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Abstract
Aim: The centre–periphery hypothesis predicts that habitat suitability will decrease 
at the edge of a species’ range, a pattern often questioned by empirical data. Here 
we explore if habitat suitability decreases southwards and shapes the abundance dis-
tribution of rear edge populations of forest birds within the restricted geographical 
setting of the south-western Palaearctic. We also test if birds endemic to the area fit 
more poorly to the latitudinal decrease in habitat suitability due to the putative effect 
of adaptations to regional conditions.
Location: North-western Africa (Morocco).
Taxon: Passerines (11 species).
Methods: Bird occurrences were used to model species distribution and line transects 
were used to estimate bird abundance. Occurrence probabilities provided by species 
distribution models were used to display the spatial patterning of habitat suitability. 
Habitat suitability was employed to predict abundance after controlling for the effect 
of the distance to some regional source areas of forest birds (tree covered large areas). 
The species were classified as North African endemic according to an updated review 
of their taxonomic status.
Results: Habitat suitability decreased southwards, supporting the predicted relation-
ship between ecological and geographical marginality in most species. Abundance 
was positively correlated with habitat suitability and negatively correlated with dis-
tance to source areas. The taxonomic status of birds did not affect the patterns.
Main conclusions: The southward decrease in habitat suitability predicted by the 
centre–periphery hypothesis shapes the distribution of rear edge populations of 
forest birds within the south-western Palaearctic. As most of these populations are 
endemic, the results suggest that they track the gradients in isolation within the ge-
ographical setting of north-western Africa. These results support the vulnerability 
of these isolated, peripheral populations of forest birds to large-scale environmental 
changes in a region under the effect of increasing drought and temperature.
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centre–periphery hypothesis, habitat suitability, refuge areas, species distribution, stepping 
stone effect, taxonomic differentiation
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1  |  INTRODUC TION

The centre–periphery hypothesis, a major paradigm in biogeography, 
suggests that habitat suitability decreases from core to periphery 
areas within a species’ range because they are increasingly mal-
adapted to the environmental conditions of the edge (Brown, 1984; 
Hengeveld & Haeck, 1982). However, this relationship between geo-
graphical and ecological marginality has often been questioned by 
empirical data (Dallas et al., 2017; Pironon et al., 2017; Sagarin & 
Gaines, 2002). It has been suggested, for instance, that these mis-
matches can occur if peripheral populations are genetically isolated 
and adapted to conditions in border areas (Eckert et al., 2008), are 
unable to colonize suitable habitat patches (Soberón, 2007), the 
geographical distribution of their ecological optima is not properly 
established (Sagarin et al., 2006), or their original patterns have 
been altered by anthropogenic land use changes (Vilà-Cabrera et al., 
2019). Thus, it is commonly agreed that the concordance between 
ecological and geographical marginality needs to be tested across 
different organisms and geographical settings.

Rear edge populations thrive at the low latitude limits of the spe-
cies range (Hampe & Petit, 2005). In a context of global warming 
and species shifts poleward, it has been suggested that rear edge 
populations could be extirpated from their low latitude, drought-
prone Mediterranean areas of the Palaearctic, a prediction that 
often overlooks some particularities affecting their resilience (Vilà-
Cabrera et al., 2019). For instance, rear edge populations often show 
taxonomic differences, suggesting reproductive isolation and puta-
tive adaptations to regional conditions (García-Ramos & Kirkpatrick, 
1997; Kawecki, 2008). In addition, they occur in refuge areas from 
which these species have shifted northwards after the Quaternary 
ice ages (Hampe & Petit, 2005; Hewitt, 2000), which suggests the 
ecological centrality of these southern refuges and the concomi-
tant independence of latitudinal environmental gradients (Pironon 
et al., 2017). Thus, the patterns of habitat suitability at the southern 
edge of the Palaearctic for rear edge populations, and the potential 
vulnerability of these populations to increasing drought and tem-
perature (Bucchignani et al., 2018; Giorgio & Lionello, 2008), remain 
unclear.

North-western Africa is occupied by Palaearctic forest birds 
that, similar to the woodlands they inhabit, reach here the southern 
edge border (Figure 1A). Forest birds are particularly abundant in 
the woodlands of Central Europe from where they decrease out-
wards (Forsman & Mönkkönen, 2003; Tellería et al., 2003). This pat-
tern suggests that habitat suitability could decrease along northern 
Africa where Palaearctic woodlands and their birds reach their range 
edge in the Saharan expanses (Figure 1). However, as is common in 
rear edge populations (see above), many north-African forest birds 
are taxonomically differentiated from the large European popu-
lations, a pattern usually related to the barrier effect of the Strait 
of Gibraltar (e.g. Doña et al., 2016; Perktas et al., 2011; Potti et al., 
2016). In addition, these southern woodlands have been considered 
refuge areas from which forest birds expanded northwards after gla-
cial times (Pérez-Tris et al., 2004). Therefore, it can be alternatively 

argued that these populations will be adapted to regional conditions 
and that the southward decline in habitat suitability predicted for the 
Palaearctic will not affect their distribution. To test these hypothe-
ses, we will study the distribution of 11 Palaearctic forest passerines 
(O. Passeriformes; Table 1) by testing the following predictions:

1.1  |  Geographical versus ecological marginality

Habitat suitability in north-western Africa will decrease southwards 
as predicted by the centre–periphery hypothesis for the whole 
western Palaearctic. Interestingly, the idiosyncratic north–south 
distribution of woodland patches along the study area (Figure 1) 
provides an exceptional opportunity to explore this prediction. We 
agree, however, that this geographical pattern may be subtle and 
difficult to detect because of the small latitudinal range covered by 
our study and the patchy distribution of woodlands resulting from 
environmental constraints and/or human impact (Cheddadi et al., 
2015).

1.2  |  Geographical distribution of abundance

The reported patterns of habitat suitability will shape the actual dis-
tribution of forest bird abundance at the edge of the Palaearctic. 
This effect can be masked, however, by the difficulties to reach 
isolated or distant habitat patches (Soberón, 2007). In this context, 
the idiosyncratic north–south distribution of woodlands within the 

F I G U R E  1  Location of the study area and distribution of 
mountain ranges (a, in grey) and woodlands (b, in green) in the 
western Palaearctic. Distribution of sampling points (c) and line 
transects (d) in which the occurrence and abundance of the studied 
forest birds has been evaluated. The situation of the Rif and Atlas 
Mountains and the Strait of Gibraltar is also indicated
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study area (Figure 1B) suggests that forest bird populations could 
be connected through stepping stone movements from some source 
areas (e.g. Hannah et al., 2014; Saura et al., 2014). As woodlands 
around the Strait of Gibraltar show a widespread cover and diver-
sified forest bird assemblages (Correia et al., 2015), it can be con-
jectured that this area will operate as a source area of forest birds 
within the region. Thus, we will also explore whether bird abundance 
is negatively influenced by the distance to the Strait of Gibraltar.

1.3  |  Taxonomic correlates

Populations endemic to North Africa fit more poorly to the proposed 
large-scale latitudinal decrease in habitat suitability than popula-
tions of less differentiated species. To test this effect, we will use 

the subspecies and/or species endemic to north-western Africa in 
Clements et al., (2019) as a surrogate of their actual degree of popu-
lation differentiation (Phillimore & Owens, 2006).

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The study area occupies the north-western corner of Africa 
(Figure 1A) and covers a gradient that spans from Mediterranean 
climate areas in the north to the Saharan expanses in the south. The 
region is crossed by the Rif and Atlas Mountains, a huge north–south 
mountain range (Toubkal mountain, 4,164 m a.s.l., is the highest el-
evation) that strongly affects climate (it captures the rains coming 

TA B L E  1  Relationship between habitat suitability and distance to the Strait of Gibraltar

A: GLS
B: GLS (with correction of spatial 
autocorrelation)

n distance distance2 I’ Moran distance distance2

Similar

Erithacus rubecula 
rubecula

105 −1.12 ± 0.14 (−8.11***) 0.91 ± 0.14 (6.62***) 0.087*** −1.00 ± 0.48 (−2.09*) 0.74 ± 0.45(1.64^ )

Phylloscopus 
bonelli bonelli

45 −0.83 ± 0.14 (−5.91***) 0.61 ± 0.14 (4.35***) 0.089*** −0.24 ± 0.14 (−1.7^ ) —

Sylvia atricapilla 
heineken

74 −0.59 ± 0.16 (−3.51***) 0.44 ± 0.17 (2.61**) 0.037*** −1.45 ± 0.48 (−3.03**) 1.16 ± 0.47 (2.45*)

Different subspecies

Troglodytes 
troglodytes 
kabylorum

60 −1.23 ± 0.15 (−8.29***) 1.05 ± 0.15 (7.09***) 0.081*** −2.32 ± 0.93 (−2.50*) 2.01 ± 0.91 (2.22*)

Periparus ater atlas 85 0.43 ± 0.16 (2.67**) −0.47 ± 0.16 (−2.87**) 0.060*** — —

Certhia 
brachydactyla 
mauretanica

50 −0.85 ± 0.16 (−5.40***) 0.68 ± 0.15 (4.35***) 0.062*** −1.81 ± 0.58 (−3.13**) 1.44 ± 0.55 (2.59**)

Regulus ignicapilla 
balearicus

50 −0.52 ± 0.17 (−3.14**) 0.44 ± 0.17 (2.65**) 0.063*** — —

Fringilla coelebs 
africana

511 −1.80 ± 0.13 (−13.71***) 1.34 ± 0.13 (10.25***) 0.164*** −1.93 ± 0.52 (−3.71***) 1.49 ± 0.51 (2.91**)

Parus major 
excelsus

117 −0.65 ± 0.14 (−4.75***) 0.43 ± 0.14 (3.18**) 0.084*** −0.25 ± 0.11 (−2.19*) —

Turdus merula 
mauritanicus

348 −1.88 ± 0.13 (−14.82***) 1.42 ± 0.13 (11.19***) 0.197*** −1.63 ± 0.52 (−3.14**) 1.19 ± 0.51 (2.31*)

Different species

Cyanistes 
teneriffae 
ultramarinus

188 −0.53 ± 0.15 (−3.48***) — 0.088*** −0.34 ± 0.07 (−4.48***)

Results show the coefficients (b ± SE) and associated t-tests (P) of the best generalized least squares mixed models (GLS) selected according to AICc 
in which habitat suitability indices (HS) have been regressed against distance and distance2 to the Strait of Gibraltar. The table shows the results of 
two analytical approaches in which the effect of the spatial correlation has not been considered (A) or included (B).
The species have been arranged according to their taxonomic differentiation (subspecies and species) between the main range in continental Europe 
and the isolated geographical setting of northern Africa (see Clements et al., 2019).
^p < 0.10,
*p < 0.05,; **p < 0.01,; ***p < 0.001.
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from the Ocean) and forest cover (Figure 1A). Along the gradient, 
the area is occupied by humid forests in the north (Quercus suber, 
Q. canariensis, Q. pyrenaica), fir (Abies pinsapo) and cedar forests 
(Cedrus atlantica) in mountain areas, drought-tolerant woodlands 
(Q.ilex, Juniperus thurifera, Tetraclinis articulata) in lowland areas and 
argan (Argania spinosa) and acacia (Acacia spp.) open woodlands in 
the southernmost sectors (Figure 1B). The most humid and popu-
lated north-western lowlands are covered mainly by cereal fields and 
olive groves, while the rest of the country is covered by seasonal 
grasslands or bare areas (Tellería et al., 2014). The entire region is 
dominated by a Mediterranean climate characterized by a strong 
summer drought.

2.2  |  Bird sampling

Bird sampling was designed to work with two independent datasets 
recorded during the second half of April and May of 2015, 2016 and 
2017, a period that encompasses the bulk of the breeding activity 
of the birds within the study area (Thévenot et al., 2003). A first 
sampling was designed to record the occurrence of the study species 
within a network of itineraries along small roads or tracks covering 
the study area. In this way, we geo-referenced all birds detected by 
sight and sound in 8975 waypoints (Figure 1C) from which we ex-
tracted the occurrences of forest passerines (Table 1). These occur-
rences were used to model species distribution in order to use the 
outputs as an index of habitat suitability (Weber et al., 2016). As we 
arbitrarily established a minimum of 40 occurrences per species, we 
discarded some rare birds from further analyses (e.g. Sitta europaea 
n = 24, Ficedula speculigera n = 3).

To assess the effect of habitat suitability and other drivers on bird 
abundance (e.g. distance to the north), we used the data recorded in 
190  line transects scattered within the study area (Figure1D). It is 
important to note here that local bird abundance results from multi 
scale-dependent processes strongly influenced by fine-grained ef-
fects related to local habitat structure (Seoane et al., 2004). To cope 
with this effect, we also assessed the local structure of vegetation 
(tree cover, vertical development and plant diversity).

We counted all birds within a belt 500 m long and 25 + 25 m 
wide during the early morning (Bibby et al., 2000) and assessed 
the distance (Km) of each line transect to the Strait of Gibraltar 
(Figure 1D). To assess habitat structure, we set two 25-m-radius 
circles distributed at 150 and 350 m of the starting point of each 
itinerary. In each point we visually assessed: grass layer, shrub 
(vegetation between 0.5 and 2 m height) and tree (vegetation >2 m 
height) covers, and tree and shrub (>0.5 m) species numbers. These 
variables were used to perform a principal component analysis to 
obtain some latent variables useful to describe habitat structure. 
We selected two components related to increasing forest cover 
(PC1, eigenvalue: 2.04; explained variance: 50.94%; factor load-
ings, grass layer: −0.06, shrub cover: 0.88, tree cover: 0.77, tree 
and shrub species: 0.81) and grass cover (PC2, eigenvalue: 1.01; ex-
plained variance: 25.27%; factor loadings, grass layer: 0.99, shrub 

cover: −0.08, tree cover −0.04, tree and shrub species: −0.08). In 
this way, factor scores within the components were used as com-
prehensive indices of habitat structure. In a previous exploratory 
Spearman rank order correlation analysis (rs), we detected that for-
est complexity was positively and significantly (p < 0.001) related to 
the abundance of all species while grass cover only had a positive 
effect on Fringilla coelebs (rs: 0.196, p = 0.007) and Turdus merula 
(rs: 0.182, p = 0.012), two species that usually rely on grasses and 
meadows. Thus, for the sake of simplicity (we aimed to work with 
just one variable per driver type), we selected forest complexity as 
the only surrogate of habitat structure.

2.3  |  Species distribution model

We used two sets of environmental variables to illustrate the geo-
graphical distribution of habitat suitability of bird species. First, 
we used some climate variables related to the strength of the 
Mediterranean drought (Mean Temperature of Warmest Quarter, 
Annual Precipitation and Precipitation of Driest Quarter), a main driver 
of primary productivity and forest distribution in this peripheral area 
of the Palaearctic (Gouveia et al., 2017). Climatic data were obtained 
from CHELSA (http://chels​a-clima​te.org/), which provides improved 
climatic estimates in landscapes with complex topography (Karger 
et al., 2017). Second, because of its effect on bird distribution, we 
included some variables related to landscape structure. Tree density 
was downloaded from the Global tree density map dataset (Crowther 
et al., 2015; https://elisc​holar.libra​ry.yale.edu/yale_fes_data/1/), 
and open (shrubs, herbaceous vegetation and barren) and cultivated 
(cultivated and managed vegetation) land covers were downloaded 
from the Global 1-km Consensus Land Cover (Tuanmu & Jetz, 2014; 
http://www.earth​env.org/). In all cases, the selected shapes were at 
30-arc-second resolution (~1 km). These variables were weakly cor-
related, as shown by Pearson's correlation coefficients (for all pairwise 
correlations, |r| ≤ 0.621; see Table S1.1). All variables were normalized 
(mean centring and dividing by one standard deviation).

We used Maxent (Phillips et al., 2017) to model habitat suitabil-
ity and potential geographical distribution of forest birds within the 
study area. This model produces spatially explicit predictions based 
on occurrence locations and environmental data. We used a grid res-
olution of 1 × 1 km to remove records within the same grid (i.e. only 
one occurrence record per grid square of 1 × 1 km). To select the area 
with which to calibrate the model, we used the minimum convex poly-
gon (MCP) produced by the full set of sampling points (Figure S1). For 
choosing an appropriate amount of model complexity (Merow et al., 
2014), we used the KUENM package in R (Cobos et al., 2019), which 
selects the best Maxent models of a series of candidates arranged 
by different combinations of parameter settings. For each studied 
species, we created 119 candidate models by combining the whole 
set of independent variables, 17 regularization multiplier values (0.1–
1.0 at intervals of 0.1, 2–6 at intervals of 1, and 8 and 10), and all 
the 7 possible combinations of three feature classes (linear = l, qua-
dratic = q, product = p). The best models were selected considering 

http://chelsa-climate.org/
https://elischolar.library.yale.edu/yale_fes_data/1/
http://www.earthenv.org/
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significance (partial ROC, with 500 iterations and 50% of data for 
bootstrapping), omission rates (E = 5%) and model complexity (mod-
els within two AICc units of the minimum value among the candidate 
models). Partial ROC and omission rates were evaluated on models 
resulting from training occurrences, whereas AICc values were cal-
culated on models created with the full set of occurrences (Warren 
& Seifert, 2011). We then created the best fitted final models using 
the full set of occurrences and the selected parameterization (Table 
S1-2). Finally, we carried out an additional external validation of the 
best fitted models with partial ROC and similar omission rates using 
an independent dataset (presence and absence data collected in our 
line transects; Figure 1C). We used the raw output of Maxent models 
in further analyses because this is the output with the most straight-
forward interpretation (Merow et al 2013). We used ‘kuenm_cal’, 
‘kuenm_ceval’ and ‘kuem_mod’ functions from the KUENM package 
to run the models (Cobos et al., 2019).

2.4  |  Analyses

2.4.1  |  Geographical versus ecological marginality

We generated 1000 random selected sampling points within the 
range of each individual species defined within an MCP covering 

their occurrences (Figure S1.1). In these random points, we sampled 
habitat suitability scores and the distance to the Strait of Gibraltar 
(it was strongly related to latitude, r:0.99, p < 0.001, n = 1000). We 
then used three sequential approaches to show the geographical 
patterning of habitat suitability. First, we carried out generalized 
least squares (GLS) mixed models in which habitat suitability indices 
were regressed against distance and square distance to the Strait of 
Gibraltar. In this way, by selecting the best models based on AICc, 
we explored if habitat suitability decreased southwards monotoni-
cally or, alternatively, showed a unimodal (bell-shaped) pattern with 
the best sites located within an inland area. Second, we assessed 
the spatial autocorrelation of habitat suitability by means of Moran's 
index. Given the large spatial scale of our approach, this index was 
used to assess the geographical clumping of habitat suitability within 
the study area and to highlight on the potential effect of spatial au-
tocorrelation on further analyses (Diniz-Filho et al., 2003; Dormann 
et al., 2007). Finally, to remove the potential effects of the spatial 
autocorrelation on the reported patterns, we repeated the GLS 
analyses by considering five different alternatives spatial correla-
tion structures (exponential, Gaussian, spherical, linear and rational 
quadratic; Dormann et al., 2007). We used AICc to select the best 
model. These analyses were performed with the ‘nlme’ package 
(Pinheiro et al., 2020) in R program version 3.5.3 (R Development 
Core Team, 2019).

TA B L E  2  Distribution of mean abundance of species as reported by 190 line transects (n shows the number of line transects in which 
each species was detected)

Species n

Abundance   
(no. /2.5 ha)

Multivariate analyses  
Mean (credible interval 95%) 

Mean ± SD 
(min–max) Forest cover Distance Habitat suitability

Similar

Erithacus rubecula rubecula 26 0.42 ± 1.42 (0–11) 0.80* (0.55/1.24) −0.22 (−0.75/0.22) 3.18* (2.67/4.79)

Phylloscopus bonelli bonelli 13 0.12 ± 0.53 (0–5) −0.55 (−1.56/0.60) −1.17* (−2.20/−0.28) 2.01* (0.55/3.15)

Sylvia atricapilla heineken 10 0.13 ± 0.78 (0–9) 3.27* (2.19/4.58) −2.25* (−3.32/−1.39) 0.21 (−0.29/0.62)

Different subspecies

Troglodytes troglodytes 
kabylorum

13 0.09 ± 0.41(0–4) −0.15 (−1.06/0.78) −0.06 (−1.52/1.02) 0.57 (−0.22/1.25)

Periparus ater atlas 24 0.26 ± 0.84 (0–6) −0.33 (−0.78/0.13) 1.17* (0.56/1.75) 1.52* (1.02/2.08)

Certhia brachydactyla 
mauretanica

11 0.14 ± 0.67 (0–5) −0.10 (−0.77/0.84) −0.91* (−1.95/ −0.10) 2.43* (1.68/3.61)

Regulus ignicapilla balearicus 15 0.23 ± 0.94 (0–7) 0.36 (−0.16/0.93) −0.37 (−1.25/0.33) 3.47* (2.73/4.48)

Fringilla coelebs africana 66 1.58 ± 3.10 (0–22) −0.50* (−0.73/−0.25) −0.07 (−0.25/0.09) 0.63* (0.40/0.88)

Parus major excelsus 27 0.26 ± 0.76 (0–5) 0.14 (−0.38/0.57) −0.27 (−0.70/0.17) 0.33* (0.003/0.64)

Turdus merula mauritanicus 33 0.30 ± 0.76 (0–4) 0.49* (0.08/0.87) −0.38* (−0.80/−0.02) 0.32 (−0.21/0.93)

Different species

Cyanistes teneriffae 
ultramarinus

40 0.67 ± 1.71 (0–9) 0.12 (−0.28/0.51) −0.54* (−0.92/−0.16) 0.03 (−0.62/0.67)

The table also shows the results of multivariate hierarchical Bayesian species zero-inflated distribution models between abundance forest cover, 
distance to the Strait of Gibraltar and habitat suitability. Asterisks show that the 95% credible interval around the parameter mean did not include 
zero (i.e. a significant effect).
*p < 0.05,; **p < 0.01,; ***p < 0.001.
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2.4.2  |  Geographical distribution of abundance

We performed a multivariate approach for a comprehensive view 
on the interacting effects of forest cover, geographical location and 
habitat suitability on bird abundance. After testing for multicollin-
earity (the highest VIF score was 2.66 in multivariate lineal models 
for all the species), we controlled for the effect of spatial autocor-
relation and, because of the scarcity of most forest birds within the 
study area, we coped with the effect of a zero-inflated structure 
in our data. To solve both problems, we performed a zero-inflated 
Poisson model with an intrinsic conditional autoregressive model 
(iCAR) process in which we accounted for the effect of the zero-
inflated structure on abundance and controlled for the potential ef-
fects of spatial autocorrelation. These steps were achieved using a 
hierarchical Bayesian model (Latimer et al., 2006). This type of model 
integrates two processes: (a) the process for which the species is 
present or absent in a location and (b) the process determining the 
number of individuals observed at suitable locations (i.e. abundance 
process). The first (a) process was modelled using a binomial distribu-
tion, while the second (b) was modelled with a Poisson distribution. 
Both processes included an iCAR model which assessed the spatial 
configuration of the eight nearest neighbouring cells to measure the 
spatial autocorrelation (Plumptre et al., 2016). For the parameter in-
ference in a Bayesian framework, we used non-informative priors 
with large variance: Normal (mean = 0, variance = 10e6), except for 
the variance parameter of the spatial random effects, for which we 
used a weak informative prior: Uniform (min = 0, max = 10). We ran 
two parallel Markov chain Monte Carlo for each parameter. These 
analyses were performed with the ‘hSDM’ package (Vieilledent 
et al., 2014) in R program (R Development Core Team, 2019).

3  |  RESULTS

3.1  |  Habitat suitability models

Species distribution models of forest birds performed well in 
north-western Africa according to the internal and external valida-
tions (Table S1.2). Forest/tree density displayed the most relative 
contribution and climatic variables reported the positive effect of 
precipitation on habitat suitability (Table S1.3). As a rule, the most 
suitable sites fitted the existing north–south distribution of wood-
lands (Figures 1 and 2). Within this spatial patterning, some birds 
displayed a wider distribution (Fringilla coelebs, Turdus merula…) 
while others crowded in mountain ranges (e.g. Certhia brachydactyla, 
Erithacus rubecula, Periparus ater, Regulus ignicapilla; Figure 2).

3.2  |  Geographical versus ecological marginality

Some birds exhibited a decreasing pattern of habitat suitability south-
wards (Phylloscopus bonelli, Sylvia atricapilla, Fringilla coelebs, Parus 
major, Turdus merula and Cyanistes teneriffae) while others displayed 

a multimodal patterning by the effect of the highly suitable northern 
forests and inland mountains (Erithacus rubecula, Troglodytes trog-
lodytes, Certhia brachydactyla, Regulus ignicapilla; Figures 2 and 3). 
Just one species (Periparus ater) adjusted to a unimodal distribution 
of habitat suitability (Table 1A) with the most suitable sites in in-
land mountains (Figures 2 and 3). Despite the differences, 10 of the 
11 species displayed a significant monotonic north–south decrease 
in habitat suitability (Table 1A).

All species displayed spatial autocorrelation in habitat suitabil-
ity (I's Moran; Table 1) as suggested by its clumped distribution 
within the area (Figure 3). After accounting for the effect of spa-
tial autocorrelation, the results supported a decrease southwards 
of habitat suitability in all species except Periparus ater and Regulus 
ignicapilla (Table 1B). Thus, overall, most species displayed a signif-
icant loss of habitat suitability southwards while only two did not 
report any significant trend after controlling for the effect of spatial 
autocorrelation.

3.3  |  Geographical distribution of abundance

Forest birds were recorded in only a few of the 190 randomly distrib-
uted line transects (Table 2, Figure 4), a result that agrees with the 
low habitat suitability reported by Maxent (Figure 3). After account-
ing for the effect of spatial autocorrelation and zero inflated data, 
multivariate approaches displayed significant patterns in all species 
except Troglodytes troglodytes (Table 2). Habitat suitability was posi-
tively related to abundance of all cases, with 7 of 11 species display-
ing a statistically significant relationship (Table 2). The distance to 
the Strait of Gibraltar was correlated with abundance of six species, 
albeit different patterns were reported. Five species displayed a sta-
tistically negative relationship while one species (Periparus ater) in-
creased in numbers southwards (Table 2, Figure 4). Forest cover was 
the least influential variable and displayed different trends according 
to the habitat preference of birds (we will not discuss these results 
as forest cover has been used just to control its local effects on bird 
abundance). It can be thus concluded that abundance increased with 
habitat suitability but displayed different patterns with distance to 
the Strait of Gibraltar, with most birds decreasing and just one spe-
cies increasing abundances southwards.

3.4  |  Taxonomic correlates.

Results in this paper do not support the prediction that birds en-
demic to North Africa fit more poorly to the predicted large-scale, 
southward decrease in habitat suitability. Six of eight endemic popu-
lations reported a significant decrease in habitat suitability after ac-
counting for the effect of spatial autocorrelation (but see Periparus 
ater; Table 1). Abundance of most species tracked habitat suitability 
and three endemic populations displayed a negative effect of dis-
tance on abundance. Only Periparus ater (endemic) displayed the op-
posite trend (Table 2). It can be thus concluded that these results 
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do not support any idiosyncratic effect of taxonomic differentiation 
on the distribution of habitat suitability and abundance in rear edge 
populations of forest passerines within the study area.

4  |  DISCUSSION

Understanding the factors that shape species distribution is a key 
issue in ecology, biogeography and conservation, but the actual 
input of regional studies to this field is usually flawed by several 
methodological shortcomings. For instance, drivers involved in spe-
cies distribution may differ between spatial and environmental set-
tings or between different model species making the results difficult 
to extrapolate; different methodological approaches may provide 
different outlooks on species distribution; and deficient data can 
blur the patterns on which to the predictions are tested (reviewed 
in Santini et al., 2019). These methodological problems have prob-
ably affected the conclusions of the most comprehensive reviews by 
blurring the actual relationships between habitat suitability, abun-
dance and geographical distribution (Dallas et al., 2017; Pironon 
et al., 2017; Sagarin & Gaines, 2002).

Our study explores the regional trend of habitat suitability within 
North-western Africa to test if it decreases southwards as predicted 
by the Palaearctic distribution of forest birds. Our results suggest 

that the distribution of forest birds is affected by two idiosyncratic 
traits to be considered before extending our conclusions to other 
environmental and geographical settings. First, the latitudinal ar-
rangement of woodlands provides a suitable scenery in which to 
detect the relationships between geographical and ecological mar-
ginality at the southern edge of the Palaearctic that may not occur in 
other areas. Second, the sharp environmental patchiness related to 
the presence of refuge areas suggests a meta-population dynamic in 
which the connectivity can strongly affect the actual distribution of 
populations (Hannah et al., 2014). From a methodological perspec-
tive, it is also important to point out that we used standardized field 
data recorded for this purpose and that we have tried an integrative 
approach (habitat suitability, connectivity, abundance) to clarify the 
effect of multiple drivers on the actual distribution of birds (Pironon 
et al., 2017; Sexton et al., 2009).

4.1  |  Geographical versus ecological marginality

Species distribution models supported the view that the best places 
for forest birds were related to moist, tree-covered areas (Table S1), 
a pattern well-known within the xeric environmental setting of the 
south-western Palaearctic (Correia et al., 2015; Tellería & Santos, 
1993). As a result, habitat suitability displayed similar patterns in all 

F I G U R E  2  Geographical distribution of habitat suitability for forest birds within the study area as reported by species distribution 
models. Colour ramp shows the habitat suitability values of individual species
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species, with the most suitable woodlands located in northern areas 
and western mountain slopes (Figure 2). Beyond these areas, habitat 
suitability decreased in dry eastern slopes of mountains and south-
ern sectors dominated by argan and acacia woodlands. Within this 
spatial patterning, habitat suitability decreased southwards along a 
belt of increasingly small patches (Figures 1 and 2) in which habi-
tat suitability displayed a monotonic decrease southward for most 
species (Figure 3). However, one bird, Periparus ater, displayed the 
most suitable sites in inland mountains, reporting a unimodal dis-
tribution of habitat suitability along the latitudinal belt of suitable 
habitat patches (Table 2, Figure 3). This species has been reported as 
a conifer specialist in Morocco so that such habitat selection could 
be related to its crowding in the extensive cedar woodlands of the 
Atlas Mountains (Thévenot et al., 2003). Thus, beyond one species 
linked to very particular habitat preferences, habitat suitability of 
most species decreased southwards supporting the relationship 
between ecological and geographical marginality predicted by the 
centre–periphery hypothesis (Pironon et al., 2017).

4.2  |  Geographical distribution of abundance

Abundance did not display similar patterns to habitat suitabil-
ity (Figures 3, 4) because under a given threshold of habitat suit-
ability species are unable to persist without a continuous input of 

individuals (Pulliam, 1988). This explains why forest birds were ab-
sent in most of the study area and displayed low regional abundances 
(Table 2). However, over a given threshold, it can be conjectured that 
abundance will be positively affected by habitat suitability (Weber 
et al., 2016) and negatively affected by the distance to some puta-
tive source areas (Saura et al., 2014). Multivariate analyses designed 
to prevent the statistical effect of zero inflated data supported these 
conjectures. First, abundance was positively related to habitat suit-
ability in most species (Table 2). This supports the prediction that 
abundance tracks the spatial patterning of habitat suitability and 
supports the view that a depletion of habitat suitability constrains 
the actual presence of birds in this peripheral area. Second, distance 
to the Strait of Gibraltar was a main correlate of abundance albeit 
displaying opposite patterns. Five species displayed a negative ef-
fect of distance on abundance (Table 2), supporting the prediction 
that increasing distances to source areas in the north will entail a 
lower likelihood of occurrence in southern woodlands according to 
a stepping stone movement model (Saura et al., 2014). However, 
Periparus ater, again challenged this proposal because they displayed 
the highest abundances in mountain woodlands nearby to the edge 
range (Table 2; Figure 4). This suggests that, in addition to the effect 
of large-scale patterns in habitat suitability, some species increased 
abundance in inland areas of north-western Africa. These numeri-
cal arrangements, which have usually been related to the local avail-
ability and quality of preferred habitats (Pearson & Dawson, 2003; 

F I G U R E  3  Distribution of habitat suitability in one thousand random distributed points within the range of the species along increasing 
distances to the Strait of Gibraltar. The highest scores show the most suitable areas for each individual species. Red lines show the patterns 
resulting from a polynomial function
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Seoane et al., 2004), suggest the effect of a regional meta-population 
dynamics on the abundance distribution of birds.

4.3  |  Taxonomic correlates

Birds did not display different distribution patterns according to 
their taxonomic differentiation in north-western Africa (Tables 1 
and 2). We acknowledge that this classification can offer a simpli-
fied view of the actual differentiation of species and that further 
studies could alter some aspects of the taxonomical proposal in 
Clements et al., (2019). For example, while the specific differentia-
tion of Cyanistes (Illera et al., 2011) and the subspecific division of 
Fringilla (Svensson, 2015) has been recently tested, it seems that 
the African population of Sylvia atricapilla may differ from European 
population (Delmore et al., 2020). However, despite the uncertain-
ties, our results do not support that endemic birds fail to adjust the 
predictions of the centre–periphery hypothesis. This is the case, 
for instance, of the African blue tit (Cyanistes teneriffae) and the 
Atlas chaffinch (Fringilla coelebs africana), two North African en-
demic birds that reported a significant monotonic loss southwards 

of habitat suitability (Table 1, Figure 3). Something similar can be 
said of abundance since all populations displayed similar patterns 
(Table 2). Thus, these results suggest a homogenous reaction of 
forest birds to the environment independently of their degree of 
population differentiation, a pattern that could be explained by the 
resilience to changes of niche in evolutionary processes (Peterson, 
2011). The high number of endemic populations and their homoge-
neous reaction to gradients could suggest that they distribute un-
linked from European populations within the isolated geographical 
setting of Northern Africa.

4.4  |  Outlook for the future

In a context of global change, peripheral regions face the challenge 
of conserving rear edge populations within a network of suitable 
sites (Hannah et al., 2014). Our results suggest that, despite strong 
spatial variability, habitat suitability of most birds decreased at their 
edge range and abundance tracked this pattern. This suggests the 
vulnerability of these peripheral populations to large-scale changes 
in a region under the effect of increasing drought and temperature 

F I G U R E  4  Abundance distribution of birds in line transects at increasing distances of the Strait of Gibraltar. Red lines show the pattern 
resulting from polynomial fits on the line transects in which the species reported abundances over 0 individuals
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(Barbet-Massin et al., 2012; Cuervo & Møller, 2013). If habitat suit-
ability is a main driver of distribution, it is commonly agreed that 
those variables with the greatest influence will represent dimensions 
along which the populations can be disturbed (Lee-Yaw et al., 2018). 
This is the case of tree cover and precipitations, two main correlates 
of the distribution of forest birds in the south-western Palaearctic. 
These two variables display synergetic interactions since forest 
cover may buffer climate effects allowing organisms to remain stable 
under increasingly adverse climate conditions (Suggitt et al., 2018). 
Thus, the fate of forest birds will balance between woodland recov-
ery resulting from forestry or rural abandonment (Pereira & Navarro, 
2015) and woodland depletion resulting from human land use and 
climate-mediated processes (e.g. physiological stress, wildfires; Allen 
et al., 2010). Under the effect of increasing drought and tempera-
ture in this xeric region, the northwards and upwards retreat of less 
drought-tolerant woodlands has been predicted (Ruiz-Labourdette 
et al., 2012). A similar trend has been predicted for Palaearctic birds 
arrived to winter in this marginal area (Tellería et al., 2016, 2020). In 
this scenario, the relationships between ecological and geographi-
cal marginality displayed in this study support a similar retreat of 
forest birds in which those populations inhabiting the southernmost 
woodlands will be the most vulnerable. This suggests that forest 
remnants located in the north and in the west-facing slopes of the 
Atlas Mountains are a conservation priority for the maintenance of 
forest bird species in the region.

ACKNOWLEDG EMENTS
This paper is a contribution to the project CGL2017- 85637-P (Life 
at the border: population differentiation of forest birds south of the 
Palaearctic) granted by the Spanish Ministry of Science, Innovation 
and Universities. REHL has been granted by Consejería de 
Educación de la Junta de Castilla y León and Fondo Social Europeo 
(EDU/556/2019). The field work consisted of bird watching on public 
lands where permits were not required.

DATA AVAIL ABILIT Y S TATEMENT
All data supporting the results are available at https://doi.
org/10.5061/dryad.34tmp​g4kh

ORCID
José Luis Tellería   https://orcid.org/0000-0001-6170-8860 

R E FE R E N C E S
Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., 

Vennetier, M., Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. 
H. (. T., Gonzalez, P., Fensham, R., Zhang, Z., Castro, J., Demidova, 
N., Lim, J.-H., Allard, G., Running, S. W., Semerci, A., & Cobb, N. 
(2010). A global overview of drought and heat-induced tree mortal-
ity reveals emerging climate change risks for forests. Forest Ecology 
and Management, 259(4), 660–684. https://doi.org/10.1016/j.
foreco.2009.09.001.

Barbet-Massin, M., Thuiller, W., & Jiguet, F. (2012). The fate of 
European breeding birds under climate, land-use and disper-
sal scenarios. Global Change Biology, 18(3), 881–890. https://doi.
org/10.1111/j.1365-2486.2011.02552.x.

Brown, J. H. (1984). On the Relationship between Abundance and 
Distribution of Species. The American Naturalist, 124(2), 255–279. 
https://doi.org/10.1086/284267.

Bucchignani, E., Mercogliano, P., Panitz, H.-J., & Montesarchio, M. (2018). 
Climate change projections for the Middle East-North Africa do-
main with COSMO-CLM at different spatial resolutions. Advances 
in Climate Change Research, 9(1), 66–80. https://doi.org/10.1016/j.
accre.2018.01.004.

Cheddadi, R., Nourelbait, M., Bouaissa, O., Tabel, J., Rhoujjati, A., López-
Sáez, J. A., Alba-Sánchez, F., Khater, C., Ballouche, A., Dezileau, L., 
& Lamb, H. (2015). A history of human impact on moroccan moun-
tain landscapes. African Archaeological Review, 32(2), 233–248. 
https://doi.org/10.1007/s1043​7-015-9186-7.

Clements, J. F., Schulenberg, T. S., Iliff, M. J., Billerman, S. M., Fredericks, 
T. A., Sullivan, B. L., & Wood, C. L. (2019). The eBird/Clements 
checklist of birds of the world: v2019. Downloaded from https://
www.birds.corne​ll.edu/cleme​ntsch​eckli​st/downl​oad/.

Cobos, M. E., Peterson, A. T., Barve, N., & Osorio-Olvera, L. (2019). 
kuenm: an R package for detailed development of ecological niche 
models using Maxent. PeerJ, 7, e6281. https://doi.org/10.7717/
peerj.6281.

Correia, R. A., Franco, A. M. A., & Palmeirim, J. M. (2015). Role of the 
Mediterranean Sea in differentiating European and North African 
woodland bird assemblages. Community Ecology, 16(1), 106–114. 
https://doi.org/10.1556/168.2015.16.1.12.

Correia, R. A., Haskell, W. C., Gill, J. A., Palmeirim, J. M., & Franco, A. M. 
(2015). Topography and aridity influence oak woodland bird assem-
blages in southern Europe. Forest Ecology and Management, 354, 
97–103. https://doi.org/10.1016/j.foreco.2015.06.032.

Crowther, T. W., Glick, H. B., Covey, K. R., Bettigole, C., Maynard, D. 
S., Thomas, S. M., Smith, J. R., Hintler, G., Duguid, M. C., Amatulli, 
G., Tuanmu, M.-N., Jetz, W., Salas, C., Stam, C., Piotto, D., Tavani, 
R., Green, S., Bruce, G., Williams, S. J., … Bradford, M. A. (2015). 
Mapping tree density at a global scale. Nature, 525(7568), 201–205. 
https://doi.org/10.1038/natur​e14967.

Cuervo, J. J., & Møller, A. P. (2013). Temporal variation in population size 
of European bird species: Effects of latitude and marginality of dis-
tribution. PLoS One, 8(10), e77654. https://doi.org/10.1371/journ​
al.pone.0077654.

Dallas, T., Decker, R. R., & Hastings, A. (2017). Species are not most 
abundant in the centre of their geographic range or climatic niche. 
Ecology Letters, 20(12), 1526–1533. https://doi.org/10.1111/
ele.12860.

Delmore, K., Illera, J. C., Pérez-Tris, J., Segelbacher, G., Lugo Ramos, J. S., 
Durieux, G., Ishigohoka, J., & Liedvogel, M. (2020). The evolution-
ary history and genomics of European blackcap migration. Elife, 9, 
e54462. https://doi.org/10.7554/eLife.54462.

Diniz-Filho, J. A. F., Bini, L. M., & Hawkins, B. A. (2003). Spatial 
autocorrelation and red herrings in geographical ecology. 
Global Ecology and Biogeography, 12(1), 53–64. https://doi.
org/10.1046/j.1466-822X.2003.00322.x.

Doña, J., Ruiz-Ruano, F. J., & Jovani, R. (2016). DNA barcoding of 
Iberian Peninsula and North Africa Tawny Owls Strix aluco sug-
gests the Strait of Gibraltar as an important barrier for phyloge-
ography. Mitochondrial DNA. Part A, DNA Mapping, Sequencing, 
and Analysis, 27(6), 4475–4478. https://doi.org/10.3109/19401​
736.2015.1089573.

Eckert, C. G., Samis, K. E., & Lougheed, S. C. (2008). Genetic variation 
across species’ geographical ranges: The central-marginal hypoth-
esis and beyond. Molecular Ecology, 17(5), 1170–1188. https://doi.
org/10.1111/j.1365-294X.2007.03659.x.

F. Dormann, C., M. McPherson, J., B. Araújo, M., Bivand, R., Bolliger, 
J., Carl, G., G. Davies, R., Hirzel, A., Jetz, W., Daniel Kissling, 
W., Kühn, I., Ohlemüller, R., R Peres-Neto, P., Reineking, B., 
Schröder, B., M Schurr, F., & Wilson, R. (2007). Methods to ac-
count for spatial autocorrelation in the analysis of species 

https://doi.org/10.5061/dryad.34tmpg4kh
https://doi.org/10.5061/dryad.34tmpg4kh
https://orcid.org/0000-0001-6170-8860
https://orcid.org/0000-0001-6170-8860
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1111/j.1365-2486.2011.02552.x
https://doi.org/10.1111/j.1365-2486.2011.02552.x
https://doi.org/10.1086/284267
https://doi.org/10.1016/j.accre.2018.01.004
https://doi.org/10.1016/j.accre.2018.01.004
https://doi.org/10.1007/s10437-015-9186-7
https://www.birds.cornell.edu/clementschecklist/download/
https://www.birds.cornell.edu/clementschecklist/download/
https://doi.org/10.7717/peerj.6281
https://doi.org/10.7717/peerj.6281
https://doi.org/10.1556/168.2015.16.1.12
https://doi.org/10.1016/j.foreco.2015.06.032
https://doi.org/10.1038/nature14967
https://doi.org/10.1371/journal.pone.0077654
https://doi.org/10.1371/journal.pone.0077654
https://doi.org/10.1111/ele.12860
https://doi.org/10.1111/ele.12860
https://doi.org/10.7554/eLife.54462
https://doi.org/10.1046/j.1466-822X.2003.00322.x
https://doi.org/10.1046/j.1466-822X.2003.00322.x
https://doi.org/10.3109/19401736.2015.1089573
https://doi.org/10.3109/19401736.2015.1089573
https://doi.org/10.1111/j.1365-294X.2007.03659.x
https://doi.org/10.1111/j.1365-294X.2007.03659.x


2548  |    TELLERÍA et al.

distributional data: a review. Ecography, 30(5), 609–628. https://
doi.org/10.1111/j.2007.0906-7590.05171.x.

Forsman, J. T., & Mönkkönen, M. (2003). The role of climate in limiting 
European resident bird populations. Journal of Biogeography, 30(1), 
55–70. https://doi.org/10.1046/j.1365-2699.2003.00812.x.

García-Ramos, G., & Kirkpatrick, M. (1997). Genetic models of adapta-
tion and gene flow in peripheral populations. Evolution; International 
Journal of Organic Evolution, 51(1), 21–28. https://doi.org/10.1111/
j.1558-5646.1997.tb023​84.x.

Giorgi, F., & Lionello, P. (2008). Climate change projections for the 
Mediterranean region. Global and Planetary Change, 63(2), 90–104. 
https://doi.org/10.1016/j.glopl​acha.2007.09.005.

Gouveia, C. M., Trigo, R., Beguería, S., & Vicente-Serrano, S. M. (2017). 
Drought impacts on vegetation activity in the Mediterranean re-
gion: An assessment using remote sensing data and multi-scale 
drought indicators. Global and Planetary Change, 151, 15–27. 
https://doi.org/10.1016/j.glopl​acha.2016.06.011.

Hampe, A., & Petit, R. J. (2005). Conserving biodiversity under climate 
change: the rear edge matters. Ecology Letters, 8(5), 461–467. 
https://doi.org/10.1111/j.1461-0248.2005.00739.x.

Hannah, L., Flint, L., Syphard, A. D., Moritz, M. A., Buckley, L. B., & 
McCullough, I. M. (2014). Fine-grain modeling of species’ re-
sponse to climate change: holdouts, stepping-stones, and microre-
fugia. Trends in Ecology & Evolution, 29(7), 390–397. https://doi.
org/10.1016/j.tree.2014.04.006.

Hengeveld, R., & Haeck, J. (1982). The distribution of abundance. I. 
Measurements. Journal of Biogeography, 9(4), 303–316. https://doi.
org/10.2307/2844717.

Hewitt, G. (2000). The genetic legacy of the Quaternary ice ages. Nature, 
405(6789), 907–913. https://doi.org/10.1038/35016000.

Illera, J. C., Koivula, K., Broggi, J., Päckert, M., Martens, J., & Kvist, L. 
(2011). A multi-gene approach reveals a complex evolutionary 
history in the Cyanistes species group. Molecular Ecology, 20(19), 
4123–4139. https://doi.org/10.1111/j.1365-294X.2011.05259.x.

Karger, D. N., Conrad, O., Böhner, J., Kawohl, T., Kreft, H., Soria-Auza, 
R. W., Zimmermann, N. E., Linder, H. P., & Kessler, M. (2017). 
Climatologies at high resolution for the earth’s land surface 
areas. Scientific Data, 4(1), 170122. https://doi.org/10.1038/
sdata.2017.122.

Kawecki, T. J. (2008). Adaptation to marginal habitats. Annual Review 
of Ecology, Evolution, and Systematics, 39, 321–342. https://doi.
org/10.1146/annur​ev.ecols​ys.38.091206.095622.

Latimer, A. M., Wu, S., Gelfand, A. E., & Silander, J. A. Jr (2006). Building 
statistical models to analyze species distributions. Ecological 
Applications, 16(1), 33–50. https://doi.org/10.1890/04-0609.

Lee-Yaw, J. A., Fracassetti, M., & Willi, Y. (2018). Environmental margin-
ality and geographic range limits: A case study with Arabidopsis ly-
rata ssp. lyrata. Ecography, 41(4), 622–634. https://doi.org/10.1111/
ecog.02869.

Merow, C., Smith, M. J., Edwards, T. C., Guisan, A., McMahon, S. M., 
Normand, S., Thuiller, W., Wüest, R. O., Zimmermann, N. E., & Elith, 
J. (2014). What do we gain from simplicity versus complexity in spe-
cies distribution models? Ecography, 37(12), 1267–1281. https://doi.
org/10.1111/ecog.00845.

Pearson, R. G., & Dawson, T. P. (2003). Predicting the impacts of climate 
change on the distribution of species: are bioclimate envelope mod-
els useful? Global Ecology and Biogeography, 12(5), 361–371. https://
doi.org/10.1046/j.1466-822X.2003.00042.x.

Pereira, H. M., & Navarro, L. M. (2015). Rewilding European Landscapes. 
Springer, Berlin, Germany. https://doi.org/10.1007/978-3-319- 
12039​-3.

Pérez-Tris, J., Bensch, S., Carbonell, R., Helbig, A. J., & Tellería, J. L. (2004). 
Historical diversification of migration patterns in a passerine bird. 
Evolution, 58(8), 1819–1832. https://doi.org/10.1554/03-731.

Perktas, U., Barrowclough, G. F., & Groth, J. G. (2011). Phylogeography 
and species limits in the green woodpecker complex (Aves: Picidae): 

Multiple Pleistocene refugia and range expansion across Europe 
and the Near East. Biological Journal of the Linnean Society, 104(3), 
710–723. https://doi.org/10.1111/j.1095-8312.2011.01750.x.

Peterson, A. T. (2011). Ecological niche conservatism: A time-structured 
review of evidence. Journal of Biogeography, 38(5), 817–827. https://
doi.org/10.1111/j.1365-2699.2010.02456.x.

Phillimore, A. B., & Owens, I. P. F. (2006). Are subspecies useful in 
evolutionary and conservation biology? Proceedings of the Royal 
Society B: Biological Sciences, 273(1590), 1049–1053. https://doi.
org/10.1098/rspb.2005.3425.

Phillips, S. J., Anderson, R. P., Dudík, M., Schapire, R. E., & Blair, M. E. 
(2017). Opening the black box: An open-source release of Maxent. 
Ecography, 40(7), 887–893. https://doi.org/10.1111/ecog.03049.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D. & Team, R. C. (2020). nlme: 
Linear and nonlinear mixed effects models. R package version 3.1-
150, https://CRAN.R-proje​ct.org/packa​ge=nlme.

Pironon, S., Papuga, G., Villellas, J., Angert, A. L., García, M. B., & 
Thompson, J. D. (2017). Geographic variation in genetic and de-
mographic performance: new insights from an old biogeograph-
ical paradigm. Biological Reviews, 92(4), 1877–1909. https://doi.
org/10.1111/brv.12313.

Plumptre, A. J., Nixon, S., Kujirakwinja, D. K., Vieilledent, G., Critchlow, 
R., Williamson, E. A., Nishuli, R., Kirkby, A. E., & Hall, J. S. (2016). 
Catastrophic decline of world’s largest primate: 80% Loss of 
Grauer’s Gorilla (Gorilla beringei graueri) population justifies crit-
ically endangered status. PLoS One, 11(10), e0162697. https://doi.
org/10.1371/journ​al.pone.0162697.

Potti, J., Copete, J. L., Gutiérrez-Expósito, C., & Camacho, C. (2016). 
Morphological and sexual traits in Atlas and Iberian Pied Flycatchers 
Ficedula hypoleuca speculigera and F. h. iberiae: a compari-
son. Bird Study, 63(3), 330–336. https://doi.org/10.1080/00063​
657.2016.1188879.

Pulliam, H. R. (1988). Sources, sinks, and population regula-
tion. The American Naturalist, 132(5), 652–661. https://doi.
org/10.1086/284880.

R Core Team (2019). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje​
ct.org/.

Ruiz-Labourdette, D., Nogués-Bravo, D., Ollero, H. S., Schmitz, M. F., & 
Pineda, F. D. (2012). Forest composition in Mediterranean moun-
tains is projected to shift along the entire elevational gradient under 
climate change. Journal of Biogeography, 39(1), 162–176. https://doi.
org/10.1111/j.1365-2699.2011.02592.x.

Sagarin, R. D., & Gaines, S. D. (2002). The ‘abundant centre’ distribution: 
To what extent is it a biogeographical rule? Ecology Letters, 5(1), 
137–147. https://doi.org/10.1046/j.1461-0248.2002.00297.x.

Sagarin, R. D., Gaines, S. D., & Gaylord, B. (2006). Moving beyond as-
sumptions to understand abundance distributions across the 
ranges of species. Trends in Ecology & Evolution, 21(9), 524–530. 
https://doi.org/10.1016/j.tree.2006.06.008.

Santini, L., Pironon, S., Maiorano, L., & Thuiller, W. (2019). Addressing 
common pitfalls does not provide more support to geographical 
and ecological abundant-centre hypotheses. Ecography, 42, 696–
705. https://doi.org/10.1111/ecog.04027.

Saura, S., Bodin, Ö., & Fortin, M.-J. (2014). EDITOR’S CHOICE: Stepping 
stones are crucial for species’ long-distance dispersal and range ex-
pansion through habitat networks. Journal of Applied Ecology, 51(1), 
171–182. https://doi.org/10.1111/1365-2664.12179.

Seoane, J., Bustamante, J., & Dıáz-Delgado, R. (2004). Competing roles 
for landscape, vegetation, topography and climate in predictive 
models of bird distribution. Ecological Modelling, 171(3), 209–222. 
https://doi.org/10.1016/j.ecolm​odel.2003.08.006.

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009). Evolution 
and ecology of species range limits. Annual Review of Ecology, 
Evolution, and Systematics, 40(1), 415–436. https://doi.org/10.1146/
annur​ev.ecols​ys.110308.120317.

https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.1111/j.2007.0906-7590.05171.x
https://doi.org/10.1046/j.1365-2699.2003.00812.x
https://doi.org/10.1111/j.1558-5646.1997.tb02384.x
https://doi.org/10.1111/j.1558-5646.1997.tb02384.x
https://doi.org/10.1016/j.gloplacha.2007.09.005
https://doi.org/10.1016/j.gloplacha.2016.06.011
https://doi.org/10.1111/j.1461-0248.2005.00739.x
https://doi.org/10.1016/j.tree.2014.04.006
https://doi.org/10.1016/j.tree.2014.04.006
https://doi.org/10.2307/2844717
https://doi.org/10.2307/2844717
https://doi.org/10.1038/35016000
https://doi.org/10.1111/j.1365-294X.2011.05259.x
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.1146/annurev.ecolsys.38.091206.095622
https://doi.org/10.1146/annurev.ecolsys.38.091206.095622
https://doi.org/10.1890/04-0609
https://doi.org/10.1111/ecog.02869
https://doi.org/10.1111/ecog.02869
https://doi.org/10.1111/ecog.00845
https://doi.org/10.1111/ecog.00845
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1046/j.1466-822X.2003.00042.x
https://doi.org/10.1007/978-3-319-12039-3
https://doi.org/10.1007/978-3-319-12039-3
https://doi.org/10.1554/03-731
https://doi.org/10.1111/j.1095-8312.2011.01750.x
https://doi.org/10.1111/j.1365-2699.2010.02456.x
https://doi.org/10.1111/j.1365-2699.2010.02456.x
https://doi.org/10.1098/rspb.2005.3425
https://doi.org/10.1098/rspb.2005.3425
https://doi.org/10.1111/ecog.03049
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/brv.12313
https://doi.org/10.1111/brv.12313
https://doi.org/10.1371/journal.pone.0162697
https://doi.org/10.1371/journal.pone.0162697
https://doi.org/10.1080/00063657.2016.1188879
https://doi.org/10.1080/00063657.2016.1188879
https://doi.org/10.1086/284880
https://doi.org/10.1086/284880
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1111/j.1365-2699.2011.02592.x
https://doi.org/10.1111/j.1365-2699.2011.02592.x
https://doi.org/10.1046/j.1461-0248.2002.00297.x
https://doi.org/10.1016/j.tree.2006.06.008
https://doi.org/10.1111/ecog.04027
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1016/j.ecolmodel.2003.08.006
https://doi.org/10.1146/annurev.ecolsys.110308.120317
https://doi.org/10.1146/annurev.ecolsys.110308.120317


    |  2549TELLERÍA et al.

Soberón, J. (2007). Grinnellian and Eltonian niches and geographic distri-
butions of species. Ecology Letters, 10(12), 1115–1123. https://doi.
org/10.1111/j.1461-0248.2007.01107.x.

Suggitt, A. J., Wilson, R. J., Isaac, N. J. B., Beale, C. M., Auffret, A. G., 
August, T., Bennie, J. J., Crick, H. Q. P., Duffield, S., Fox, R., Hopkins, 
J. J., Macgregor, N. A., Morecroft, M. D., Walker, K. J., & Maclean, I. 
M. D. (2018). Extinction risk from climate change is reduced by mi-
croclimatic buffering. Nature Climate Change, 8(8), 713–717. https://
doi.org/10.1038/s4155​8-018-0231-9.

Svensson, L. (2015). A new North African subspecies of Common 
Chaffinch Fringilla coelebs. Bulletin of the British Ornithologists’ Club, 
135(1), 69–76.

Tellería, J. L., Baquero, R., & Santos, T. (2003). Effects of forest fragmen-
tation on European birds: implications of regional differences in 
species richness. Journal of Biogeography, 30(4), 621–628. https://
doi.org/10.1046/j.1365-2699.2003.00869.x.

Tellería, J. L., Fandos, G., & Fernández-López, J. (2020). Winter bird 
richness distribution in the south-western palearctic: current pat-
terns and potential changes. Ardeola, 68(1), 17–32. https://doi.
org/10.13157/​arla.68.1.2021.ra2.

Tellería, J. L., Fandos, G., López, J. F., Onrubia, A., & Refoyo, P. (2014). 
Winter distribution of passerine richness in the Maghreb (North 
Africa): A conservation assessment. Ardeola, 61(2), 335–350. 
https://doi.org/10.13157/​arla.61.2.2014.335.

Tellería, J. L., Fernández-López, J., & Fandos, G. (2016). Effect of climate 
change on mediterranean winter ranges of two migratory passer-
ines. PLoS One, 11(1), e0146958. https://doi.org/10.1371/journ​
al.pone.0146958.

Telleria, J. L., & Santos, T. (1993). Distributional patterns of insectivorous 
passerines in the Iberian forests: Does abundance decrease near 
the border? Journal of Biogeography, 20(2), 235–240. https://doi.
org/10.2307/2845675.

Thévenot, M., Vernon, R., & Bergier, P. (2003). The birds of Morocco: An 
annotated checklist. British Ornithologists’ Union.

Tuanmu, M.-N., & Jetz, W. (2014). A global 1-km consensus land-cover 
product for biodiversity and ecosystem modelling. Global Ecology and 
Biogeography, 23(9), 1031–1045. https://doi.org/10.1111/geb.12182.

Vieilledent, G., Merow, C., Guélat, J., Latimer, A. M., Kéry, M., Gelfand, 
A. E., & Silander, J. Jr (2014). hSDM: hierarchical Bayesian species 

distribution models. R package version 1.4.1. Available https://
CRAN.R-proje​ct.org/packa​ge=hSDM.

Vilà-Cabrera, A., Premoli, A. C., & Jump, A. S. (2019). Refining predictions 
of population decline at species’ rear edges. Global Change Biology, 
25(5), 1549–1560. https://doi.org/10.1111/gcb.14597.

Warren, D. L., & Seifert, S. N. (2011). Ecological niche modeling in 
Maxent: the importance of model complexity and the performance 
of model selection criteria. Ecological Applications, 21(2), 335–342. 
https://doi.org/10.1890/10-1171.1.

Weber, M. M., Stevens, R. D., Diniz-Filho, J. A. F., & Grelle, C. E. V. (2016). 
Is there a correlation between abundance and environmental suit-
ability derived from ecological niche modelling? A meta-analysis. 
Ecography, 40(7), 817–828. https://doi.org/10.1111/ecog.02125.

BIOSKE TCH
We have long been interested in biogeography and conserva-
tion, having conducted studies on the migration, distribution 
and management of birds, mammals, lizards and other organisms 
within the framework of the Evolution and Conservation Biology 
Research Group. Please visit: https://www.ucm.es/bcven​g/
veteb​rate-biolo​gy-and-conse​rvation

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Tellería, J. L., Hernández-Lambraño, R. 
E., & Carbonell, R. (2021). Ecological and geographical 
marginality in rear edge populations of Palaearctic forest birds. 
Journal of Biogeography, 48, 2538–2549. https://doi.
org/10.1111/jbi.14219

https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1038/s41558-018-0231-9
https://doi.org/10.1038/s41558-018-0231-9
https://doi.org/10.1046/j.1365-2699.2003.00869.x
https://doi.org/10.1046/j.1365-2699.2003.00869.x
https://doi.org/10.13157/arla.68.1.2021.ra2
https://doi.org/10.13157/arla.68.1.2021.ra2
https://doi.org/10.13157/arla.61.2.2014.335
https://doi.org/10.1371/journal.pone.0146958
https://doi.org/10.1371/journal.pone.0146958
https://doi.org/10.2307/2845675
https://doi.org/10.2307/2845675
https://doi.org/10.1111/geb.12182
https://CRAN.R-project.org/package=hSDM
https://CRAN.R-project.org/package=hSDM
https://doi.org/10.1111/gcb.14597
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1111/ecog.02125
https://www.ucm.es/bcveng/vetebrate-biology-and-conservation
https://www.ucm.es/bcveng/vetebrate-biology-and-conservation
https://doi.org/10.1111/jbi.14219
https://doi.org/10.1111/jbi.14219

