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Simple Summary: Temporal changes of ecological niches in relation to both population trends and
species traits (life-history and ecological characteristics) are a poorly investigated topic in animal
ecology even though they can provide crucial information for investigating how species respond
to ongoing environmental changes. To fill this gap, we assessed niche changes from 1992 to 2017
for 71 common breeding birds in Northern Italy, using several niche metrics and relating them with
both population trends and species traits. Our results showed that 32% of the species tended to
change their niche in relation to the accessible environmental conditions. We found a tendency to
adjust the niche towards warmer thermal conditions. This process may depend on several drivers,
which act differently across species. Species undergoing a niche expansion showed increasing
populations, while species tending to retain their niche showed a tendency to be associated with
decreasing populations. We also found evidence for a non-random association between niche
temporal changes and species traits. Investigating these relationships is a pivotal point to implement
effective conservation strategies for wildlife.

Abstract: Despite the assessment of long-term niche dynamics could provide crucial information
for investigating species responses to environmental changes, it is a poorly investigated topic in
ecology. Here, we present a case study of multi-species niche analysis for 71 common breeding
birds in Northern Italy, exploring long-term niche changes from 1992 to 2017 and their relationship
with both population trends and species traits. We (i) quantified the realized Grinnellian niche in
the environmental space, (ii) compared variations in niche breadth and centroid, (iii) tested niche
divergence and conservatism through equivalency and similarity tests, (iv) calculated niche temporal
overlap, expansion and unfilling indices, and (v) investigated their association with both population
changes and species traits. Results supported niche divergence (equivalency test) for 32% of species,
although two-thirds were not supported by the similarity test. We detected a general tendency
to adjust the niche centroids towards warmer thermal conditions. Increasing populations were
positively correlated with niche expansion, while negatively correlated with niche overlap, albeit at
the limit of the significance threshold. We found moderate evidence for a non-random association
between niche changes and species traits, especially for body size, clutch size, number of broods
per year, inhabited landscape type, and migration strategy. We encourage studies correlating long-
term population trends and niche changes with species traits’ information and a specific focus on
cause-effect relationship at both the single and multiple-species level.

Keywords: breeding birds; migration strategy; farmland birds; niche conservatism; niche divergence;
species specialization; body mass; ecospat

1. Introduction

The quantification of the realized niche of a species [1] (sensu Grinnell [2–5], hereafter
niche) and how it varies across space and time has received increasing attention in ecological
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studies, with important implications in evolution, biogeography, and conservation [6–15].
Many studies have focused on niche evolution in related taxa [16–23], or on niche quan-
tification of alien species to assess their potential as invaders in non-native ranges [24–32].
However, niche quantification and change in avian species remain poorly investigated
aspects, especially if compared to other research topics (e.g., population trend assessment).
As well as the general tendency in ecology, in ornithology most studies on niche also
have focused on evolutionary aspects or on invasive species. Moreover, several studies
have focused on niche-tracking under climate change by a correlative modeling approach
(e.g., species distribution models [33]) in order to predict future changes in species distri-
butional range [34–38]. Both the niche-tracking concept and its application in predictive
species distribution modeling assume niche conservatism [5], which implies that in the
future a species will occupy the same environmental conditions that it occupies today.
Several studies have supported niche conservatism on both ecological and evolutionary
timescales [6,39,40]. However, these studies focused on conservation of the fundamental
niche, while a separate issue is whether the realized niche is also conserved. Some studies
have highlighted that species may not retain their realized niche between the native and
invaded range [41,42] and that variations may be expected under climate changes [43].

Very little attention has been given to within-species niche changes in the same ge-
ographic area over time. Assessing the change of the niche of a species in a relatively
long-term period (e.g., decades) could allow measuring the environmental plasticity of the
species in adapting to suboptimal environmental conditions and in colonizing new habitats,
as well as the tendency in moving the niche boundaries or position towards different
combinations of environmental gradients. This information may be combined with popu-
lation trends to shed light on mechanisms that regulate species capability in responding
to environmental changes, which can be pivotal to plan effective conservation actions.
We ascertained a lack of studies on this potential relationship (but see [44,45]), although
long time-series data coming from standardized bird monitoring programs (e.g., North
American Breeding Bird Surveys [46]) exist. Ralston et al. [44] found a positive association
between changes in climatic niche breadth and population trends. Ralston et al. [45] also
showed that increasing species tended to show greater levels of climatic niche expansion
compared to declining species, while declining species had significantly greater climatic
niche unfilling compared to increasing species. Notwithstanding the relevance and the nov-
elty of their results, these two studies did not consider the habitat characteristics (e.g., land
cover variables) in niche quantification, thus omitting important scenopoetic variables—i.e.,
variables that are invariant to species [47]—constituting the realized Grinnellian niche. An-
other important question is how temporal changes in niche occupancy (i.e., variations of the
density of occurrence corrected by the environmental availability in the multidimensional
niche space) are related to population trends. The inference on the cause-effect relationship
between niche changes and population trends needs to be carefully evaluated [45]. Indeed,
it is reasonable to expect that a change (both an expansion and an unfilling) in a species
niche could be the reason for the observed population trend (e.g., [48] for the isotopic niche).
However, it is also reasonable that the variation in a species niche may be the result of a
change in the species population abundance (due to niche-independent potential factors,
e.g., epidemic, interspecific competition, density-dependent factors), which could have
led to a niche reshaping with expansion, unfilling, centroid shift, variations in breadth or
density of occurrence.

Beyond the relevance of a species-specific approach, in the past decade the increasing
attention on a trait-based approach allowed highlighting emergent ecological patterns in
groups of birds sharing similar life-history and ecological traits [49–53]. The relationship
between the ecological niche and species traits has been mainly explored under an evolu-
tionary perspective ( [54–56]), but there is a lack of studies focusing on ecological aspects
(but see [57,58]). Revealing such types of ecological signal would point out a non-random
evolution of niche changes, suggesting the existence of shared ecological pressures within
groups of species sharing similar characteristics.
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Here, we present a multi-species niche analysis on 71 common breeding birds in
Northern Italy (Lombardy region), exploring long-term niche changes from 1992 to 2017
and relating niche changes to species population trends, life-history and ecological traits.
Specifically, we tried to answer the following questions: (i) did birds vary their niche over
a long-term period? (ii) Are niche expansion and unfilling associated with increasing
and decreasing populations, respectively? (iii) Is the intensity of niche overlap—i.e., the
tendency to not vary the niche occupancy—related to population change? (iv) How do
niche changes relate to species traits?

2. Materials and Methods
2.1. Study Area and Bird Data

The study was carried out in Lombardy, a region of 23,861 km2 in Northern Italy
(45◦ N, 9◦ E). The area presents diversified landscapes: mountain chains in the North (Alps
and Prealps), a large West–East alluvial plain of more than 12,000 km2 in the central part
(Po Plain), and a portion of Apennines mountains in the southwestern corner. Overall,
land use is characterized by urban areas (14.7%), agricultural lands (42.2%), and natural
and semi-natural lands (39.6%, of which 61.4% are forests; data derived from digital land
cover map DUSAF [59]). Continuous forests and meadows occupy the territory of Alps and
Prealps up to the wood limit, where natural shrublands and grasslands extend at higher
altitudes. The Po Plain is heavily men-modified, with intensive cereal cultivations (mainly
maize) in the central and eastern part, and dense urban areas and paddy fields in the West.
Extensive farming and deciduous and mixed forests characterize the Apennines. During
the time span considered in this study, the region underwent some land-use changes. Forest
cover increased (+1%), agricultural lands declined (−3.3%), and urban areas increased
(+2.1%) (comparison of digital land-cover maps DUSAF [59,60]).

Bird data were obtained from the Long-Term Monitoring Program of Breeding Birds
in Lombardy [61]. The project has been carrying out yearly surveys since 1992 (no data are
available for 1993, 1994, 1997, 1998) following a stratified random design [53]. Data were
collected through a single-visit point-count method with unlimited distance [62], whereby
all birds heard or seen (including over-flying individuals) in 10 min were recorded [63].
Surveys were carried out each year during the breeding season (10 May–20 June), from
sunrise to 11 a.m. and only in good weather conditions. The technique is effective in
detecting bird species belonging to the orders Columbiformes, Cuculiformes, Apodiformes,
Coraciiformes, Piciformes, and Passeriformes, but can also be used to survey some other
common species, such as the Common Buzzard (Buteo buteo) and the Common Kestrel
(Falco tinnunculus) [61]. To investigate the long-term changes of species niche, we defined
two temporal windows (T1 and T2) of a three-year time interval: T1 includes point counts
performed in 1992 (n = 373), 1995 (n = 650), and 1996 (n = 696), while T2 includes point
counts performed in 2015 (n = 855), 2016 (n = 749), and 2017 (n = 542) (Figure 1). This
procedure allows limiting the effect of inter-annual abundance variability and obtaining a
more representative sample ([44,50,64]). Since the project did not include multiple surveys
within the same season, species detection probability could not be explicitly considered.
Nevertheless, the large amount of data used for this study and their aggregation into
three-year time intervals overcomes the potential limit of imperfect detection, lowering
the noise generated by stochasticity in species detection [65,66]. Moreover, 10-min point
counts have been indicated as an effective survey technique to detect a sufficiently high
percentage of the species present in a site [67], and surveys were performed by a restricted
pool of expert surveyors, thus limiting the presence of inter-observer detection bias. For
the purpose of this study, we retained the most common species [53] with a frequency of
occurrence higher than or equal to 1% in both T1 and T2 (number of species = 71).
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(e.g., farmsteads; C112), arable lands (e.g., maize, wheat, horticulture; C211) paddy fields 
(C213), permanent orchard plantations (olive groves, vineyards, orchards; C220), wood 
plantations (C224), meadows and pastures (C231), broadleaved forests (C311), coniferous 
forests (C312), mixed forests (C313), grasslands (C321), shrublands (C322), no tree vege-

Figure 1. Main land covers in the study area and locations of the sampling sites. Land covers are
represented according to 3rd-level of DUSAF land-cover map [59] with some mergers (see Table S1).
10-km square grid (WGS84, UTM 32N) is superimposed on sampling sites. X and Y coordinates are
in km.

2.2. Habitat and Climatic Variables

Species niche was quantified by using 17 land-cover variables, four topographic
variables and four climatic variables. Land-cover variables were recorded on the field as
fractional cover within a 250-m circular buffer around each point count and were classified
according to the 3rd-level of DUSAF digital map [59]. Some variables were merged because
they were strongly underrepresented in the dataset and indicated similar types of land
covers (Table S1). Land-cover variables included continuous urban matrix (e.g., dense urban
areas, industrial areas, infrastructures; C110), discontinuous urban matrix (e.g., farmsteads;
C112), arable lands (e.g., maize, wheat, horticulture; C211) paddy fields (C213), permanent
orchard plantations (olive groves, vineyards, orchards; C220), wood plantations (C224),
meadows and pastures (C231), broadleaved forests (C311), coniferous forests (C312), mixed
forests (C313), grasslands (C321), shrublands (C322), no tree vegetation under evolution
(C324), areas with sparse or absent vegetation (e.g., outcrops, debris deposits, glaciers;
C330), wetland vegetation (C410), rivers and streams (C511), and natural and artificial
lakes (C512). Topographic variables were derived from the Digital Elevation Model (DEM,
20-m ground-resolution, downloadable from http://www.geoportale.regione.lombardia.
it/, (accessed on 21 September 2021)), and included sine (sin) and cosine (cos) of the
aspect (adimensional), slope (grades) and elevation (m), all measured by averaging pixel

http://www.geoportale.regione.lombardia.it/
http://www.geoportale.regione.lombardia.it/
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values within a 250-m circular buffer around each survey site. Climatic variables were
obtained from the European Climate Assessment & Dataset (ECAD) with a resolution
of 0.1 degree [68]. They included the annual cumulative rainfall (rr), and the annual
average (tavg), minimum (tmin) and maximum (tmax) temperature. For each period,
after trimming the original grid by our study area, we spatially associated the value of
each climatic variable to the corresponding point count, by averaging values within a
period between the two years immediately preceding the first year of the time interval and
the last year—i.e., 1990–1996 for T1 and 2013–2017 for T2. This way, we obtained values
representative of climatic conditions in the two periods, limiting the effects of climatic
oscillation that might be detected during a single year and taking into account that birds
could have exhibited a delayed response to climatic parameters [69].

Geospatial analyses were conducted in ESRI ArcMap v. 10.7.1 [70] and in R software
v. 4.0.2 [71].

2.3. Niche Quantification and Temporal Changes

In recent years, the quantification and the analysis of spatio-temporal niche changes
benefited from novel methodological insights [72–77]. The most important progress con-
cerns the use of the environmental space (E-space [72–74,76]) instead of the geographical
space (G-space [33,78,79]). This way, no assumptions are required for the model-based
approach [72,74]. The use of the E-space permits better assessment of the niche overlap
because it takes into account the environmental availability and the analogy between
ranges [72,80], and it overcomes some limitations on the inference of niche similarity [76].

Niche analysis was performed separately for the 71 bird species using the R package
ecospat [81]. The E-space was assessed through an ordination technique using a PCA-
environment framework, retaining the two main axes resulting from the input of the
25 habitat and climatic variables presented in Section 2.2. The axes of the PCA maximize
the ecological variance present in the study area for both periods. The PCA scores of species
occurrence in each period were projected onto a grid of cells bounded by the minimum
and maximum PCA scores of both periods—i.e., gridded E-space—and a kernel density
function was used to estimate the density of occurrence of the species in each cell of the
grid [74].

We evaluated the species niche breadth and centroid along each of the PCA axes for
each period, by computing the variance and the median of the scores along the principal
components, respectively. To detect a significant variation in the niche breadth and centroid
between the two periods across all species, we performed the Wilcoxon rank sum test.
To compare the overlap of the environmental niche of each species between T1 and T2, we
used the metric Schoener’s D [72,82]. This index quantifies the amount of niche overlap
by computing, for every grid cell in the E-space, the absolute differences in densities of
occurrence—corrected by the prevalence of the environments in their range, i.e., niche
occupancy—between the two periods. It varies from zero (no overlap) to one (complete
overlap). Additionally, we calculated three niche dynamic indices between the two periods,
namely the expansion, unfilling, and stability index (all varying from a minimum of zero
to a maximum of one). The expansion index represents the E-space occupied by the
species in T2 only, the unfilling index indicates the E-space occupied by the species in T1
only, and the stability index represents the E-space where the species occurred in both
periods (T1 ∩ T2) [8]. This decomposition can provide more information about the drivers
of niche change between the two periods. We computed the three indices by limiting
their calculation to the shared available E-space (intersection = 0), in order to exclude
that the observed values were due to differences in the accessible E-space [76]. Since
the stability index is complementary to the expansion index, it was not reported in the
results in order to avoid redundant information. We evaluated the correlation among
Schoener’s D, and expansion and unfilling indices by the non-parametric Kendall test [83].
To test the statistical significance of niche overlap (Schoener’s D), we ran equivalency
and similarity tests, comparing the overlap of the two observed niches to the overlap
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of simulated niches. The equivalency test assesses whether two niches are more or less
equivalent than expected by chance when randomly reallocating all occurrences between
the two ranges. The similarity test assesses whether the overlap between observed niches
in two ranges is different from the overlap between niches when their occurrence density
grids are randomly shifted in the background environment [72,74,78]. To ensure a robust
statistical inference, each test was performed based on 1000 simulations [84,85]. For both
tests, we assessed the hypotheses of both niche divergence and niche conservatism—i.e.,
one-side tests—and for the similarity test both niches were randomly shifted. For both
the equivalency and similarity tests, a significant p-value (≤0.05) means that the two
niches are less (niche divergence) or more (niche conservatism) equivalent/similar than a
random expectation.

2.4. Relationship between Niche Temporal Changes, Population Trends and Species Traits

To assess the relationship between niche temporal changes and population trends we
performed a Kendall non-parametric correlation analysis [83] between each of the niche
metrics (Schoener’s D, expansion and unfilling index) and the species population trends
(% change). Compared to the Spearman rho statistic, Kendall tau provides more accurate
p-values when the sample dimension is small and there are many ties in the data [86],
as in our case. We derived species trends from [53], where long-term trends (1992–2019)
for the species considered in this study were assessed in the same study area, using data
derived from the same bird monitoring program. We assigned a zero value to species with
non-significant trends.

To investigate the relationship between niche metrics (Schoener’s D, expansion and
unfilling index) and species traits, we performed distinct analyses for continuous traits
(12 life-history traits, namely body length, wing length, tail length, bill length, tarsus length,
body weight, clutch size, incubation period, fledging period [87]; number of broods per
breeding season [53,87]; annual fecundity [88]; dispersal ratio [89,90]; and six species spe-
cialization indices, namely foraging habitat, acquisition behavior, nesting habitat, foraging
substrate, diet [53,91,92]; overall [53]) and categorical traits (four uncorrelated traits of
interest [53], namely migration strategy [53], nest type [53,87], landscape type—i.e., habitat
preferences at landscape scales [53]—, and diet [53,93]). For continuous traits, we performed
a principal component analysis (PCA) using all 18 traits as input variables. This way, we re-
duced the dimensionality of traits into new uncorrelated components representing species
life-history and ecological characteristics. Then, we analyzed the correlation between the
main axes of the PCA—picked out through eigenvalues, scree plots and percentage of vari-
ance explained—and the niche metrics, which were input as supplementary quantitative
variables. PCA was performed using the R packages FactoMineR [94] and factoextra [95].
For categorical traits, we performed a Kruskal–Wallis rank sum test separately for each
combination of niche metric and trait. In the case of overall significance (p-value ≤ 0.05),
we ran a Dunn’s test (significant threshold = 0.05) for pairwise comparisons between trait
levels with the Bonferroni adjustment [96]. See Table S2 for details and referencing literature
about traits. All statistical analyses were performed in R software v. 4.0.2 [71].

3. Results
3.1. Niche Quantification and Temporal Changes

In defining the E-space, the first two PCA axes explained 31.3% of the total variance.
PC1 explained 24.2% of the variance, while PC2 7.1%. The first axis represents a thermal
gradient, showing a strong negative correlation with elevation and a strong positive correla-
tion with temperatures (Figure 2, Table S3 and Figure S1a). The major contributions to PC2
were given by nine variables (Figure S1b). Annual rainfall (rr), broadleaved forests (C311),
mixed forests (C313), meadows and pastures (C231), and slope were positively correlated
with this component, while arable lands (C211), grasslands (C321), shrublands (C322), and
areas with sparse or absent vegetation (C330), showed a negative correlation (Figure 2 and
Table S3). The second niche component reflects habitat characteristics along an ecological
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gradient of open (variables negatively correlated with PC2) vs closed (variables positively
correlated with PC2) habitats, despite the inclusion of meadows and pastures in the latter
group. The strong contribution of annual rainfall to PC2 could reflect the major water
requirements of natural habitats such as broadleaved and mixed forests.
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Figure 2. First two axes of the principal component analysis (PCA) that define the E-space, based on
25 input variables. See Section 2.2 for variables’ abbreviations and Table S3 for variables’ coordinates.

Niche breadths and centroids showed a large variability across species along each of
the two PCA axes (Table S4). Despite differences within species, we detected a general
change only for the niche centroid along PC1 between T1 and T2, representing a shift
towards warmer climatic conditions (W = 1991, p-value = 0.031; Figure S2).

Niche quantification in T1 and T2, and niche temporal changes of the 71 species were
reported in Figure S3. The whole extent and the centroids’ position of the available E-space
(solid lines and dashed arrows in Figures 3a–d and S3) were largely similar between T1 and
T2, meaning that the background E-space in the two periods was comparable. Only a small
portion in the bottom area of the available E-space in T2 did not match with the E-space in
T1 (shrublands, grasslands and areas with sparse or absent vegetation at higher altitudes).
Some species (e.g., Common Quail Coturnix coturnix, Western Yellow Wagtail Motacilla
flava, and Cetti’s Warbler Cettia cetti) tended to fill a small portion of the total available
E-space, while others (e.g., Common Cuckoo Cuculus canorus, Grey Wagtail Motacilla cinerea,
Eurasian Wren Troglodytes troglodytes, Common Chaffinch Fringilla coelebs) occurred in most
of the available E-space. Regarding changes between T1 and T2 of the density of occurrence
and the occupied E-space, different types of patterns can be identified (Figure S3). Some
species, such as the Song Thrush (Turdus philomelos, Figure 3a), extended their niche in most
of the whole E-space. Other species exhibited a directional expansion along one of the niche
components. For example, the Great Spotted Woodpecker (Dendrocopos major, Figure 3b)
showed an expansion (without remarkable niche unfilling) towards coniferous forests and
scattered vegetation at higher altitudes. Conversely, other species mainly showed a shift
with unfilling and expansion along the same dimension, such as the Eurasian Bullfinch
Pyrrhula pyrrhula along PC1 towards warmer climatic conditions, lower altitudes and
mixed/broadleaved forests (Figure 3c). Other species showed a relatively stable niche,
with moderate areas of unfilling/expansion and non-directional patterns (e.g., the Eurasian
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Blackcap Sylvia atricapilla, Figure S3). Finally, 17 species (e.g., the Eurasian Wryneck Jynx
torquilla, Figure 3d) exhibited an overall niche contraction.
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the E-space for four species. (a) Song Thrush; (b) Great Spotted Woodpecker; (c) Eurasian Bullfinch; 
(d) Eurasian Wryneck. In each graph, the red area represents the E-space exclusively occupied in T2, 
the green area the E-space exclusively occupied in T1, and the blue area the E-space occupied in both 
T1 and T2. The color intensity of the filled area represents the density of occurrence of the species in 
T2. Green and red solid lines represent the whole extent of the available E-space in T1 and T2, respec-
tively. Arrows indicate the centroids’ shift from T1 to T2 for the available E-space (dashed arrow, 
where we did not detect any shift) and for the occupied E-space (solid arrow). 

Across the 71 species, the median value of niche overlap between T1 and T2, assessed 
through the Schoener’s D index, was 0.60 (range = 0.14–0.81). Most species showed low or 
moderate values of the expansion index (median = 0.04, range = 0–0.66), but the Dunnock 
(Prunella modularis), the Song Thrush, the Water Pipit (Anthus spinoletta), the Willow Tit 
(Poecile montanus), and the Eurasian Skylark (Alauda arvensis) experienced a large expan-
sion (>0.40). Similarly, the median of the unfilling index was 0.06 (range = 0–0.32), but the 

Figure 3. Examples of niche comparison between T1 (1992–95–96) and T2 (2015–16–17) projected in
the E-space for four species. (a) Song Thrush; (b) Great Spotted Woodpecker; (c) Eurasian Bullfinch;
(d) Eurasian Wryneck. In each graph, the red area represents the E-space exclusively occupied in
T2, the green area the E-space exclusively occupied in T1, and the blue area the E-space occupied
in both T1 and T2. The color intensity of the filled area represents the density of occurrence of the
species in T2. Green and red solid lines represent the whole extent of the available E-space in T1 and
T2, respectively. Arrows indicate the centroids’ shift from T1 to T2 for the available E-space (dashed
arrow, where we did not detect any shift) and for the occupied E-space (solid arrow).

Across the 71 species, the median value of niche overlap between T1 and T2, assessed
through the Schoener’s D index, was 0.60 (range = 0.14–0.81). Most species showed low or
moderate values of the expansion index (median = 0.04, range = 0–0.66), but the Dunnock
(Prunella modularis), the Song Thrush, the Water Pipit (Anthus spinoletta), the Willow Tit
(Poecile montanus), and the Eurasian Skylark (Alauda arvensis) experienced a large expansion
(>0.40). Similarly, the median of the unfilling index was 0.06 (range = 0–0.32), but the
Mallard (Anas platyrhyncos), the Common Kestrel (Falco tinnunculus), the Common Quail,
the Eurasian Wryneck, the Melodius Warbler (Hippolais polyglotta), the Marsh Tit (Poecile
palustris) and the Carrion Crow (Corvus corone) showed higher unfilling values (>0.25)
(Figure 4 and Table S5). The Schoener’s D resulted negatively correlated with both the
expansion (Kendall tau = −0.34, p-value < 0.001) and the unfilling (Kendall tau = −0.27,
p-value = 0.001), and the expansion was negatively correlated with the unfilling (Kendall
tau = −0.26, p-value = 0.001).
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Niche equivalency and similarity tests were summarized in Table 1. Twenty-three of 
the 71 species showed a niche equivalency significantly smaller than expected by chance 
(equivalency test: p-value ≤ 0.05 for the niche divergence hypothesis), suggesting the ex-
istence of differences in niches between T1 and T2. On the other hand, seven species (Com-
mon Cuckoo, Eurasian Wren, European Robin Erithacus rubecula, Common Blackbird Tur-
dus merula, Lesser Whitethroat Curruca curruca, Eurasian Blackcap, Goldcrest Regulus reg-
ulus) significantly conserved their niche between the two periods (equivalency test: p-
value ≤ 0.05 for the niche conservatism hypothesis). The similarity test did not accept the 
niche divergence hypothesis for any species (p-value > 0.05). However, the niche conserv-
atism hypothesis was accepted for 56 species (p-value ≤ 0.05 whose Schoener’s D resulted 
to be among the 59 highest values, showing that most species retained their own niche 
over time when both occurrence density grids were randomly shifted into the background 
environment. 
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Niche equivalency and similarity tests were summarized in Table 1. Twenty-three of
the 71 species showed a niche equivalency significantly smaller than expected by chance
(equivalency test: p-value ≤ 0.05 for the niche divergence hypothesis), suggesting the
existence of differences in niches between T1 and T2. On the other hand, seven species
(Common Cuckoo, Eurasian Wren, European Robin Erithacus rubecula, Common Blackbird
Turdus merula, Lesser Whitethroat Curruca curruca, Eurasian Blackcap, Goldcrest Regulus
regulus) significantly conserved their niche between the two periods (equivalency test:
p-value ≤ 0.05 for the niche conservatism hypothesis). The similarity test did not accept
the niche divergence hypothesis for any species (p-value > 0.05). However, the niche
conservatism hypothesis was accepted for 56 species (p-value ≤ 0.05 whose Schoener’s
D resulted to be among the 59 highest values, showing that most species retained their
own niche over time when both occurrence density grids were randomly shifted into the
background environment.

3.2. Relationship between Niche Temporal Changes, Population Trends and Species Traits

A Kendall correlation analysis (Figure 5) highlighted a negative association between
the Schoener’s D index and population trends (tau =−0.162), though it was only marginally
significant (p-value = 0.053). A moderate significant positive correlation was underlined
between population trends and the expansion index (tau = 0.239, p-value = 0.005), while we
did not detect any association for the unfilling index (tau = −0.048, p-value = 0.571). The re-
sults were consistent even when trends close to the threshold of significance (p-value ≤ 0.10)
were not set to zero value (Schoener’s D: tau = −0.164, p-value = 0.049; expansion index:
tau = 0.249, p-value = 0.003; unfilling index: tau = −0.070, p-value = 0.403).
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Table 1. Schoener’s D index and p-values for the equivalency (E) and similarity (S) test for niche
divergence (D) and conservatism (C). Significant p-values (≤0.05) are marked in bold. Species are
listed in taxonomic order with the common and scientific names according to Gill et al. [97].

Species Schoener’s D E (D) E (C) S (D) S (C)

Black-crowned Night Heron (Nycticorax nycticorax) 0.52 0.007 0.994 0.968 0.026
Little Egret (Egretta garzetta) 0.48 0.023 0.977 0.947 0.038
Grey Heron (Ardea cinerea) 0.54 0.003 1.000 0.950 0.035
Mallard (Anas platyrhynchos) 0.29 0.004 0.996 0.812 0.211
Black Kite (Milvus migrans) 0.50 0.172 0.840 0.965 0.042
Common Buzzard (Buteo buteo) 0.60 0.297 0.690 0.990 0.011
Common Kestrel (Falcon tinnunculus) 0.25 0.034 0.970 0.762 0.229
Common Quail (Coturnix coturnix) 0.61 0.399 0.627 0.995 0.012
Common Pheasant (Phasianus colchicus) 0.60 0.036 0.979 0.968 0.018
Common Moohren (Gallinula chloropus) 0.56 0.010 0.995 0.968 0.032
Feral Pigeon (Columba livia domestica) 0.72 0.033 0.966 0.993 0.010
Common Wood Pigeon (Columba palumbus) 0.71 0.435 0.591 0.998 0.009
Eurasian Collared Dove(Streptopelia decaocto) 0.73 0.119 0.864 0.991 0.008
European Turtle Dove (Streptopelia turtur) 0.62 0.033 0.984 0.962 0.028
Common Cuckoo (Cuculus canorus) 0.74 0.999 <0.001 1.000 0.002
Common Swift (Apus apus) 0.71 0.933 0.061 0.995 0.010
Eurasian Wryneck (Jinx torquilla) 0.49 0.709 0.295 0.968 0.048
European Green Woodpecker (Picus viridis) 0.41 0.054 0.956 0.915 0.114
Great Spotted Woodpecker (Dendrocopos major) 0.59 0.444 0.589 0.961 0.032
Eurasian Skylark (Alauda arvensis) 0.14 <0.001 1.000 0.836 0.179
Eurasian Crag Martin (Ptyonoprogne rupestris) 0.60 0.531 0.487 0.942 0.033
Barn Swallow (Hirundo rustica) 0.59 <0.001 1.000 0.971 0.021
Common House Martin (Delichon urbicum) 0.66 0.454 0.535 0.996 0.018
Tree Pipit (Anthus trivialis) 0.57 0.842 0.168 0.976 0.015
Water Pipit (Anthus spinoletta) 0.23 0.181 0.821 0.905 0.101
Western Yellow Wagtail (Motacilla flava) 0.49 <0.001 1.000 0.959 0.036
Grey Wagtail (Motacilla cinerea) 0.61 0.752 0.259 0.987 0.008
White Wagtail (Motacilla alba) 0.63 0.440 0.564 0.997 0.006
Eurasian Wren (Troglodytes troglodytes) 0.71 0.993 0.003 0.999 0.002
Dunnock (Prunella modularis) 0.27 0.029 0.982 0.884 0.101
European Robin (Erithacus rubecula) 0.81 1.000 <0.001 1.000 <0.001
Common Nigthingale (Luscinia megarhynchos) 0.61 <0.001 1.000 0.974 0.031
Black Redstart(Phoenicurus ochruros) 0.54 0.514 0.506 0.968 0.027
Common Redstart (Phoenicurus phoenicurus) 0.63 0.063 0.934 0.987 0.012
African Stonechat(Saxicola torquatus) 0.58 0.483 0.524 0.957 0.028
Northern Wheatear (Oenanthe oenanthe) 0.44 0.782 0.213 0.886 0.112

Common Blackbird (Turdus merula) 0.76 0.998 0.002 0.997 0.002
Song Thrush (Turdus philomelos) 0.21 0.049 0.946 0.908 0.105
Mistle Trush (Turdus viscivorus) 0.51 0.926 0.074 0.911 0.082
Cetti’s Warbler (Cettia cetti) 0.68 0.812 0.200 0.988 0.012
Melodius Warbler (Hippolais polyglotta) 0.40 0.046 0.942 0.913 0.083
Lesser Whitethroat (Curruca curruca) 0.56 0.974 0.025 0.970 0.029
Eurasian Blackcap (Sylvia atricapilla) 0.79 1.000 <0.001 1.000 <0.001
Western Bonelli’s Warbler (Phylloscopus bonelli) 0.47 0.253 0.754 0.881 0.118
Common Chiffchaff (Phylloscopus collybita) 0.63 0.410 0.595 0.988 0.019
Goldcrest (Regulus regulus) 0.71 0.979 0.028 0.998 0.007
Common Firecrest (Regulus ignicapilla) 0.33 0.190 0.833 0.832 0.175
Spotted Flycatcher (Muscicapa striata) 0.65 0.102 0.892 0.988 0.014
Long-tailed Tit (Aegithalos caudatus) 0.59 0.058 0.956 0.982 0.013
Marsh Tit (Poecile palustris) 0.45 0.009 0.994 0.955 0.041
Willow Tit (Poecile montanus) 0.38 0.207 0.738 0.963 0.057
European Crested Tit (Lophophanes cristatus) 0.46 0.526 0.499 0.873 0.168
Coal Tit (Periparus ater) 0.61 0.231 0.784 0.945 0.046
Eurasian Blue Tit (Cyanistes caeruleus) 0.68 0.092 0.890 0.995 0.004
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Table 1. Cont.

Species Schoener’s D E (D) E (C) S (D) S (C)

Great Tit (Parus major) 0.75 0.415 0.536 0.995 0.003
Eurasian Nuthatch (Sitta europea) 0.46 0.099 0.909 0.938 0.048
Eurasian Golden Oriole (Oriolus oriolus) 0.57 0.055 0.937 0.970 0.018
Red-backed Shrike (Lanius collurio) 0.57 0.063 0.939 0.993 0.014
Eurasian Jay (Garrulus glandarius) 0.60 0.036 0.968 0.943 0.050
Eurasian Magpie(Pica pica) 0.61 0.003 0.999 0.974 0.018
Carrion Crow (Corvus corone) 0.47 0.582 0.425 0.958 0.047
Hooded Crow (Corvus cornix) 0.69 0.402 0.644 0.994 0.010
Common Starling (Sturnus vulgaris) 0.63 <0.001 1.000 0.993 0.020
Italian Sparrow (Passer italiae) 0.70 0.061 0.926 0.992 0.009
Eurasian Tree Sparrow (Passer montanus) 0.67 0.002 1.000 0.988 0.009
Common Chaffinch (Fringilla coelebs) 0.70 0.931 0.069 0.999 0.002
European Serin (Serinus serinus) 0.73 0.313 0.691 0.991 0.010
European Greenfinch (Chloris chloris) 0.65 0.104 0.893 0.994 0.007

European Goldfinch (Carduelis carduelis) 0.60 0.004 0.996 0.992 0.016
Common Redpoll (Acanthis flammea) 0.48 0.613 0.374 0.979 0.021
Eurasian Bullfinch (Pyrrhula pyrrhula) 0.40 0.035 0.961 0.943 0.067
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Figure 5. Kendall correlation between species population trends and niche metrics. Each dot repre-
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Figure 5. Kendall correlation between species population trends and niche metrics. Each dot
represents a species (n = 71). Species population trends were reported as percentage of change
(% change) of the population index from 1992 to 2019. Values of % change below zero indicate
decreasing populations. Kendall’s rank coefficient tau and the corresponding p-values (p) are shown
in the upper right corner.

Regarding the relationship between niche metrics and continuous traits, PCA re-
ordered them into four principal axes. Dim1 (40.5% of the total variance explained) repre-
sented a gradient in body size (positive correlation), Dim2 (19.4%) was related to most of
the species specialization indices (positive correlation), Dim3 (10.3%) to clutch size (positive
correlation), and Dim4 (7.9%) was positively correlated with the number of broods per
year. Dispersal ratio was negatively correlated with both Dim3 and Dim4, and positively
correlated with Dim1 (Table S6). Analyses revealed a weak relationship among the niche
metrics and the four PCA dimensions (Table S6). Specifically, the unfilling index showed a
slight positive correlation with Dim1 (0.23)—i.e., body size—and Dim3 (0.19)—i.e., clutch
size—(Figure 6a), and a weak negative correlation with Dim4 (–0.17), thus demonstrating
an association with species producing fewer broods (Figure S4a,b). The expansion index re-
sulted in a weak and negative correlation (−0.13) with Dim1—i.e., the higher the expansion,
the smaller the body size (Figure 6a,b)—and a weak and positive correlation (0.10) with
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Dim4—i.e., the higher the expansion, the higher is the number of broods—(Figure S4a,b).
The dispersal ratio showed a weak negative association with the expansion index (Figure 6a
and Figure S4a) and a non-unidirectional relationship with the unfilling index (Figure 6a).
The Schoener’s D highlighted a slight negative correlation (−0.12) with Dim3 (Figure 6a)
and a slight positive correlation (0.10) with Dim2 (Figure 6b), the latter suggesting that
specialist species tended to retain their niche more than generalist species.
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and Dim2 (b). Abbreviations’ meaning for the continuous traits: len = body length; wing = wing 
length; tail = tail length; bil = bill length; tar = tarsus length; wei = body weight; clu = clutch size; bro 
= number of broods per breeding season; fec = annual fecundity; inc = incubation period; fle = fledg-
ing period; disr = dispersal ratio; SSI. = prefix for the specialization indices; fh = foraging habitat; acq 
= acquisition behavior; nes = nesting habitat; fs = foraging substrate; tr = diet; ov = overall. See Table 
S2 for further details on species traits. 

Regarding categorical traits, significant differences were detected for the unfilling 
index respect to migration strategy (Kruskal–Wallis χ2 = 7.91, df = 2, p-value = 0.019), 
wherein Dunn’s test highlighted a significant greater unfilling for long-distance compared 
to short-distance migrants (p-value = 0.020; Figure 7a). Moreover, all niche metrics showed 

Figure 6. Relationship between niche metrics, life-history and ecological continuous traits. PCA biplot
between the Schoener’s D (D), unfilling (unf) and expansion (exp) niche metrics (red and dashed
arrows) and the 18 continuous traits (solid black arrows) respect to Dim1 and Dim3 (a) and to Dim1
and Dim2 (b). Abbreviations’ meaning for the continuous traits: len = body length; wing = wing
length; tail = tail length; bil = bill length; tar = tarsus length; wei = body weight; clu = clutch
size; bro = number of broods per breeding season; fec = annual fecundity; inc = incubation period;
fle = fledging period; disr = dispersal ratio; SSI. = prefix for the specialization indices; fh = foraging
habitat; acq = acquisition behavior; nes = nesting habitat; fs = foraging substrate; tr = diet; ov = overall.
See Table S2 for further details on species traits.

Regarding categorical traits, significant differences were detected for the unfilling
index respect to migration strategy (Kruskal–Wallis χ2 = 7.91, df = 2, p-value = 0.019),
wherein Dunn’s test highlighted a significant greater unfilling for long-distance compared
to short-distance migrants (p-value = 0.020; Figure 7a). Moreover, all niche metrics showed
differences with respect to the landscape type (unfilling index: Kruskal–Wallis χ2 = 10.24,
df = 3, p-value = 0.017; expansion index: Kruskal–Wallis χ2 = 19.74, df = 3, p-value < 0.001;
Schoener’s D index: Kruskal–Wallis χ2 = 13.48, df = 3, p-value = 0.004). Specifically,
pairwise comparisons showed a greater unfilling for farmland birds compared to species
inhabiting several types of landscapes (group “several”, p-value = 0.014; Figure 7b), and a
greater expansion for woodland birds and species inhabiting natural-open habitats com-
pared to farmland species (p-value = 0.010 and p-value < 0.001, respectively; Figure 7c).
Finally, species of natural-open habitats showed a lower niche overlap (Schoener’s D) com-
pared to both the group of “farmland” and “several” (p-value = 0.044 and p-value = 0.002,
respectively; Figure 7d).
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Figure 7. Box plots and significance level of Dunn’s test for pairwise comparisons for categorical 
traits for which Kruskal–Wallis test detected significant differences. (a) Migration strategy and un-
filling; number of species per group: long-distance = 20, short-distance = 29, sedentary = 22; Land-
scape type and (b) unfilling, (c) expansion, (d) Schoener’s D (niche overlap); number of species per 
group: farmland = 28, woodland = 16, natural-open= 8; several = 19. Whiskers are 1.5 × IQR. Black 
dots represent outliers. Horizontal bars in the upper area indicate which group comparisons 
showed statistically significant differences. Asterisks represent the significance level: ≤0.001: ***, 
≤0.01: **, ≤0.05: *. See Table S2 for further details on species traits. 
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for which Kruskal–Wallis test detected significant differences. (a) Migration strategy and unfilling;
number of species per group: long-distance = 20, short-distance = 29, sedentary = 22; Landscape
type and (b) unfilling, (c) expansion, (d) Schoener’s D (niche overlap); number of species per group:
farmland = 28, woodland = 16, natural-open= 8; several = 19. Whiskers are 1.5 × IQR. Black dots
represent outliers. Horizontal bars in the upper area indicate which group comparisons showed
statistically significant differences. Asterisks represent the significance level: ≤0.001: ***, ≤0.01: **,
≤0.05: *. See Table S2 for further details on species traits.

4. Discussion
4.1. Niche Quantification and Temporal Changes

Niche temporal changes of 71 common breeding birds in a wide region of northern Italy
over 26 years revealed a high complexity of patterns across species. The equivalency tests
supported the niche divergence hypothesis for 23 species (32%). This means that their niche
occupancy in the E-space differed between T1 and T2, suggesting that these species changed
their niche in relation to the accessible environmental conditions over time. Evidence for
niche divergence requires two conditions [78,98]: (1) niche characteristics differ between
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ranges, and (2) these differences are greater than background environmental divergence.
However, Rodriguez-Rodriguez et al. [99] and Cuervo et al. [100] argued that niches are
already divergent when found less equivalent than expected by chance—i.e., significant
equivalency test—and the niche conservatism hypothesis evaluated by the similarity test is
not accepted. In our study, only seven species (Mallard, Common Kestrel, Eurasian Skylark,
Dunnock, Song Thrush, Melodius Warbler, and Eurasian Bullfinch) satisfied this criterion,
thus showing statistical evidence of niche divergence. For the other 16 of the 23 species,
for which the equivalency test supported niche divergence (Table 1), we cannot confirm
this hypothesis since the similarity test retained a larger niche similarity. We found strong
evidence of niche conservatism (both the equivalency and the similarity tests supported
the hypothesis) for the Common Cuckoo, the Eurasian Wren, the European Robin, the
Common Blackbird, the Eurasian Blackcap, the Lesser Whitethroat, and the Goldcrest. The
first five species occupied a large portion of the available E-space in both periods (Figure S3),
showing they were able to use a wide spectrum of climatic and habitat conditions. On one
hand, it is possible they did not undergo great ecological pressures in the occupied E-space,
on the other hand the environmental changes that occurred in the study area may have
not significantly affected their niche because of a large range of environmental tolerance.
Conversely, the Goldcrest is a forest specialist species and it is likely less prone to modify
its habitat and climatic requirements even under ongoing environmental changes (it is
actually the only woodland bird along with the Common Chiffchaff Phylloscopus collybita
suffering a population decline in the study area [53]). Regarding the Lesser Whitethroat, we
underline that the species showed a Schoener’s D (0.56) just smaller than the overall median,
and we did not exclude that the species rarity, especially in the first period (frequency
of occurrence = 1%), could have affected the significance of the tests. Caution is in fact
recommended when inference is conducted on rare species [44].

The niche dynamic indices, expansion and unfilling provided useful additional in-
formation on niche temporal changes. Differently from the Schoener’s D, they assess the
niche overlap regardless of the density of occurrence. We observed that 27% and 31% of
the species experienced a niche expansion and unfilling greater than 10% (values > 0.1),
respectively. Moreover, as highlighted by the correlation analysis between the two indices,
species showing an expansion tended to not experience a niche unfilling, and vice versa.
Furthermore, our findings suggested that decreasing niche overlap (Schoener’s D) is associ-
ated alternatively with niche expansion or unfilling, underlining the role of occupying new
habitats, or losing original habitats, in determining differences in the observed niches.

We found an overall shift of the niche centroids towards greater values along PC1.
This means a general tendency to experience higher thermal conditions, but the relation-
ship between habitat and climate, often acting in a synergistic way [101–103], should be
considered. Our study area is characterized by an important altitudinal range (from 2 m to
4000 m a.s.l.), and habitat types, as well as anthropization intensity, are strictly associated
with the elevational gradient and thus with temperatures. The characteristics of open and
closed habitats differ according to the altitudinal range (e.g., open habitats are essentially
wild in uplands while mainly anthropized in lowlands), and such differences must be
taken into account to understand niche temporal changes. The general centroids’ shift
towards warmer climates can actually depend on several drivers that can be species-specific.
Firstly, a species may undergo higher temperatures because of an increase of temperatures
in the environment (we found an increase of the average temperature from 9.53 ◦C to
10.54 ◦C during the study period in the whole study area; data elaborated from the ECAD
dataset [68]). Several studies underlined the ability of birds to track their climatic niche
(e.g., [104,105]), while lags may be observed especially under rapid environmental change
on a short timescale [34,43,106]. In the presence of such lag-effects, or the absence of niche-
tracking for several reasons (e.g., species thermal physiological tolerances, species dispersal
ability, habitat availability and landscape connectivity), raising temperatures might result
in a passive shift of niche centroids towards warmer climates. Species responses to this
phenomenon may be idiosyncratic and difficult to predict [106], although some groups are
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expected to suffer more than others (e.g., mountain birds [107–110]). Secondly, a species
may move towards lower altitudes, and therefore to warmer climates, in response to
fine-scale changes in the habitat structure and characteristics (including anthropogenic
ones as forestry management, agricultural practices, intensity of grazing and mowing).
For example, we found that the Song Thrush, the Common Firecrest (Regulus ignicapilla),
and the Eurasian Bullfinch showed a shift in density of occurrence from high-altitude
coniferous to middle and low-altitude mixed and broadleaved forests (Figure S3). Fine-
scale changes, not detectable in our study, can directly affect the species occurrence and
habitat suitability within a specific type of habitat [84,111]. In addition, modifications in
habitat availability due to land uses changes might push a species to track the habitat
component of its niche to find similar conditions. In our study, for example, the Mistle
Thrush (Turdus viscivorus) moved its centroid towards high-altitude shrublands, maybe
as response to an expansion of forests upwards and neo-colonization of wood at the ex-
pense of abandoned meadows in uplands [112]. We also remark that some species may
have extended their niche towards lower altitudes independently from environmental
pressures, but as response of density-dependent factors (e.g., increasing populations, [45]
and see Section 4.2) leading to colonize new environments. For example, the Black Redstart
(Phoenicurus ochruros), a species originally associated with open-natural habitats, showed a
meaningful increment in density of occurrence in closed habitats (mixed and broadleaved
forests) and in lowland open habitats (where it colonized human buildings).

Despite we are confident of consistency of our results, we acknowledge that some
limitations could affect species niche quantification. Specifically, we could not account for
species detection probability because data did not include multiple surveys in the same site.
Detection probability may represent an issue when comparing niche across species [113].
However, intra-species niche comparisons are not supposed to be considerably affected by
detection probability when comparing niche metrics of a species across different geographic
areas [15] or over time. In fact, in the case of a standardized sampling design, the species
habitat-specific detection function is supposed to be constant over time [114], and its effect
on niche comparison may be considered negligible. Moreover, our data collection and its
aggregation into three-year time intervals further reduced the potential noise arising from
imperfect detection (see Section 2.1). Measuring the effect of detection probability in niche
modeling is certainly an issue that deserves attention in future research.

4.2. Relationship between Nyche Temporal Changes, Population Trends and Species Traits

The assessment of the relationship between niche metrics and population trends high-
lighted interesting patterns, partially confirming findings from Ralston et al. [45]. We found
a positive correlation between population trends and niche expansion, while unfilling did
not correlate with trends. Metapopulation theory predicts that in growing metapopulations
with many individuals dispersing from local “source” populations, it is likely that local
“sink” populations settled in suboptimal environments exist. On the contrary, in declining
metapopulations it is probable that only the largest local populations persist in the most
suitable environments, but not enough migrants are generated to colonize suboptimal
environments and to support local “sink” populations [115–117]. However, we cannot
exclude that a niche expansion due to stochastic phenomena, interspecific interactions with
competitive exclusions, and/or fine-scale increase of habitat quality, could have pushed the
species to extend the niche with a positive secondary effect on population size. In any case,
some meaningful exceptions can be found for the positive relationship between niche ex-
pansion and population trends. We remark that the Eurasian Skylark, the bird undergoing
the most negative population trend in Lombardy from 1992 to 2019 [53], showed one of the
highest niche expansions during this time interval. In the first period (1992–1995–1996) the
niche of the species was limited to open habitats in lowlands (mainly arable lands), while
in the second period (2015–2016–2017) it extended in a new portion characterized by open
habitats in uplands, though retaining the original core of the niche in lowlands. Changes of
agricultural practices perhaps acted as ecological pressures for the species [118–121], and
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the fact that the Eurasian Skylark retained the original core area may be due to a partial
lag-effect for which the species remains present in unsuitable environments that were pre-
viously suitable [122]. Additionally, we do not exclude that the two local populations that
seem to emerge may undergo different ecological pressures leading to divergent population
dynamics between the two areas. This example highlights the importance of integrating
demographic responses with niche temporal changes, especially to implement conservation
efforts and actions for threatened species.

Ralston et al. [45] reported a significant relationship between niche unfilling and bird
trends for the realized climatic niche in 46 birds breeding in North America. By also
including habitat characteristics in our niche modeling, we did not find any association.
Overlooking the fact that our study was carried out in a different biogeographic area
and at very smaller spatial scale, increasing the complexity of the niche multidimensional
space can reveal different patterns. Embracing this complexity can be the key to a better
interpretation of the niche-trend relationship. Niche shifts in the occupied E-space—i.e.,
unfilling followed by expansion—could also mask the actual relationship between unfilling
and population trends, but the negative correlation emerged between the unfilling and the
expansion indices suggests excluding this hypothesis. We also found a negative correlation
between the niche overlap and population trends very close to the significance threshold
(p-value = 0.053). This finding might suggest that species tending to retain their niche
more than others (in terms of niche occupancy within the E-space), may be more prone
to demographic declines. This static response may represent a drawback when changes
occur in the environment or in interspecific relationships, leading to population decline in a
long-term perspective. Finally, dispersal limitation, depending on habitat configuration but
also on species-specific characteristics, may play a crucial role in metapopulation and niche
changes [117], and integrating this parameter in the modeling framework may improve
our ability to understand this complex relation.

Regarding our last question, results highlighted a moderate relationship between
niche temporal changes and species traits. Overall, the unfilling index was the most
related with continuous traits. Findings suggested that birds with larger body size are
more related with niche unfilling compared to smaller species. Large-bodied species
have generally smaller population sizes, lower reproductive rates, and larger home or
geographic range requirements than small-bodied species; moreover, they typically occupy
higher trophic levels [123]. All of these characteristics make these species more prone
to extinction [124,125], and understanding their niche changes could provide important
insights to enhance conservation strategies.

Interesting findings also emerged for the relationship between unfilling and the
reproduction-related traits (number of broods per year, average clutch size, fecundity).
Niche unfilling grew with increasing clutch size—average number of eggs laid within a
single brood—and with decreasing number of broods per year. It may suggest that species
investing much effort in increasing the number of broods, rather than producing more
eggs per brood, might be more adaptable to environmental changes and may be able to
expand their niche. However, annual fecundity—a product of clutch size and number of
broods [88]—did not show a straightforward relationship with niche unfilling, and further
studies should investigate the issue.

Dispersal ratio, a surrogate of species mobility and dispersal ability [89,90], showed
that species with higher dispersal ability would not tend to expand the niche, but find-
ings were inconclusive in respect to unfilling. We also have to consider that the disper-
sal ratio could be an inappropriate indicator of the dispersal ability [64,126], as well as
that habitat configuration and landscape connectivity significantly affect the dispersal
process [127], leading to idiosyncratic responses between species. Regarding the degree
of species specialization (Dim2 of PCA), niche metrics were not linked with it, although a
weak signal showed that specialist birds tend to retain their niche more than generalist ones.
It supports the hypothesis that specialists require a narrow combination of environmental
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characteristics [128], and they are less prone to modify their ecological needs in response
to environmental change [65].

Concerning the categorical ecological traits, neither nest type nor diet showed a rela-
tionship with niche metrics. Conversely, long-distance migrants—wintering in Sub-Saharan
Africa—showed a higher niche unfilling compared to short-distance migrants—wintering
in Europe or North Africa—and sedentary species, although statistically significant dif-
ferences emerged only in the first comparison. Phenological mismatch [129,130] may
represent a putative driver for long-distance migrants. Despite the fact that species can
attempt to adjust to advancement in spring phenophases through behavioral plasticity,
for example, by a reduction in time between arrival and breeding [131] or anticipating
the breeding ground arrival [132,133], these adjustments may remain insufficient to track
phenological shift [129,134,135]. Mismatches might lead, for example, to an asynchrony
between food availability and species demand, generating spatially consistent directional
selection on timing, which could promote rapid evolutionary change [135]. Moreover,
prey availability may affect habitat suitability, as recently documented in raptors [136],
leading to potential niche mismatch over time. Under climate and environmental changes,
long-distance migrants may be outcompeted by sedentary species having similar niches,
due to the residents’ ability to better judge the onset of the breeding season [137]. Such
effects could affect long-distance migrants more than short-distance ones, which may be
more capable of anticipating breeding ground conditions due to the proximity of their
wintering areas to the breeding areas [138]. In addition, niches could differ between win-
tering and breeding grounds [58], with separate dynamics over time also due to different
drivers acting in wintering and breeding areas [139]. Exploring long-term niche dynamics
throughout several phases of the annual cycle (breeding, migration, wintering) represents
a key point to look at for future research.

We also found that species inhabiting natural-open landscapes (which are all birds
inhabiting mountain areas) and woodland birds underwent a higher niche expansion in
respect to farmland species. Overall, birds of natural-open habitats extended the niche along
the open-closed habitat gradient, within the limit of their ecological requirements, as well as
towards greater thermal conditions (see Section 4.1 for discussion on this point) and, as in
the case of the Black Redstart, towards lowlands. Within woodland species, the direction of
expansion showed a large interspecific variability. Some species extend the niche towards
different type of forests (e.g., the Eurasian Bullfinch), other towards multiple directions
of the available E-space (e.g., the Eurasian Nuthatch Sitta europaea) or along boundaries
of the niche (e.g., the Common Chiffchaff). Forest species populations are increasing in
Lombardy [53]. This can further support the hypothesis that population demography
may act as a driver to affect niche expansion over time. On the contrary, farmland birds
experienced a greater niche unfilling compared to species inhabiting several types of
landscapes. Farmland birds are negatively influenced by intensification of agricultural
practices [140]. They could suffer fine-scale environmental changes (e.g., grazing intensity,
mowing, use of pesticides, land consolidation) affecting habitat suitability, as well as a
reduction of available habitats because of the reduction of agricultural lands that occurred
in our study area over the considered period. Finally, the greater niche overlap of species
inhabiting several types of landscapes and farmland birds compared to species of natural-
open landscapes may reflect a larger environmental tolerance for the first group and more
niche fidelity for the second group, leading, in the latter case, to an overall niche unfilling
when environmental changes occurred.

5. Conclusions

Even though the study of long-term species niche dynamic could provide crucial
information for investigating species responses to environmental changes, it is a poorly
investigated topic in ecology. Our results provided evidence of the complexity of patterns in
niche temporal changes across 71 birds breeding in a temperate region. Results supported
niche divergence (equivalency test) for 32% of species, although two-thirds were not
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supported by the similarity test. We highlighted a general tendency to adjust the niche
centroids towards warmer thermal conditions, which may depend on several drivers acting
in an idiosyncratic way between species. Embracing different niche metrics, as well as tests
for niche inference, is essential to understand niche changes.

To date, a totally overlooked aspect is the potential relationship between niche changes
and population trends (but see [44,45]) and species traits (but see [57,58]). We found a
positive association between niche expansion and increasing populations, and a signal
that species retaining their niche over time could be more prone to undergo population
declines. Moreover, we found moderate evidence for a non-random association between
niche changes and species traits, especially for body size, clutch size, number of broods per
year, inhabited landscape type, and migration strategy.

We encourage the implementation of studies incorporating long-term population
trends and niche dynamics with a focus on cause-effect relationship. Moreover, we highlight
the importance of enhancing knowledge about the role of species traits in determining
niche changes over time, but also working at the single-species level due to the specificity of
responses. Implementing the modeling framework by including the potential variations of
niche throughout several phases of annual cycle (breeding, migration, wintering), bionomic
variables (biotic interactions and resource-consumer dynamics [47,141]), and dispersal
dynamics represents a crucial point. We believe that this research roadmap could provide
meaningful insights to improve conservation plans aimed at preserving threatened species
and biodiversity.
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121. Koleček, J.; Reif, J.; Weidinger, K. The abundance of a farmland specialist bird, the skylark, in three European regions with
contrasting agricultural management. Agric. Ecosyst. Environ. 2015, 212, 30–37. [CrossRef]

122. Schurr, F.M.; Pagel, J.; Cabral, J.S.; Groeneveld, J.; Bykova, O.; O’Hara, R.B.; Hartig, F.; Kissling, W.D.; Linder, H.P.;
Midgley, G.F.; et al. How to understand species’ niches and range dynamics: A demographic research agenda for biogeography.
J. Biogeogr. 2012, 39, 2146–2162. [CrossRef]

123. Gaston, K.J.; Blackburn, T.M. Birds, body size and the threat of extinction. Philos. Trans. R. Soc. B Biol. Sci. 1995, 347, 205–212.
[CrossRef]

124. Henle, K.; Davies, K.; Kleyer, M.; Margules, C.; Settele, J. Predictors of species sensitivity to fragmentation. Biodivers. Conserv.
2004, 13, 207–251. [CrossRef]

125. Wang, Y.; Si, X.; Bennett, P.M.; Chen, C.; Zeng, D.; Zhao, Y.; Wu, Y.; Ding, P. Ecological correlates of extinction risk in Chinese
birds. Ecography 2018, 41, 782–794. [CrossRef]

126. Dardanelli, S.; Bellis, L.M. Nestedness structure of bird assemblages in a fragmented forest in central argentina: The role of
selective extinction and colonization processes. Anim. Biodivers. Conserv. 2021, 44, 17–29. [CrossRef]

127. Dondina, O.; Orioli, V.; Colli, L.; Luppi, M.; Bani, L. Ecological network design from occurrence data by simulating species
perception of the landscape. Landsc. Ecol. 2018, 33, 275–287. [CrossRef]

128. Clavel, J.; Julliard, R.; Devictor, V. Worldwide decline of specialist species: Toward a global functional homogenization? Front. Ecol.
Environ. 2011, 9, 222–228. [CrossRef]

129. Saino, N.; Ambrosini, R.; Rubolini, D.; von Hardenberg, J.; Provenzale, A.; Hüppop, K.; Hüppop, O.; Lehikoinen, A.; Lehikoinen, E.;
Rainio, K.; et al. Climate warming, ecological mismatch at arrival and population decline in migratory birds. Proc. R. Soc. B Biol.
Sci. 2011, 278, 835–842. [CrossRef]

130. Taylor, C.M.; Laughlin, A.J.; Hall, R.J. The response of migratory populations to phenological change: A migratory flow network
modelling approach. J. Anim. Ecol. 2016, 85, 648–659. [CrossRef]

131. Newton, I. The Migration Ecology of Birds, 1st ed.; Elsevier Academic Press: Amsterdam, The Netherlands, 2007. [CrossRef]
132. Jonzén, N.; Lindén, A.; Ergon, T.; Knudsen, E.; Vik, J.O.; Rubolini, D.; Piacentini, D.; Brinch, C.; Spina, F.; Karlsson, L.; et al. Rapid

advance of spring arrival dates in long-distance migratory birds. Science 2006, 312, 1959–1961. [CrossRef] [PubMed]
133. Newson, S.E.; Moran, N.J.; Musgrove, A.J.; Pearce-Higgins, J.W.; Gillings, S.; Atkinson, P.W.; Miller, R.; Grantham, M.J.; Baillie, S.R.

Long-term changes in the migration phenology of UK breeding birds detected by large-scale citizen science recording schemes.
IBIS 2016, 158, 481–495. [CrossRef]

134. Mayor, S.J.; Guralnick, R.P.; Tingley, M.W.; Otegui, J.; Withey, J.C.; Elmendorf, S.C.; Andrew, M.E.; Leyk, S.; Pearse, I.S.;
Schneider, D.C. Increasing phenological asynchrony between spring green-up and arrival of migratory birds. Sci. Rep. 2017,
7, 1902. [CrossRef] [PubMed]

135. Burgess, M.D.; Smith, K.W.; Evans, K.L.; Leech, D.; Pearce-Higgins, J.W.; Branston, C.J.; Briggs, K.; Clark, J.R.; du Feu, C.R.;
Lewthwaite, K.; et al. Tritrophic phenological match–mismatch in space and time. Nat. Ecol. Evol. 2018, 2, 970–975. [CrossRef]
[PubMed]

136. Bangerter, A.B.; Heiser, E.R.; Carlisle, J.D.; Miller, R.A. Local weather explains annual variation in northern goshawk reproduction
in the Northern Great Basin, USA. J. Raptor Res. 2021, 55, 471–484. [CrossRef]

137. Wittwer, T.; O’Hara, R.B.; Caplat, P.; Hickler, T.; Smith, H.G. Long-term population dynamics of a migrant bird suggests interaction
of climate change and competition with resident species. Oikos 2015, 124, 1151–1159. [CrossRef]

138. Møller, A.P.; Rubolini, D.; Lehikoinen, E. Populations of migratory bird species that did not show a phenological response to
climate change are declining. Proc. Natl. Acad. Sci. USA 2008, 105, 16195–16200. [CrossRef]

139. Howard, C.; Stephens, P.A.; Pearce-Higgins, J.W.; Gregory, R.D.; Butchart, S.H.M.; Willis, S.G. Disentangling the relative roles of
climate and land cover change in driving the long-term population trends of European migratory birds. Divers. Distrib. 2020, 26,
1442–1455. [CrossRef]

140. Newton, I. The recent declines of farmland bird populations in Britain: An appraisal of causal factors and conservation actions.
IBIS 2004, 146, 579–600. [CrossRef]

141. Elton, C. Animal Ecology; Sedgwick and Jackson: London, UK, 1927.

http://doi.org/10.1080/00063650209461277
http://doi.org/10.1016/j.agee.2015.06.018
http://doi.org/10.1111/j.1365-2699.2012.02737.x
http://doi.org/10.1098/rstb.1995.0022
http://doi.org/10.1023/B:BIOC.0000004319.91643.9e
http://doi.org/10.1111/ecog.03158
http://doi.org/10.32800/abc.2021.44.0017
http://doi.org/10.1007/s10980-017-0600-1
http://doi.org/10.1890/080216
http://doi.org/10.1098/rspb.2010.1778
http://doi.org/10.1111/1365-2656.12494
http://doi.org/10.1016/B978-0-12-517367-4.X5000-1
http://doi.org/10.1126/science.1126119
http://www.ncbi.nlm.nih.gov/pubmed/16809542
http://doi.org/10.1111/ibi.12367
http://doi.org/10.1038/s41598-017-02045-z
http://www.ncbi.nlm.nih.gov/pubmed/28507323
http://doi.org/10.1038/s41559-018-0543-1
http://www.ncbi.nlm.nih.gov/pubmed/29686235
http://doi.org/10.3356/JRR-20-18
http://doi.org/10.1111/oik.01559
http://doi.org/10.1073/pnas.0803825105
http://doi.org/10.1111/ddi.13144
http://doi.org/10.1111/j.1474-919X.2004.00375.x

	Introduction 
	Materials and Methods 
	Study Area and Bird Data 
	Habitat and Climatic Variables 
	Niche Quantification and Temporal Changes 
	Relationship between Niche Temporal Changes, Population Trends and Species Traits 

	Results 
	Niche Quantification and Temporal Changes 
	Relationship between Niche Temporal Changes, Population Trends and Species Traits 

	Discussion 
	Niche Quantification and Temporal Changes 
	Relationship between Nyche Temporal Changes, Population Trends and Species Traits 

	Conclusions 
	References

