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Abstract
Competition-driven feeding niche separation is assumed to be an important driver of the 
morphological divergence of co-occurring animal species. However, despite a strong 
theoretical background, empirical studies showing a direct link between competition, 
diet divergence and specific morphological adaptations are still scarce. Here we studied 
the early steps of competition-driven eco-morphological divergence in two closely related 
passerines: the common nightingale (Luscinia megarhynchos) and the thrush nightingale 
(Luscinia luscinia). Our aim was to test whether previously-observed divergence in bill 
morphology and habitat in sympatric populations of both species is associated with dietary 
niche divergence. We collected and analysed data on (1) diet, using both DNA metabar-
coding and visual identification of prey items, (2) habitat use, and (3) bill morphology in 
sympatric populations of both nightingale species. We tested whether the species differ in 
diet composition and whether there are any associations among diet, bill morphology and 
habitat use. We found that the two nightingale species have partitioned their feeding niches, 
and showed that differences in diet may be partially associated with the divergence in bill 
length in sympatric populations. We also observed an association between bill length and 
habitat use, suggesting that competition-driven habitat segregation could be linked with 
dietary and bill size divergence. Our results suggest that interspecific competition is an 
important driver of species’ eco-morphological divergence after their secondary contact, 
and provide insight into the early steps of such divergence in two closely related passer-
ine species. Such divergence may facilitate species coexistence and strengthen reproductive 
isolation between species, and thus help to complete the speciation process.
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Introduction

Competition-driven feeding niche separation is considered to be one of the most important 
drivers of the morphological differentiation of co-occurring animal species (Brown and 
Wilson 1956; Schluter 2000). This is indicated by the frequent divergence of sympatric 
species in morphological traits related to foraging, such as jaw and tooth morphology, bill 
shape or body size (Grant and Grant 2002; Davies et al. 2007; Winkelmann et al. 2014; 
Drury et al. 2018). According to the classical niche theory, shifts in diet preferences enable 
the reduction of costly interspecific competition for food resources in sympatric species, 
which decreases the probability of the local extinction of the inferior competitor and ena-
bles long-term species’ coexistence in the same geographic area (MacArthur and Levins 
1967; Pfennig and Pfennig 2009). However, despite such a strong theoretical background, 
studies showing a direct link between competition, diet divergence and specific morpholog-
ical adaptations are still scarce (Schluter and McPhail 1992; Adams and Rohlf 2000; Grant 
and Grant 2002; Pfennig et al. 2007; Stuart and Losos 2013; Winkelmann et al. 2014). One 
reason for such a paucity of empirical studies are the practical challenges to collecting field 
data containing simultaneous information on species’ diet, morphology and ecology, and at 
the same time demonstrating a clear link between the divergence and competition.

To provide support for the competition-driven feeding niche divergence hypothesis and 
its effect on species morphology, studying the ongoing differentiation of young species 
with recent secondary contact is especially useful. Unlike analyses of distantly related spe-
cies, where the steps of divergence are inferred retrospectively long after the divergence 
occurred (Tobias et  al. 2014; Mönkkönen et  al. 2017; Navalón et  al. 2018; Felice et  al. 
2019), analyses of young species allow for the identification of early steps of differentiation 
(e.g. Wolf et al. 2008). Such early differentiation steps may even contribute to the evolution 
of reproductive isolation between the species and thus be an integral part of the specia-
tion process (Sottas et al. 2018). Moreover, a comparison of sympatric populations affected 
by interspecific competition with allopatric populations without such competition enables 
the establishment of a connection between eco-morphological divergence and competition 
(Pfennig and Pfennig 2009).

Here we studied the early steps of eco-morphological divergence caused by interspe-
cific competition in two closely related insectivorous passerines: the common nightingale 
(Luscinia megarhynchos, Brehm) and the thrush nightingale (Luscinia luscinia, Linnaeus). 
These species diverged approximately 1.8 Mya during Pleistocene climatic oscillations 
(Storchová et al. 2010), and their breeding areas currently overlap in a secondary contact 
zone spanning across Europe, where they occasionally hybridize (Sorjonen 1986). Repro-
ductive isolation between them is incomplete and gene flow still occurs between the spe-
cies (Storchová et al. 2010; Mořkovský et al. 2018; Albrecht et al. 2019). Both nightingale 
species are of similar size and have very similar morphology and ecology. They occupy 
dense shrubby vegetation in lowlands, often close to water bodies (Cramp and Brooks 
1992). Both species are predominantly ground foragers, searching for food by exploring the 
litter under trees and shrubs (Cramp and Brooks 1992). For this purpose, they use strong 
and relatively long legs to displace the upper ground layer and uncover their invertebrate 
food, and then they pick the moving prey with their thin bill (Cramp and Brooks 1992). 
Nightingales also sometimes glean foliage on trees and shrubs, and very occasionally catch 
flying insects (Cramp and Brooks 1992). Previous studies have provided experimental evi-
dence for intense interference competition between the two species (Reif et al. 2015; Sou-
riau et al. 2018). A comparison of species morphology between sympatric and allopatric 
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populations showed an increased divergence in bill size in sympatry compared to allopatry 
(Reifová et  al. 2011a). Interspecific competition has also resulted in partial habitat seg-
regation between the species in sympatry (Reif et al. 2018) that was shown to be associ-
ated with the bill size divergence (Sottas et al. 2018). However, it remains unclear whether 
the differences in habitat and bill size in these two nightingale species are linked to diet 
resources – presumably a principal driver of eco-morphological differentiation in birds 
(Gill 2006; Olsen 2017).

We expand on previous work by analysing the diet of both nightingale species in sym-
patry using DNA metabarcoding (Taberlet et al. 2018; Alberdi et al. 2019), as well as the 
visual identification of prey items under stereomicroscope (Poulin et al. 1994a). We further 
relate the diet data to bill morphology of both species and the habitats in their territories. 
We tested whether the observed divergence in bill size may be explained by differences 
in diet between the two species driven by their use of different habitats. Our results could 
elucidate the early steps of competition-driven eco-morphological divergence in passerine 
birds.

Materials and methods

Study area and sampling

We carried out sampling in Central Poland (Fig. 1), where breeding ranges of both spe-
cies overlap. Although the degree of species’ co-occurrence varies across their sympatric 
zone (Reif et al. 2018), in our study area they bred very close to each other and their ter-
ritories were often adjacent or slightly overlapping (J. Reif, personal observation). Both 
species were sampled in May 2016 and 2017 during the breeding seasons, when territories 
are already established. All sampled individuals were males. In total, 37 common nightin-
gale (Luscinia megarhynchos, Brehm, hereafter CN) and 22 thrush nightingale (Luscinia 

0 5 10 km

Pyzdry town

Warta river

Prosna river

Fig. 1   Map of the study area in central Poland with sampling sites of the common nightingale (red dots) 
and the thrush nightingale (blue dots). Rivers and lakes are indicated in blue
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luscinia, Linnaeus, hereafter TN) males were trapped using a mist net with tape luring. 
The two species were sampled evenly in both years, to avoid possible effects of variation 
in food availability between years causing a false diet divergence signal between the spe-
cies. The Julian date (i.e. the number of days that passed since the 1st of January of a given 
year) of sampling was also comparable between species; nonetheless, to check for its possi-
ble effect on diet variation, it was included as a covariate into the models (see below). Each 
individual was ringed, and its species identity was determined according to species-spe-
cific morphological characteristics (Cramp and Brooks 1992; Kverek et al. 2008). Then we 
measured the bill length (measured to the skull), bill width and bill depth (both measured 
at the frontal margin of nostrils); see Reifová et al. (2011a) for more details. All measure-
ments were conducted by the same person (JR), using the same equipment and were done 
three times to check for repeatability (see below). A list of the sampled birds including 
their dates of sampling, GPS coordinates and bill measurements is provided in Supplemen-
tary Table S1.

The diet samples were collected in two forms – faecal samples and stomach regurgi-
tates—to obtain a more complex overview of the nightingale diet. To collect faecal sam-
ples, the bird was placed into a clean paper bag immediately after its capture and kept there 
until defecated (no longer than 5 min). To obtain stomach regurgitates, each bird was given 
1 mL of 1.5% emetic solution (antimony potassium tartrate). The emetic was administered 
orally through a flexible tube attached to a syringe (Poulin et al. 1994b). The bird was then 
placed into a dark box for 10 min to regurgitate and then released. Both faecal samples and 
stomach regurgitates were stored in 99% ethanol. In total, we obtained 44 faecal samples 
(27 from CN and 17 from TN) and 42 regurgitate samples (29 from CN and 13 from TN).

Diet determination

Visual identification of prey items

We examined stomach regurgitates from individual birds under a dissecting scope. Most of 
the arthropods were fragmented, and thus their identification was based on the least digest-
ible and most characteristic parts. We used published information (Tatner 1983; Arlet-
taz et al. 2017) and our own guide (available online https​://multi​troph​icint​eract​ions.blog/
downl​oads) to identify the prey to the level of genus, and if this was not possible to the 
family, order or class level. We also measured the length of each arthropod individual or 
its body part to the nearest 0.1 mm. We estimated the body length of each prey according 
to the published order-specific equations using the lengths of different body parts (Calvemr 
and Woolledd 1982; Hódar 1997) (Supplementary Table S2). The visual identification of 
prey items resulted in 683 identified arthropod individuals belonging to 35 different genera 
and 11 orders (Supplementary Table S2).

DNA metabarcoding

DNA metabarcoding was used to identify prey arthropod taxa in both faecal samples 
and stomach regurgitates. Metagenomic DNA from both types of samples was extracted 
by a PowerSoil DNA isolation kit (MO BIO Laboratories Inc., USA). Amplicone librar-
ies were prepared using cytochrome c oxidase I (COI)-specific primers, BF2 primer 
GCHCCHGAY​ATR​GCHTTYCC and BR2 primer TCDGGRTGNCCR​AAR​AAYCA, 
targeting a broad range of invertebrate taxa (Elbrecht and Leese 2017). To reduce issues 

https://multitrophicinteractions.blog/downloads
https://multitrophicinteractions.blog/downloads
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associated with the formation of primer-dimers, sequencing libraries were prepared 
in three steps: (1) We performed PCR pre-amplification of the target COI region with 
gene-specific primers. To avoid over-representation of host’s COI in the amplicon librar-
ies, a blocking primer exhibiting a perfect match to the host COI containing a C3 spacer 
modification on the 3′ end and partially overlapping the reverse universal primer (TCC​
GAA​GAA​TCA​GAA​GAG​GTG​TTG​GTA​GAG​KAC) was added to PCR reaction. (2) We 
performed PCR amplification with COI primers compatible with sequencing adaptors. 
(3) We used PCR-based ligation to attach the sequencing adaptors. See Appendix S1 for 
more details of all three PCR steps.

Technical PCR duplicates were prepared for all samples. Products from the 3rd PCR 
round were quantified by GenoSoft software (VWR International, Belgium) based on the 
band intensities after electrophoresis on a 1.5% agarose gel and mixed at equimolar con-
centrations. The final library was cleaned up using Agencourt AmpureXP beads (Beckman 
Coulter Life Sciences). Products of the desired size (450–700 bp) were extracted by Pipin-
Prep (Sage Science Inc., USA) and sequenced on an Illumina Miseq (v3 kit, 300 bp paired-
end reads) at the Central European Institute of Technology (CEITEC, Masaryk University, 
Brno, Czech Republic).

Skewer (Hongshan et al. 2014) was used for demultiplexing of sequencing data and for 
trimming of gene-specific primers. To determine reliable COI haplotypes (hereafter OTUs, 
i.e. Operational Taxonomic Units), we truncated all sequences after the 240th nucleotide, 
filtered low-quality sequences (containing more than two expected errors or any indeter-
minate nucleotide) and denoised the remaining high-quality sequences using dada2 (Cal-
lahan et al. 2016). Subsequently, an abundance matrix (representing read counts of each 
OTU in each sample) was constructed. To eliminate PCR or sequencing artefacts that were 
not corrected by dada2, we considered only these OTUs that were consistently present in 
both technical duplicates for a given sample. Consistency in OTU content among techni-
cal duplicates was high according to Procrustean analysis (r > 0.95, p < 0.0001); thus we 
merged them for the purpose of subsequent analyses. Next, naïve Bayesian RDP classi-
fier (Wang et al. 2007) implemented in the dada2 pipeline was used for taxonomic assign-
ment of OTUs. The reference dataset for the taxonomic assignment was constructed using 
COI sequences downloaded from the NCBI nt database (200 top blastn hits for each of our 
OTU, environmental samples were excluded).

Based on the existing knowledge of nightingales’ diet during the breeding season 
(Cramp and Brooks 1992), we considered OTUs assigned as non-invertebrates (e.g. fungi, 
algae or plants), representing 22% of reads after quality filtering, as non-target taxa for diet 
analyses and excluded them from the dataset. The rest of the identified OTUs was repre-
sented by 247 arthropod genera belonging to 27 orders. The number of genera identified in 
the stomach regurgitates was slightly higher (184 genera; Supplementary Fig. S1) than in 
faecal samples (160 genera; Supplementary Fig. S1). However, we did not find a signifi-
cant difference in prey composition between the two forms of diet samples (Supplementary 
Table S3). We thus merged both datasets when they were available for the same individual. 
Additionally, we removed 4 nightingale individuals (3 CN and 1 TN) due to a low number 
of reads (less than 1000 reads per individual).

A matrix of read counts for individual COI haplotypes in each sample, along with sam-
ple metadata, taxonomic annotations and haplotype sequences, was merged into a joint 
database using the PHYLOSEQ package (McMurdie and Holmes 2013). All subsequent 
analyses focused on the relative abundance variation of arthropod (1) orders, which pro-
vides information about major differences in diet preferences, and (2) genera, which gives 
more subtle information on differences in diet.
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As DNA metabarcoding provided more detailed information on diet than visual identi-
fication of prey items (247 vs. 35 identified genera, respectively, see above), we used the 
diet data obtained by DNA metabarcoding for further statistical analyses. Nevertheless, to 
check whether the datasets from visual identification and DNA metabarcoding provided 
consistent results, we compared the relative abundances of particular prey taxa in both 
datasets. Additionally, visual data were used for testing differences in prey size between the 
species.

Habitat description

To describe the habitat in nightingale territories, we delimited a radius of 50 m around the 
capture location of a given individual. This territory definition is a reasonable approxima-
tion of the space used by small territorial passerines including nightingales (Naguib et al. 
2004; Wood et  al. 2016). The habitat within each territory was described from two per-
spectives, (1) the vegetation composition and (2) the vegetation density, as both can affect 
the composition of arthropod communities (Schaffers et al. 2008; Kadlec et al. 2018) and 
thus the nightingale diet.

The vegetation composition was characterized by the presence of various tree and shrub 
species as well as the predominant type of ground layer. We distinguished three ground 
layer types composed of: (a) Urtica spp., (b) other herbs, and (c) no vegetation. We dis-
criminated Urtica spp. from other herbs due to its large and dense stands 1–2 m in height, 
which creates a visually different microhabitat compared to all other common herb taxa in 
nightingale territories. We assumed that such a different physiognomy may also be linked 
to differences in food supply for nightingales. Moreover, nightingales often place their 
nests in Urtica spp. stands, possibly due to its protective function against predators (Becker 
1995), which makes this plant of special importance for nightingale species. In the tree 
and shrub layer, we identified a total of 24 tree and shrub species. For further analyses, we 
removed tree and shrub species present in less than five nightingale territories (across both 
species combined), as their differential representation between species would be difficult to 
assess. The final dataset consisted of 19 tree and shrub species.

The vegetation density was characterized along 4 transects (each 50 m in length) that 
were drawn from the bird capture location in each cardinal direction (N-S-W-E) (Supple-
mentary Fig. S2). Along each transect, 5 locations (one spot every 10 m) were defined. At 
these locations, the density of vegetation in three vertical strata (up to 1 m, between 1 and 
2 m, and above 2 m) was determined. The density of vegetation was categorized as: 0—no 
vegetation; 1—sparse vegetation with the next spot clearly visible; 2—dense vegetation, 
but the next spot was still visible; 3—very dense vegetation with very little or no visibility 
to the next spot. The most common category across the locations was assigned for each 
transect, and then the most common category across the four transects was assigned to 
each individual for each stratum.

To estimate the distances as precisely as possible, we used a 2 m high pole (marked 
every 10 cm) for small distances (i.e. to delineate the vertical strata), and a 30 m long rope 
or a laser range finder for longer distances.

Statistical analyses

All statistical analyses were done using packages running under R Statistical Software 
version 3.4.3 (R Core Team 2015). We first analysed between-species differences in bill 
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morphology, diet and habitat use. In the next step, we tested for possible relationships 
among bill morphology, diet and habitat use. Relationships tested on spatially explicit data 
may be affected by spatial autocorrelation (sites being closer to each other may be more 
similar than more distant sites; Diniz-Filho et al. 2003). To check for the presence of spa-
tial autocorrelations in our data, we performed a mantel test (Legendre et al. 2015) on each 
Euclidian geographical distance matrix calculated for the respective response variables 
used in the analyses. We used the mantel.test function from the R package ‘ade4’.

Nightingale diet composition and interspecific differences in diet

To assess the diet of both nightingale species, we evaluated (1) the dietary diversity for 
each nightingale species by measuring the Shannon’s diversity index (Hsh) and (2) the diet 
similarity between the two nightingale species by using Pianka’s index (O). The Shannon’s 
diversity index (Hsh) was calculated as:

where pi is the proportion of prey items belonging to the genus i (Spellerberg and Fedor 
2003).

Pianka’s index (O) was calculated as:

where pi is the proportion of samples containing the prey of the genus i in the diet of CN 
and TN when n is the total number of prey genera (Pianka 1973). The index varies between 
0 (total separation) and 1 (complete overlap).

The association between diet composition and species identity was firstly assessed by 
distance-based redundancy analyses (db-RDAs, Legendre and Andersson 1999) with night-
ingale species identity and Julian date included as explanatory variables. The diet compo-
sition was entered as a Bray–Curtis distance matrix for the relative abundances of insect 
(1) orders or (2) genera as the response variable. The relative abundance is the proportion 
of a prey item at a given order or genus level within all prey items in one sample. The 
significances of explanatory variables in db-RDAs were assessed by a permutation-based 
ANOVA.

Secondly, we used generalized linear models with a negative binomial distribution for 
community data (R package mvabund; Wang et al. 2012) to test which particular prey taxa 
were differentially represented in the diet of the two nightingale species. The response vari-
able was the read counts for prey (1) orders or (2) genera, and nightingale species identity 
(i.e. CN or TN) was the explanatory variable. Log-transformed total number of reads per 
sample was specified as the model offset. The model was run for each taxon, therefore 
the false discovery rate method (Benjamini and Hochberg 1995) was subsequently used to 
account for false discoveries due to multiple testing.

Interspecific differences in bill morphology

We calculated the repeatability of the three measurements for each bill dimension (length, 
depth and width) using the rptR package (Stoffel et al. 2017) with 95% confidence intervals 

Hsh = −
∑

pi × ln(pi)

Oj,k =

∑n

i
pi,CN × pi,TN
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(CI) based on linear mixed models method and 1000 bootstrap samples. The repeatability esti-
mates were 0.85 (CI = 0.77–0.90) for bill length, 0.75 (CI = 0.64–0.82) for bill depth, and 
0.64 (CI = 0.51–0.74) for bill width, suggesting a low technical variability in bill measure-
ments. We thus used the mean of the three values for each bill dimensions for further analy-
ses. The three bill dimensions were reduced using a covariance Principal Component Analysis 
(PCA) into two non-independent composite variables (principal components, PCs). In the next 
step, we used a linear model where the two principal components were the respective response 
variables and nightingale species identity (CN or TN) was the explanatory variable.

In contrast to our previous studies (Reifová et  al. 2011a; Sottas et  al. 2018) expressing 
bill size relative to body size, we analysed here the absolute (not the relative) measures of 
bill size, as they should be directly linked to diet resources (Gill 2006; Olsen 2017). We thus 
also checked whether the absolute bill size also showed increased divergence in sympatry 
compared to allopatry by reanalysing morphological data from Reifová et  al. (2011a) (see 
Appendix S2).

Interspecific differences in habitat use

We performed a Multiple Correspondence Analysis (MCA, Abdi and Valentin 2007) on the 
(1) vegetation composition data and (2) vegetation density data in nightingale territories. 
MCA is a data reduction technique particularly suitable for categorical data such as the pres-
ence/absence of plant taxa in our data set. The resulting uncorrelated MCA axes were used as 
composite descriptors of vegetation composition and vegetation density for further analyses as 
follows. To assess whether the species differ in habitat use, linear models were used where the 
respective response variables were vegetation composition or vegetation density and nightin-
gale species identity was the explanatory variable.

Associations among bill morphology, diet and habitat

The associations between (1) diet and bill morphology, (2) diet and habitat, and (3) bill mor-
phology and habitat were assessed using db-RDAs (Table 1). For this purpose, we used only 
morphological and habitat variables that showed significant differences between the species 
in the interspecific comparisons described above, as we were primarily interested whether dif-
ferences in these traits could be associated with diet differentiation. The diet composition was 
entered as a Bray–Curtis distance matrix based on the relative abundance at (1) order or (2) 
genus levels. When a model showed a significant association, we added nightingale species 
identity as a predictor into the model to test for the effect of species on the tested association 
(all performed models are specified in Table 1). In all models, Julian date was included as a 
covariate to control for the possible effects of seasonality on the diet composition. The signifi-
cance of the explanatory variables was assessed by permutation-based ANOVA.

Results

Nightingale diet composition and interspecific differences in diet

Sequencing of metagenomic DNA from the faecal samples and stom-
ach regurgitates resulted in 1,307,666 reads across all samples. The mean 
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Table 1   Models testing associations between (1) diet and bill morphology, (2) diet and habitat, and (3) bill 
morphology and habitat in two nightingale species using db-RDAs

The diet was entered as a Bray–Curtis matrix based on the relative abundance at the order or genus level. 
Julian date was included as a covariate to control for the possible effects of seasonality on the diet composi-
tion. If a model showed a significant association, we ran two other models where we added species identity 
(common nightingale, thrush nightingale) as an explanatory variable to test for its effect on the association. 
Significant p values are indicated in bold

Model Response variable Explanatory variables Degrees of 
freedom

F p value Adjusted-R2

1 Diet at order level Bill length 1 1.344 0.195
Julian 1 1.410 0.192

52
0.020

Diet at genus level Bill length 1 1.902 0.011
Julian 1 2.074 0.004

52
0.039

Species ID 1 1.876 0.05
Julian 1 1.855 0.019

52
0.038

Bill length 1 1.178 0.259
Species ID 1 1.153 0.253
Julian 1 1.775 0.015

51
0.043

2 Diet at order level Vegetation composition 1 1 0.522 0.819
Julian 1 1.148 0.329

52
0.003

Diet at genus level Vegetation composition 1 1 1.086 0.369
Julian 1 1.995 0.009

52
0.023

3 Bill length Vegetation composition 1 1 6.963 0.009
Julian 1 0.738 0.397

52
0.085

Species ID 1 26.232 0.001
Julian 1 2.906 0.089

52
0.310

Vegetation composition 1 1 2.147 0.143
Species ID 1 19.516 0.001
Julian 1 3.696 0.059

51
0.325
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sequencing depth per individual was 26,584 (range = 1181–70,626) in CN and 19,228 
(range = 1027–120,262) in TN. In total, 247 invertebrate genera belonging to 27 orders 
were identified and the average number of identified genera per individual was 11.76 
(range = 1–26). The diet of nightingales consisted predominantly of insects  (84.45% 
of relative abundance); however, a few other arthropod classes were represented in the 
diet as well: Diplopoda (7.34%), Malacostraca (3.22%), Arachnida (2.74%), Collem-
bola (1.14%) and Protura (0.73%). The most frequently occurring orders in the night-
ingale diet (all insects) were Coleoptera (45.22%), Diptera (12.84%), Hymenoptera 
(12.90%) and Lepidoptera (8.46%) (Fig. 2a, Supplementary Table S4).

The two species had similar dietary diversity measured by Shannon’s diversity index 
(Hsh = 3.03 in TN; Hsh = 3.53 in CN) and showed moderate niche overlap at the genus 
level expressed by Pianka’s index (O = 0.54). Specifically, 145 genera were consumed 
only by CN (34 individuals), 42 only by TN (21 individuals) and 60 genera were 
consumed by both species (Supplementary Table S4). To test for interspecific differ-
ences in diet, we excluded rare orders or genera (occurring in less than 5 individuals) 
depending on which level the analysis was conducted. In total, we excluded 14 orders 
and 216 genera as their differential abundance between the species would be difficult 
to assess. The permutation-based ANOVA running on db-RDA revealed: (1) a signifi-
cant effect of species identity (F1, 52 = 4.333, p = 0.003) but no effect of the Julian date 
(F1, 52 = 1.119, p = 0.295) on the diet composition at the order level (model adjusted-
R2 = 0.078); (2) a significant effect of species identity (F1, 52 = 1.876, p = 0.017) and 
Julian date (F1, 52 = 1.855, p = 0.013) on the diet composition at the genus level (model 
adjusted-R2 = 0.038).

According to the negative binomial generalized linear models, three orders – Coleop-
tera and Diptera (both belonging to class Insecta) and Protura (belonging to class 
Protura) were significantly differentially represented in the diet of the two the nightin-
gale species after correction for multiple testing (Table 2a, Fig. 2b). Coleoptera repre-
sented a larger proportion of the diet in CN (58.39% of relative abundance) than in TN 
(27.80% of relative abundance). On the contrary, the orders Diptera (CN: 5.10% and 
TN: 26.57% of relative abundance) and Protura (CN: 0.03% and TN: 1.98% of relative 
abundance) were more common in the diet of TN than CN (Table 2a, Fig. 2b).

Nine genera were significantly differentially represented in the diet of the two night-
ingale species after correction for multiple testing. The genera Aphodius, Brachysomus, 
Dalopius, Heterotarsus, Notoxus Othiorhynchus (all belonging to the order Coleop-
tera), Lygus (order Hemiptera) and Formica (order Hymenoptera) were significantly 
more common in the CN diet, while unclassified Diptera genera were more common in 
the TN than CN diet (Table 2b).

Visual identification of prey items provided much less data and the representation 
of particular taxa was quite different from DNA metabarcoding dataset. It was thus dif-
ficult to compare the results from both datasets. Nevertheless, Coleoptera, which were 
highly represented in the visual data, were also more common in the CN than in the 
TN diet (Supplementary Table S5). This difference, however, was not statistically sig-
nificant (Supplementary Table S5). Additionally, we used the data from visual identifi-
cation to estimate the body length of prey items (Supplementary Table S2). We found 
that the size of prey items did not significantly differ between CN (mean = 8.31 mm, 
sd = 6.13) and TN (mean = 8.78 mm, sd = 4.76) (Wilcox test: p = 0.69).
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Fig. 2   a Overall diet composition for both nightingale species presented as the relative abundance of par-
ticular prey taxa from the total number of prey items identified at the order level in the diet of both night-
ingales (the common nightingale and thrush nightingale were considered jointly). Rare taxa (represented 
by < 0.5%) are labelled as ‘others’. b Differences in diet (relative abundance of each taxon) between the 
common nightingale (red bars) and the thrush nightingale (blue bars)
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Interspecific differences in bill morphology

We used a PCA to reduce the three bill dimensions into two uncorrelated PC axes. 
The first axis (PC1) explained 45% of the total variation in bill morphology and was 
strongly positively correlated with the bill width and depth (Supplementary Fig. S3 
and Supplementary Table S6). The second axis (PC2) explained 33% of the total var-
iability, and was strongly negatively correlated with the bill length (Supplementary 
Fig. S3 and Supplementary Table S6). While PC1 did not differ between the species 
(F1, 53 = 1.502, p = 0.226), PC2 showed marked differences (F1, 53 = 22.590, p < 0.001), 
with the species identity explaining 29% of the total variability in this model. We 
thus used the PC2 (hereafter referred as ‘bill length’) for subsequent analyses testing 
the association between bill length and diet. Using raw measurements of bill length 
(Supplementary Table S1), CN also showed significantly (t test: t = 4.930, df = 38.38, 
p < 0.001) longer bills (mean = 17.315 mm, sd = 0.580) than TN (mean = 16.452 mm, 
sd = 0.659). The larger bill length in CN cannot be explained by the body size, as CN 
is significantly smaller than TN (Reifová et al. 2011a).

The reanalysis of data on absolute bill size in sympatric and allopatric populations 
from Reifová et al. (2011a) (Appendix S2) confirmed that there is significantly increased 
divergence in bill length in sympatry compared to allopatry, which suggests that inter-
specific competition drives the bill length divergence between the species (Appendix 
S2).

Interspecific differences in habitat use

According to the MCA on variables describing vegetation composition, the first ordi-
nation axis (hereafter called vegetation composition 1) explained 15% of the variabil-
ity in plant taxa records in the nightingale territories. It expresses a gradient from wet 
habitats, characterized by willow, reed and the presence of Urtica spp. on the ground, 
to dry habitats, characterized by the presence of oak, blackthorn, and bare or herba-
ceous ground layers (Supplementary Fig. S4a). The second axis (vegetation composi-
tion 2) explained 11% of the variability in plant taxa records in the nightingale territo-
ries. Plants occurring in forests or at forest edges, such as European ash or poplar, were 
linked with the negative part of the axis, whereas open habitats characterized by the 
presence of species such as rose or blackthorn represented the positive part of this axis 
(Supplementary Fig. S4a).

The MCA on the variables describing vegetation density revealed the first axis (veg-
etation density 1), explaining 18% of the variability, as a gradient from no vegetation in 
intermediate and upper strata to sparse vegetation in low strata (Supplementary Fig. S4b). 
The second axis (vegetation density 2) explained 16% of the variability and expressed a 
gradient from sparse vegetation in high/intermediate and upper strata to no vegetation in 
low strata (Supplementary Fig. S4b).

The results of the linear models revealed that vegetation composition 1 differs between 
the nightingale species (F1, 53 = 8.423, p < 0.001, adjusted-R2 = 0.121), with CN occur-
ring more frequently in drier habitats while TN in wetter habitats. No differences between 
species were found in respect to the vegetation composition  2 (F1, 53 = 1.583, p = 0.214, 
adjusted-R2 = 0.011), vegetation density 1 (F1, 53 = 0.023, p = 0.288, adjusted-R2 = − 0.018) 
or vegetation density 2 (F1, 53 = 0.165, p = 0.686, adjusted-R2 = − 0.016).
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Associations among bill morphology, diet and habitat use

We found a significant association between bill length and diet composition after con-
trolling for the effect of Julian date at the genus level (p = 0.011, adjusted-R2 = 0.039), 
but not at the order level (Table 1). Longer bills were associated with the presence of 
genera Brachysomus and Aphodius (Coleoptera) and Operophtera (Lepidoptera) in 
the diet (Fig. 3d). Conversely, shorter bills were associated with the genera Julus (Jul-
ida, Diplopoda) and Strongylosoma (Polydesmida, Diplopoda), and Tipula (Diptera) 
(Fig.  3d). The association between the bill length and diet became insignificant when 
the nightingale species identity was included into the model (p = 0.259), suggesting that 
this association is to a large degree driven by between-species differences in bill length 
and diet in sympatry (Table 1). This was supported by very similar performances of the 
model where species identity was the only predictor of the diet (adjusted-R2 = 0.038) 
and the model where both species identity and bill length were included as explanatory 
variables (adjusted-R2 = 0.043) (Table 1); the variation explained by these two models 
did not differ significantly (F1, 51 = 1.777, p = 0.238). Variation partitioning analysis 
(Varpart analysis, Peres-Neto et al. 2006) showed that 1.6% of variation in diet compo-
sition was explained solely by the effect of bill length, 2% solely by the effect of species 
identity and 2.5% by correlated effect of bill length and species identity.

MalacostracaIsopoda

Diplopoda
Julida
Polydesmia
Unclassified

Insecta

ArachnidaAraneae
CollembolaEntomobryomorpha

arutorP arutorP

Diptera
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Fig. 3   Distance-based redundancy analyses ordination of the diet composition in nightingales. The dissimi-
larity matrix based on the relative abundance on diet samples at the order (a and c) or genus level (b and 
d) was the response variable, while vegetation composition 1 (a and b) or bill length (c and d), and Julian 
date (julian) were explanatory variables. Variation along the first two constrained axes is shown. Colour 
lozenges represent the prey taxa found in the diet at the order or genus level. Dots represent nightingale 
individuals (common nightingale in red, thrush nightingale in blue)
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The diet was not related to the vegetation composition 1 at the order level (p = 0.819, 
adjusted-R2 = 0.003) or at the genus level (p = 0.369, adjusted-R2 = 0.023) (Table 1; Fig. 3a, 
b).

We found a significant association between the bill length and vegetation composi-
tion  1 (p = 0.009, adjusted-R2 = 0.085). Nightingales had longer bills in dry than in wet 
habitats (Fig. 3c, d). However, the association between bill length and vegetation compo-
sition 1 became insignificant (p = 0.143) if the nightingale species identity was included 
in the model, suggesting that this association is largely driven by interspecific differ-
ences (Table 1). Indeed, the model where bill length was related only to species identity 
explained only slightly less variation (adjusted-R2 = 0.310) than the model where both spe-
cies identity and vegetation composition were included (adjusted-R2 = 0.325; Table 1) and 
this difference was not significant (F1, 51 = 2.147, p = 0.152). Variation partitioning analysis 
showed that 9% of variation in bill length was explained solely by the effect of vegetation, 
28% solely by the effect of species identity and 29% by correlated effect of vegetation and 
species identity.

Spatial autocorrelation

We observed no linear correlation between space and (1) diet expressed as the read counts 
at the genus level (Mantel’s test, r = 0.039, p = 0.289), (2) vegetation composition 1 (Man-
tel’s test, r = − 0.081, p = 0.934) or (3) bill length (Mantel’s test, r = 0.069, p = 0.172).

Discussion

In this study, we explored the early steps of competition-driven eco-morphological diver-
gence in two closely related insectivorous passerines, the common nightingale and the 
thrush nightingale. In accordance with previous studies (Reifová et al. 2011a; Reif et al. 
2018; Sottas et al. 2018), we found that the two species diverged in bill morphology as well 
as in habitat use in sympatry. Such differences were not observed in the adjacent allopatric 
populations (Reifová et al. 2011a; Reif et al. 2018), even though possible geographical gra-
dients were taken into account, suggesting that they arose in response to interspecific com-
petition. The common nightingale in sympatry occurred more frequently in dry habitats 
and showed a longer bill, while the thrush nightingale was more abundant in wet habitats 
and had a shorter bill. Although the diet of both species largely overlapped in sympat-
ric populations, we observed some significant differences in diet composition between the 
species, particularly for Coleoptera, which were more frequent in the common nightingale 
diet, and Diptera and Protura, which were more common in the thrush nightingale diet. 
Importantly, we found a significant relationship between bill length and diet. Individuals 
with a short bill fed more often on genera from the Diptera, Julida and Polydesmida orders, 
while individuals with a longer bill on genera from the Coleoptera and Lepidoptera orders. 
We also revealed a significant association between bill length and habitat, with bill length 
increasing towards drier habitats. Our results provide new insights into the early stages of 
competition-driven eco-morphological divergence in two closely related passerine birds. 
Below, we discuss details of this eco-morphological divergence as well as its implications 
for the long-term co-existence of the species and the evolution of reproductive isolation 
between them.
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Shifts in feeding niches between competing species are crucial for long-term species 
coexistence in the same geographic area (MacArthur and Levins 1967), and are a keystone 
of many adaptive radiations in birds (Grant 1981; Freed et  al. 2016) as well as in other 
taxa (Seehausen 2006; Losos 2011). Feeding niche divergence may be achieved directly by 
changes in diet preferences (Renner et al. 2012) as well as indirectly through foraging in 
different habitats or at different times (Pianka 1973; Schoener 1974). Our results, showing 
that the two nightingale species have differentiated in sympatry both in habitat composition 
and diet, suggest that they may have differentiated their feeding niches as a result of habitat 
segregation. Given that the composition of arthropod communities is often closely linked 
to vegetation (Schaffers et al. 2008; Kadlec et al. 2018), this possibility seems likely. On 
the other hand, we did not find a significant association between habitat composition and 
nightingale diet. This may be a result of our relatively low sample size and the fact that our 
diet data only reflected a snapshot of the diet at a given time and place. In any case, based 
on our data, we cannot exclude the alternative possibility that the species have differenti-
ated their diet independently of habitat. Data on diet from allopatric populations could help 
to elucidate this issue.

Different diets can in turn drive a divergence in bill size. Our results showing a sig-
nificant association between bill length and diet support this scenario. Moreover, the sig-
nificant association between bill length and habitat gives some support to the hypothesis 
of feeding niche divergence due to competition-driven habitat segregation. Nevertheless, 
it should be noted that associations between bill length and diet as well as between bill 
length and habitat were to a large degree driven by species identity. However, our previ-
ous study demonstrated that at least the association between bill size and habitat cannot be 
explained entirely by species identity, and clearly demonstrated that bill size in sympatry 
is more divergent between species in different habitats than in the same habitats (Sottas 
et  al. 2018). It is also worth noting that species identity explained less than 30% of the 
variation in bill length, suggesting that some other selective pressures are involved in shap-
ing bill morphology in nightingales in addition to the mechanisms driving interspecific 
divergence. Together, these results indicate that nightingales could have differentiated their 
feeding niches as a result of habitat segregation, although more data is needed to confirm 
this conclusion.

Competition-driven habitat segregation resulting in changes in feeding niches has been 
described in a few other closely related species (e.g. Schluter and McPhail 1992; Fos-
sog et  al. 2014; Winkelmann et  al. 2014). In a study on Ficedula flycatchers, the more 
dominant collared flycatcher displaced the submissive pied flycatcher from its preferred 
breeding habitat, which was associated with reduced access to the preferred food resources 
(Rybinski et al. 2016). Competition also played a role in the habitat segregation of two dis-
tinct eco-morphs of the cichlid fish Telmatochromis temporalis (Winkelmann et al. 2014), 
with the larger eco-morph outcompeting the smaller one on a favoured rock substrate. In 
both cases, habitat isolation promoted assortative mating within the same species or eco-
morph, which strengthened the reproductive isolation between the incipient species. Habi-
tat segregation resulting from interspecific competition may be thus a common driver of 
eco-morphological divergence in sympatric species at the early stages of their divergence. 
In cases of still not yet completely reproductively isolated species, as in the two nightin-
gale species studied here (Storchová et  al. 2010; Reifová et  al. 2011b; Mořkovský et  al. 
2018), it may also contribute to the increase in reproductive isolation between the species 
by strengthening prezygotic isolation.

To demonstrate an association between diet, bill size and habitat, it is necessary to 
understand the functional link between these variables. It is possible that the longer bill 
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in the common nightingale, occurring more often in dry habitats, might be caused by 
larger prey sizes. Our analysis of prey size in both nightingale species, however, did not 
support this hypothesis. The bill morphology may also be affected by the feeding strat-
egy (e.g. Miller et al. 2017). The representatives of Coleoptera found more frequently 
in the common nightingale diet (e.g. Brachysomus, Othiorhynchus, Notoxus) are bee-
tle genera occurring on the ground. In fact, most of these Coleoptera genera occurred 
almost exclusively in the common nightingale diet and were absent in the thrush night-
ingale diet (Table  2b). We also found underground Coleoptera larvae (e.g. Tenebrio-
nidae) in the common nightingale but not in the thrush nightingale diet. By contrast, 
Diptera, which occurred more often in the thrush nightingale diet, are normally found 
on vegetation, and thrush nightingales might capture them by gleaning or while fly-
ing. This may be related to the fact that thrush nightingale habitats often occur in river 
floodplains in sympatry (Reif et al. 2018) where ground foraging is not possible during 
spring when these areas are flooded. The divergence in bill morphology between the 
two nightingale species may thus result from their different feeding strategies in differ-
ent habitats. Indeed, a study on Acrocephalus warblers found that short bills were asso-
ciated with gleaning feeding techniques, whereas long bills were typical for species that 
pursue hidden and difficult-to-access prey (Leisler and Winkler 2015). Some other stud-
ies on passerine birds have suggested that longer bills increase the dietary niche breadth 
(Brandl et  al. 1994). The dietary diversity measured by Shannon index was, however, 
comparable in our two nightingale species.

Based on our results, we cannot exclude other explanations for the bill size divergence 
between the two nightingale species in sympatry. First, bill size may be affected by temper-
ature. It has been shown that bill size increases with temperature as it plays an important 
role in thermoregulation and heat lost (Greenberg et al. 2012; Luther and Greenberg 2014; 
Friedman et al. 2017; Tattersall et al. 2017). This could explain why the common nightin-
gale, occurring in drier and potentially hotter habitats in sympatry (Reif et al. 2018), has a 
longer bill. However, since the habitat driven climatic variability is likely very small within 
our study area compared to other sources of climate variation (e.g. seasonality), we con-
sider this explanation unconvincing. Second, bill size may also be shaped by song (Derry-
berry et al. 2012). It has been shown that bird song can be affected by vegetation structure 
(‘acoustic adaptation hypothesis’, Boncoraglio and Saino 2007). Nevertheless this explana-
tion is unlikely in our system as no difference in vegetation density was observed between 
the species, and the species show song convergence rather than divergence in sympatry 
(Vokurková et al. 2013; Souriau et al. 2018).

In conclusion, our results, together with previously published studies (Reifová et  al. 
2011a; Reif et al. 2018; Sottas et al. 2018), suggest that interspecific competition between 
the two nightingale species in their secondary contact zone has led to partial habitat seg-
regation, and this could have played a role in the feeding niche divergence we observed 
in this study. However, based on our data we cannot provide direct evidence for this sce-
nario with a link between diet composition and habitat segregation. Nevertheless, our 
data indicate that the feeding niche divergence in the two nightingale species has in turn 
resulted in bill size divergence in sympatry. The observed habitat-partitioning and feeding 
niche divergence may together facilitate the coexistence of the two nightingale species in 
the same geographical area by reducing resource overlap. Since the two nightingale spe-
cies are still not completely reproductively isolated (Storchová et al. 2010, Reifová et al. 
2011b, Mořkovský et  al. 2018), competition-driven eco-morphological divergence may 
also strengthen the degree of reproductive isolation and thus contribute to the speciation 
process.
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