 35.0 15.8 35.0 44.4
Neuroptera Hemerobiidae 1 0.9 5.6
Orthoptera Acrididae 7 6.2 5.9 15.0 16.7
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Following Lepidoptera, the orders Hymenoptera and Araneae were among the most
frequent arthropod orders in the diet. Among these the families Braconidae (Hymenoptera),
Tenthredinidae (Hymenoptera) and Philodromidae (Araneae) were most frequent. Other
arthropod orders were mostly detected in less than half of the faecal samples (Table 2,
Figure 2).
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Figure 2. Prey composition of Blue and Great Tits in different habitats. Frequency of occurrence
(FO) of detected arthropod prey was analysed on order level. Orders are sorted by frequency
(Lep = Lepidoptera, Hym = Hymenoptera, Ara = Araneae, Dip = Diptera, Hem = Hemiptera,
Col = Coleoptera, Neu = Neuroptera). Significant differences are marked with * (Fisher’s exact test).

3.2. Differences in Diet Composition

The diet composition differed among habitats, among nests, between tit species and
among prey groups (Lepidoptera and other arthropods); however, there was substantial
overlap. At the order level, Hymenoptera were more frequent in the orchard than in
the forest sites in Blue Tit samples (p.adjust = 0.029, Fisher’s exact test; Figure 2). While
in the urban sites, we detected more Araneae in Blue than in Great Tits’ diet (p = 0.021,
Fisher’s exact test; Figure 2). At the family level, we found considerable overlap with minor
differences among habitats based on the Jaccard index, NMDS and permutation analyses
(Table 3, Figure 3; Figures S3 and S4). Lepidoptera diet components were most similar
between forest and orchard sites, while other arthropod components were most similar
between orchard and urban sites. In general, lepidopteran diet components showed more
similarities among habitats than the other arthropod components based on Jaccard indices
and distances in NMDS ordination (Table 3, Figure 3; Figures S3 and S4). Similarly, when
comparing tit species across habitats, the lepidopteran components were more similar than
the other arthropod components (Table S10). Particularly between forest and orchard sites,
lepidopteran components were very similar (CCJ = 0.80–0.91). In contrast, permutation
analyses and Fisher’s exact tests revealed interspecific differences in diet composition
(Figure 4; Figure S5, Table S11). Moreover, diet components of Blue Tits seemed less similar
among habitats than in Great Tits, illustrated by larger distances among points (Figure 4).
At the species level, differences among habitats and species became even more pronounced,
as shown by the lower Jaccard indices (Tables S10 and S12). Moreover, in the Blue Tit
diet Lepidopteran components were most similar between orchard and urban sites. Diet
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composition was influenced by habitat and nest, with nest providing a stronger explanatory
role, yet the habitat effect persisted (see Table S13).
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Figure 4. Inter-specific differences in the nestling diets of Blue Tits (blue) and Great Tits (red) using
non-metric multidimensional scaling (NMDS) projected in two dimensions (NMDS1/NMDS2). Diet
compositions are grouped on family level: (A) all prey taxa, (B) Lepidoptera components only and
(C) other arthropod components in forest (triangles), orchards (squares), and urban sites (crosses).
Figures show spider diagrams with 99% confidence ellipses.
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Table 3. Comparison of biodiversity at the family level grouped by (a) Lepidoptera; and (b) other
arthropods in the diet of Blue and Great Tit nestlings among forest, orchard and urban sites.

Species Habitat
Shannon

Index
H’

Evenness
E

Jaccard Similarity Index
CCJ

Orchard Urban

(a) Lepidoptera
Blue Tit

forest 2.2 0.92 0.83 0.75
orchard 1.9 0.81 0.75
urban 2.1 0.89

Great Tit
forest 2.0 0.86 1.00 0.80

orchard 2.0 0.87 0.80
urban 1.9 0.90

(b) other
arthopods

Blue Tit
forest 2.4 0.91 0.56 0.58

orchard 2.3 0.88 0.67
urban 2.5 0.91

Great Tit
forest 2.2 0.90 0.47 0.44

orchard 2.7 0.89 0.61
urban 2.5 0.84

3.3. Tree Samples—Availability of Arboreal Prey

In total, we collected 851 individuals from 18 tree samples. The arthropods from tree
samples were pre-sorted in 136 parataxonomic units (PUs) or morphotypes. We were able
to determine to species or higher taxonomic level 106 (77.9%) of these PUs, which involved
697 individual arthropods (in 17 out of 18 tree samples), resulting in 88 species (Table S5).
For 15 PUs we could not assign a definite taxon and labelled those as ambiguous PUs (see
Table S6).

The composition and availability of arboreal arthropods differed among habitats
(permutation tests, F2, 14 = 2.0, R2 = 0.22, p = 0.023). The arthropod composition at family
level was most similar between orchard and urban sites, showing closer proximity and
overlaps in NMDS ordination (Figures 3C and S6). We found the highest number of
individuals of Lepidoptera and arthropods in total in the orchard sites (Table S5). The
occurrence of Lepidoptera differed among sites (Table S5 but see also Figure S6). Overall,
most frequent lepidopteran taxa were Geometridae, Noctuidae, Tortricidae and most
frequent non-Lepidoptera were Aphididae (Hemiptera), Curculionidae (Coleoptera) and
Philodromidae (Araneae). In comparison, diet and arthropod composition differed among
habitats, however diets were more similar than arboreal arthropod composition in the
tree samples.

3.4. Parental Prey Selectivity

We examined prey selectivity with Manly’s selectivity index and based on the frequen-
cies of occurrence of diet and tree samples (Tables S19 and S20). Blue and Great Tits had
some preference for Lepidoptera, Hymenoptera and Araneae. Both tits showed a tendency
to prefer Geometridae (Lepidoptera, 6 of 6 species-habitat combinations) and Tortricidae
(Lepidoptera, 6 of 6 species-habitat combinations) across all habitats and for Noctuidae
(Lepidoptera, 4 of 4 species-habitat combinations), Tenthredinidae and Braconidae (both:
Hymenoptera, 4 of 4 species-habitat combinations) in forest and orchard sites (Figure 5).
Moreover, both tits also showed selectivity for Philodromidae (Araneae, 4 of 4 tests) in for-
est and urban sites. Particularly tiny arthropods like Collembola, Psocodea or Polyxenida
were absent from diet and seemed to be avoided by Blue and Great Tits (Figure 5).
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Great Tits (d–f) in different habitats. Error bars show 95% confidence interval. A selectivity index
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4. Discussion

In this study, metabarcoding data showed a diverse arthropod diet dominated by
moth species in all habitats. Both bird species mostly fed on three major moth families
in all sites. The moths taken were most similar between forest and orchard sites, while
components of other arthropod prey were most similar between orchard and urban sites.
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4.1. Diet Composition

As described in previous studies, we also found a diverse diet in Blue and Great
Tits across different arthropod orders [17,27,29]. Lepidopteran caterpillars dominated
nestling diet also in our study. They are the preferred prey for nestlings as they require
shorter handling time and are easier to ingest than other arthropods [84,85]. Furthermore,
they contain more water and carotenoids than other prey and are thus considered high
quality food items [85–87]. Previous studies showed that Lepidoptera constitute the largest
component in the nestling diet of tits in European forests [46,88,89]. Also in suburban
sites, Lepidoptera can form the largest part in diet [16]. The main diet with caterpillars is
complemented by other arthropod components when caterpillars are scarce [17]. The other
arthropod orders we detected seem to play a minor role besides Lepidoptera [27,29,90].

The most frequent species in diet of tits was the Lackey Moth Malacosoma neustria
(Lasiocampidae), a hairy and colourful caterpillar which usually occurs in orchards or
forests [91,92]. Initially it was assumed that insectivorous songbirds rarely consume hairy
caterpillars [44,93]. However, caterpillars of M. neustria have been found in the diet of Great
but not in Blue Tits [44]. Thus, our study might be the first documenting also Blue Tits
feeding M. neustria to their nestlings. However, this finding needs to be treated with some
caution. Although many MOTUs (>1800) had M. neustria as best hit in the BLAST search,
only several of those had an identity of 100%, and most between 98−99%. It is therefore
possible that these belong to a related species which is not represented in GenBank (see
below: Methodological considerations).

In this study, Hymenopterans were the second most important arthropod component
in the diet by frequency of occurrence. The families Tenthredinidae (group of Symphyta)
and Braconidae (braconid wasps) were the most frequent. Symphyta have eruciform
larvae and are therefore often assigned to the prey category caterpillars in studies on the
foraging behaviour of tits. Particularly on camera recordings of Symphyta larvae cannot
be distinguished from lepidopteran caterpillars [94,95]. Symphyta larvae may represent
the second most frequent food source beside true lepidopteran caterpillars [96]. However,
it seems they rather serve as complementing dietary component as they may contain less
carotenoids than lepidopteran larvae [87,97]. The parasitoid wasps Braconidae, a frequent
prey in our orchard and urban sites, infest among others Lepidopteran larvae [98]. Since
we have not found any previous studies which report the foraging on this parasitoid
group, they might have been ingested through their hosts, i.e., secondary consumption [99].
Alongside Hymenoptera, Araneae (Araneae) also occurred frequently in the diet. Araneae
seem to be an important diet component of many insectivorous birds due to their nutrients,
with high levels of protein and amino acids [23,40,100]. Both tit species feed especially
young nestlings with Araneae [16,32,33]. Particularly, the amino acid content (taurine) in
Araneae seems to be essential for the development of the nestlings [40,100].

4.2. Differences in Diet Composition

Diet composition was affected by habitat and nest, with nest providing a stronger
explanatory factor, yet the habitat effect persisted. Based on the detected nest variations, a
possible effect of pseudo-replication by nest siblings is therefore negligible. Thus, it indicates,
there is variation not only among habitats but also within each habitat. The preferred habitats
of Blue and Great Tits are deciduous forest with oak cover (e.g., [28,101]). Previous studies
showed that diet differed between oak and pine forest [32,46], and between deciduous
forest and urban sites due to higher caterpillar supply in the deciduous forest [57,102].
Hence, tits may rely on a more generalist diet in less favourable habitats [46,57]. We
found differences in diet composition among habitats, between tit species and component
groups (Lepidoptera and other arthropods). Still, our results also showed overlaps in diet
composition. The lepidopteran components were most similar between forest and orchard
sites and other arthropod components between orchard and urban sites. Our findings
indicate that the sampled orchard sites ranged between forest and urban sites in terms of
food composition.
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In line with previous studies, we found that nestling diets between Great and Blue
Tits were different but showed overlaps [19,103,104]. Within the same habitat, where both
species occupy different habitat niches, diet contained similar invertebrate species and dif-
fered annually within each species [26,42]. Interestingly, we found high similarities in diet
composition based on pairwise comparisons with Jaccard indices (Table S10). Particularly,
lepidopteran components were remarkably similar between Blue and Great Tits. How-
ever, NMDS ordination and permutation analyses indicated differences between species
(Figure 4). It must be considered though, that Jaccard indices only compare the species
composition of communities with no regard paid to individual samples, while NMDS
ordination plots the samples in space according to their composition. We found more
overlaps in lepidopteran components than in other arthropod components due to larger
distances within other arthropod components in the ordination. Thus, it seems that Blue
and Great Tits forage for similar lepidopteran diet but choose different non-lepidopteran
arthropods to compensate for caterpillar scarcity. In previous studies, Blue Tits apparently
provide more Araneae to nestlings [42,44,105]. In addition, Great Tits deliver larger prey
items to their nestlings than Blue Tits [30,103,106].

4.3. Tree Samples—Availability of Arboreal Prey

We found differences among habitats in the arboreal arthropod composition. Our
results indicate that forest and urban sites differ the most, whereas orchard sites range in
between. Previous studies already indicated that caterpillar biomass is higher in forest
than in urban sites [35,102,107]. Due to the higher occurrence of non-native tree species,
urban sites may offer less favourable feeding conditions for phytophagous insects [35,108].
Fruit trees on the other hand, may benefit the diversity of canopy arthropod community
through their structural complexity and heterogeneity [109]. In terms of structural ele-
ments, orchards represent an intermediate position between forest and open cultivated
landscapes [110]. Additionally, arthropod communities in orchards may be influenced
by surrounding and adjacent natural vegetation like woodlands [109,111]. Our orchard
collection site was surrounded by woodland, while our urban collection site also included
fruit trees. Therefore, it seems plausible that our orchard site ranged between forest and
urban sites in terms of arthropod composition.

4.4. Parental Prey Selectivity and Suitability as ‘Biodiversity Capsules’

The diets of Great and Blue Tits differed among habitats, however, only in some
components. This tendency was also reflected in parental prey selectivity. We found
consistent selectivity for tortricid and geometrid moths across all habitats and for noctuid
moths in forest and orchard sites. In previous studies, these lepidopteran families were also
the most frequent in the diet [44,58,103]. Hence, the preference for certain lepidopteran
groups is not limited to preferred habitats in forests but is also evident in man-made
habitats. In addition, our results demonstrated selectivity for hymenopteran families
Tenthredinidae and Braconidae. As mentioned before, they play a complementing role
in diet (Tenthredinidae) or may be ingested via their caterpillar host (Braconidae). As
infested larvae seem to be more immobile and conspicuous, they are potentially easier
to capture [106]. The altered appearance and behaviour of the infested caterpillars and
subsequent ingestion of the host could therefore be the reason for the selectivity of this
group in the diet.

Selectivity for additional groups in each habitat may indicate local dietary specialisa-
tion (see [58]). Apart from that, most particularly tiny prey items were avoided in diet or
rarely taken (e.g., Aphididae) suggesting a preference for larger and possibly more nutrient-
rich prey. These small items are not considered as important food items. They are small
and uneconomical to collect and provide a poor substitute for high quality prey [106,112].
It must be considered however, that some groups could not be included in the selectivity
tests when they did not occur in the collected tree samples. Since for the selectivity tests
proportions of used and available resources are calculated and thus available proportions
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may not equal zero. Otherwise, groups like Lasiocampidae (Lepidoptera) would have
indicated selectivity as their frequencies of occurrence exceeded that of the tree samples
(Tables S19 and S20).

In view of technological advances in molecular methods, Boyer et al. [59] suggested
that the faeces of generalist predators may contain a representative sample of potential
prey in their foraging area and hence may serve as ‘biodiversity capsule’ for monitor-
ing purposes. Our study demonstrates that Blue and Great Tit nestlings have a diverse
diet but prefer specific insect species within the orders Lepidoptera and Hymenoptera.
Consequently, nestling faeces of Blue and Great Tits may serve as ‘biodiversity capsules’
for these selected groups. Particularly for inaccessible, rare, or endangered species of
Lepidoptera and Hymenoptera, this non-invasive approach could provide a tool to detect
population changes.

4.5. Methodological Considerations

In recent years, Next generation sequencing (NGS) approaches were increasingly
applied to investigate the diet of different animals [113], including seabirds [55,65,114]
or landbirds, such as tits [56–58]. DNA barcode approaches can help to identify and
distinguish species by using a public sequence database to match barcodes to species
identity [115]. However, these databases are still incomplete at present and the lack of
reference sequences in the barcode repositories limits the use of metabarcoding [115,116].
Moreover, a high number of well-differentiated species has similar or even identical COI
sequences, which may be over-looked in a DNA barcoding approach [117]. Thus, DNA
barcoding is also limited by the accuracy of matching DNA barcodes to species identities.
These limitations may lead to misidentifications. In the example of M. neustria in our study,
the most abundant species in the diet, most MOTU clusters had a species identity of 98–
99%. Thus, various species of the same genus or even of different genera could have been
present in the diet. However, no additional species were suggested, which indicates a taxon
sampling gap [115,117] for this family. However, compared to traditional methods based
on morphological identification from neck collar samples [41] or video recordings [27,44],
the molecular approach still offers a higher taxonomic resolution [49,57,113].

4.6. Study Limitations

In addition to the methodological limitations of the metabarcoding approach, a follow-
up study would benefit from a more comprehensive analysis on how the vegetation and
differences in the phenology (timing) influences the food availability. In such a study, effects
of the tree composition and vegetation structures could be studied in more detail, and, e.g.,
used to explain differences among nests as well as inter-year differences. Furthermore, the
sample sizes both of fecal samples as well as vegetation samples could be enlarged, and
inter-year differences could be taken into account in a larger sample. The age of chicks
could further play a role in the prey choice, as may weather events and habitat edge effects.

5. Conclusions

We demonstrate that the nestling diet composition of Blue and Great Tit nestlings
differs among habitats and between species, however only in some taxonomic groups.
Our results indicate that the diet differs the most in the composition of non-lepidopteran
arthropods that complement the main lepidopteran diet. We suggest that the composition
of these arthropods differs depending on the tit species and the respective habitat type.
Our study shows that the arthropod composition in the diet differed less among habitats
than the composition of available arboreal arthropods. This suggests that the tits species
searched for similar prey despite different habitats with different prey compositions. For
future research, long-term studies on the diet composition would be necessary to investi-
gate interspecific and inter-habitat differences as well as particularly annual variations in
more detail.
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We confirmed that Blue and Great Tits preferred certain lepidopteran families. Ad-
ditionally, we demonstrated that these preferences were not only limited to forests as
their preferred habitat, but also were evident in man-made habitats such as orchard and
urban sites. Moreover, we showed that both tit species selectively fed Symphyta (i.e.,
Tenthredinidae) to their nestlings in all study sites. Because of the prey selectivity, we
suggest that the nestling faeces of Blue and Great Tits are not suitable to monitor entire
arthropod communities. Nevertheless, our approach is suitable to monitor population
changes in the orders of Lepidoptera and Hymenoptera selectively taken by the tits. Hence,
our study serves as a baseline for using bird faeces as a tool to support the monitoring of
prey diversity and population changes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/birds5010005/s1: Table S1: Sample sizes of successfully sequenced samples, separately for
the different study sites in each habitat type. From each tree, two branches were cut and analysed,
Table S2: Tree composition among the three habitats. Dominant tree species are underlined and
sampled tree species are marked in bold, Table S3: Overview of primers and Annealing temperature,
Table S4: Sample size nestling faeces from breeding season 2018, Table S5: Arboreal arthropod com-
position among habitats in breeding season 2019 with number of individuals, Table S6: Ambiguous
parataxonomic units (PU) of arboreal arthropod samples, Table S7: Diet composition in nestling
faeces concerning Lepidoptera with prevalence and frequencies of occurrence, Table S8: Diet compo-
sition in nestling faeces concerning other arthropods with prevalence and frequencies of occurrence,
Table S9: Biodiversity of all dietary components among habitats on species level, Table S10: Compari-
son of biodiversity in diet composition between tit species, Table S11: Output of Fisher’s exact test
for differences in diet composition between tit species, Table S12: Biodiversity of diet composition
among habitats on species level grouped by Lepidoptera and other arthropods, Table S13: Output
of Permutational Multivariate Analysis of Variance (PERMANOVA), Table S14: Frequencies of oc-
currence of arboreal arthropod and Blue Tit diet components, Table S15: Frequencies of occurrence
of arboreal arthropod and Great Tit diet components. Figures S1 a-l: Aerial photos of the respec-
tive study sites via Google Earth, Figure S2: Primer comparison by number of detected species in
nestling faecal samples, Figure S3: NMDS ordinations of Blue Tit diet components, Figure S4: NMDS
ordinations of Great Tit diet components, Figure S5: NMDS ordinations of nestling diet components
between Blue and Great Tits, Figure S6: NMDS ordination of arboreal arthropod communities among
different habitats.
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