
Contents lists available at ScienceDirect

Ecological Indicators

journal homepage: www.elsevier.com/locate/ecolind

Measuring the synanthropy of species and communities to monitor the
effects of urbanization on biodiversity

Adrien Guettéa,⁎, Pierre Gaüzèreb, Vincent Devictorb, Frédéric Jiguetc, Laurent Godetd

a Université de Nantes, CNRS, UMR LETG, B.P. 81223, 44312 Nantes Cedex 3, France
b UMR 5554, Institut des Sciences de l’Evolution, CNRS-Université de Montpellier 2, 34095 Montpellier Cedex 05, France
c Muséum National d’Histoire Naturelle, UMR 7204 CESCO, Centre de Recherches sur la Biologie des Populations d’Oiseaux, CP 51, 55 Rue Buffon, 75005 Paris, France
d CNRS, Université de Nantes, UMR LETG, B.P. 81223, 44312 Nantes Cedex 3, France

A R T I C L E I N F O

Keywords:
Anthropization
Housing
French BBS
Synanthropy
Anthropophily

A B S T R A C T

Urbanization is considered as one of the most important land-use and land-cover (LULC) changes with multiple
pervasive effects on biodiversity. However, the quantitative assessment of biodiversity responses to urbanization
remains challenging because some species can be directly and negatively affected by the spread of human
settlements, while others can benefit from this LULC change. Moreover, although species sensitivity to urban
settlements (their “synanthropy”) can either correspond to the spatial segregation of individuals within urban
habitats or to their positive temporal trends in these habitats, these two facets are hardly distinguished explicitly.
Here, we confronted the fine-scale spatial distribution of all the buildings in France with the spatial distribution
and population trends of the 119 most common French breeding birds monitored in 2124 plots from 2001 to
2012. We developed and tested two indicators of “synanthropy”. The first indicator (S1) differentiates species
along a continuous gradient from urban “avoiders” (low S1) to urban “dwellers” (high S1). The second indicator
measures the beneficial or detrimental effect of building densities on the temporal trends of the populations. It
allows the segregation among urban “losers” having lower temporal trends with increasing buildings (low S2)
from urban “winners” (high S2) having more positive trends in more urbanized areas. We then tested the
relationships between S1 and S2 with a set of species and life history traits. Finally, we transposed these species
indicators to communities using community weighted means to test the link between the synanthropy of
communities with bird species richness, and the spatial, temporal and spatio-temporal trends of the synanthropy
of bird communities. We found that 43% of the species were “urban dwellers”, and 18% “urban winners”. Both
urban dwellers and winners were species widely distributed and locally abundant. Urban dwellers were mainly
ground feeders but did not nest on the ground. At the community level, high species richness was associated with
medium-values of community synanthropy, following the intermediate-disturbance hypothesis. We found that
the average value of community synanthropy and their trend were not randomly distributed in space. These two
indicators of synanthropy can be used in different taxonomic groups and areas to assess the proportion of
synanthropic species within communities, to monitor their temporal trends and their spatial distribution and
represent a straightforward complement to the synthetic indicators of human footprint on biodiversity.

1. Introduction

We now live in the anthropocene (Crutzen, 2002), a new era where
humans dominate the planet to the extent that half of the terrestrial
surface is covered by anthropogenic ecosystems (Ellis et al., 2013;
Hooke and Le Martín-Duque, 2012). Among the different facets of the
“human footprint” (sensu Wackernagel and Rees, 1996), urbanization is
both a simple and a straightforward way to identify the human
encroachment on landscapes (Sanderson et al., 2002). However,
urbanization can be viewed as a temporal process or a spatial pattern.

We considered here urbanization as a spatial pattern, and therefore
focused on spatial gradients of urbanization. Moreover, urbanization
can be defined by population size, population density or impervious
surface area or built structures (Wu, 2014), and built structures may
include any human constructed elements such as roads, buildings,
runways, and industrial facilities (Liu et al., 2014). Here, we used the
spatial distribution of buildings as a proxy of built areas, and therefore
as a proxy of spatial pattern of urbanization. Urbanization is now
considered as the main factor of biotic homogenization (McKinney,
2006) and is listed in the IUCN threats classification scheme (code 1.1
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“Housing & urban areas”).
However the specific effect of urbanization on biodiversity suffers

from the lack of more advanced indicators. Previous attempt to estimate
the response of species or assemblages to the increase in urban habitats
have used crude and qualitative classifications such as “urban tolerant”
with no further distinctions (e.g. Conole and Kirkpatrick, 2011). More-
over the spatial and temporal responses have, to our knowledge, never
been explicitly distinguished and compared. The most advanced studies
of what we call “synanthropy” (the spatial and temporal response of
species to urbanization) are available for birds among which 75% of the
families and 20% of the species present in the world now occur in cities
(Aronson et al., 2014). Up to now, whether and how birds respond to
the human settlements have been investigated in three different ways:
(i) a classification of species according to their “synanthropy” (i.e. their
association to humans and their settlements); (ii) the identification of
the particular species’ traits that characterize synanthropic birds; (iii)
the influence of building distribution and density on different facets of
bird communities.

For instance, in the first approach, Nicholson (1951) early distin-
guished birds living in cities and farms, in rural areas, gardens or
orchards. Klausnitzer (1993) distinguished synanthropic birds accord-
ing to the proportion of individuals living in anthropogenic habitats and
according to the time they spend in their life cycle in such environ-
ments. Johnston (2001) distinguished American breeding birds be-
tween full, casual or partial synanthropes according to a decreasing
dependence of species to humans. Beyond these discrete categories,
quantitative indices of synanthropy were also early developed, taking
into account the respective proportion of individuals present in urban,
rural and uncultivated areas (Nuorteva, 1963, 1971; Vianna et al.,
1998). Recently, Battisti and Fanelli (2016) developed two indicators of
“hemeroby” applied to breeding birds of Central Italy, namely “HS”
(mean hemeroby score) and “HH” (hemerobiotic entropy) based on the
relative abundance of each species in habitats classified according to
their ability to cope with human disturbance.

According to the second approach, urbanization was considered as a
filter favoring particular traits. Granivorous, aerial insectivorous,
ground foragers, cavity nesters (Allen and O’Conner, 2000; Chace and
Walsh, 2006; Emlen, 1974; Kark et al., 2006), sedentary birds (Alle and
O’Conner, 2000; Chace and Walsh, 2006; Kark et al., 2006; Kluza et al.,
2000; Poague et al., 2000; but see Croci et al., 2008), social birds (Kark
et al., 2006), species with a wide latitudinal and altitudinal tolerance
(Bonier et al., 2007) as well as exotic species (Lim and Sodhi, 2004) are
among the traits commonly found to characterize “urban species”. At
the opposite, species intolerant to urbanized areas are rather insecti-
vorous, carnivorous (Lim and Sodhi, 2004) or forest specialists (Croci
et al., 2008).

Finally, at the community level, the impact of building distribution
and density were mainly assessed along static spatial gradients of
urbanization (see the review of Chace and Walsh, 2006). Bird densities
(Beissinger and Osborne, 1982; Gavareski, 1976; Lancaster and Rees,
1979; Walcott, 1974) as well as bird biomass (Mills et al., 1989;
Nuorteva, 1971) tend to be higher in cities than in surrounding
habitats, contrary to species richness (Beissinger and Osborne, 1982;
Cam et al., 2000; Gavareski, 1976; Lancaster and Rees 1979; McKinney,
2006) and species diversity (Emlen, 1974; Mills et al., 1989). Fitting
with the intermediate-disturbance hypothesis (Wilson, 1990), the
maximal species diversity is generally found at intermediate levels of
urbanization (Blair, 1999; Jokimäki and Suhonen, 1993; McKinney,
2006). At the global scale, a comparative study between urban and non-
urban sites suggested that urbanization has driven a severe decrease in
the density of many bird species (Aronson et al., 2014). Overall, this
spatial approach generally concludes that urbanization act as a filtering
process selecting only specific species leading to the homogenization of

communities.
But beyond the spatial relationships between urbanization and bird

species or communities, whether the temporal dynamics of species and
communities are modified along increasing levels of urbanization have
received much less attention. Consequently, the investigation of bird
synanthropy has been limited to a static consideration of responses to
human settlement, casting some doubts on the ability of previous
indicators to differentiate contrasting situations and ongoing responses.
For instance, species can be more or less abundant along urbanization
gradients but either decrease or increase in time along the same
gradients. Urbanized areas can be either chosen or avoided by birds,
and, in turns, these areas may represent either habitats of high quality
where populations increase, or habitats of low quality where popula-
tions decrease. In other words, for a given species urbanized areas can
represent sources or sinks (i.e. “ecological traps”) depending on
whether they are selected or avoided by that species and contribute
positively or negatively to its temporal trend (Battin, 2004). According
to the “neighborhood effect” (Dunning et al., 1992), previously known
as the “small-scale landscape effects” (Buechner, 1989), species abun-
dance may be strongly influenced by the characteristics of the
contiguous patches. Thus, a given species could be less abundant in
urban habitats because resources there are low, but increasing in the
same habitat because the resources are even lower in other habitats.
Last, species specific responses to habitat changes are not synchronized
with environmental changes, and observed spatial patterns can there-
fore be influenced by lagged responses creating extinction debt or
colonization credits (Jackson and Sax, 2010). Adopting a temporal
approach to estimate synanthropy of birds is therefore crucial and both
spatial and temporal relationships must be simultaneously studied to
differentiate among these situations.

Among the few studies exploring the temporal trends in birds
related to urbanization, Walcott (1974) documented a dramatic drop
in bird species richness following massive decrease of natural habitats
in two cities of Massachusetts between 1860 and 1964. Aldrich and
Coffin (1979) documented an increase in bird species richness and in
density following a housing development but a dramatic change in the
abundance of the most common birds in Virginia between 1949 and
1979. Fitzgerald et al. (1999) showed a strong decrease in five bird
species following an urbanization process in Missouri. In Europe,
Nowakowski (1996) showed that the urban development of Olsztyn
(Poland) between 1968 and 1993, led to the disappearance of six
species, the appearance of five others, the decrease in abundance of 15
species and the increase of 11 others. Recently, in the USA, in forest
areas where housing developed, Pidgeon et al. (2014) demonstrated a
positive correlation between housing density and species richness, but
also that species richness decreased in time when housing developed.
One of their main findings was that where housing developed earlier
and where housing densities were higher, the effect of housing
development was the most negative. However, very few studies have
conducted analysis of spatial and temporal dynamics of birds along an
urbanization gradient over large spatial scales. Moreover, the benefits
and detrimental effects of built-up areas on biodiversity were essen-
tially studied at the population level for single species (for a review see
Chace and Walsh, 2006), but we failed to find a study comparing the
proportion of birds more or less abundant in urbanized areas to birds
increasing or decreasing in these habitats, as well as the temporal
trends of these two categories of species among communities.

In this study, by coupling the fine-scale proportion of built areas
with the distribution of the 119 most common breeding birds in France,
we (i) proposed two new indicators of synanthropy allowing the
quantitative estimation of species responses to urbanization according
to the spatial distribution of their abundances (“urban dwellers” versus
“urban avoiders”), or their temporal trends (“urban winners” versus
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“urban losers”) along the proportion of built area. We also tested (ii)
whether urban dwellers and winners could be characterized by specific
life-history traits. Finally (iii) at the community level, we tested the
relationships between the synanthropy of the communities and species
richness, and we assessed the temporal, spatial and spatio-temporal
trends in the synanthropy of bird assemblages.

2. Material and methods

2.1. Data on buildings

We used a vector building dataset produced by the French National
Geographic Institute (BD-TOPO® − IGN®) in which every single
building is mapped at a scale of 1:5000 (here, cells of this dataset are
interpolated using the nearest neighbor resampling method in a raster
file with a spatial resolution of one pixel = 5 × 5 m). This dataset is
updated every three years depending on French administrative depart-
ments and represents the most accurate available data on human
settlements in this country. In this study, we first merged the 96 latest
building datasets corresponding to all French departments with a
temporal extent from 2010 to 2013. We then extracted building area
cover for each of the 2124 plots where birds were sampled (see below).

2.2. Bird data

We used data from the French Breeding Bird Survey (FBBS), a large
scale monitoring program that followed a standardized protocol in
France since 2001 (Jiguet et al., 2012). In this program, a 2 km × 2 km
plot was selected at random in a 10-km radius around the residence of
each skilled volunteer ornithologist. In each plot, 10 point counts were
evenly distributed across the different habitat types available within the
plot. Then, in each point count, the birdwatcher recorded all birds seen
and heard during 5 min in two sessions (April and May) during the
breeding season. In this study, we used all the plots surveyed at least
one year from 2001 to 2012 (i.e. 2124 plots) and we considered the 119
most common species that represent 99% of the total bird abundances.
In each plot, only the maximal abundance of each species was selected
between the two sessions.

2.3. Species life history traits

We selected 27 life history traits previously used by Devictor et al.
(2010) and Godet et al. (2015) and mainly taken from Cramp
(1977–1994) (see Table 1 for the whole list of traits). These traits are
either qualitative or quantitative and measure different aspects of
resources used by birds, and were identified by several studies as traits
potentially “filtered” by urbanization (see Chace and Walsh, 2006). In
addition of resource use and foraging strategy, these traits include three
complementary facets of bird commonness developed by Godet et al.
(2015), namely SAI, SGI and SRI. SAI represents the level of local
abundance of a species (i.e. a high value of SAI means that the species is
locally abundant). SGI represents the level of habitat specialization of a
species (i.e. a high value of SGI means that the species is a habitat
generalist). SRI represents the spatial extent of the geographical range
of the species in France (i.e. a high value of SRI means that the species is
widely distributed).

2.4. Species indicators: urban dwellers and avoiders (S1), versus urban
winners and losers (S2)

For a given species, we estimated the extent to which its site-scale
abundance distribution and its temporal trend were related to the
building area cover within each 2 km× 2 km plot. For each species, we

performed a linear mixed model where the log-transformed abundance
of the species was the explained variable, regressed over the continuous
fixed effect of year (2001–2012), building area (hereafter “building”, in
m2) and the interaction year:building. In order to account for the
specificity of each site (e.g. the skill of observers and the structural
spatial gradient of species distribution and other environmental vari-
ables), we considered the site as a factorial random effect in this model.
We log-transformed abundance value rather than performing poisson or
negative-binomial generalized model because it was the most efficient
way to reduce the over-dispersion of residuals arising for narrower
distributed species.

For each species, we extracted the model coefficients describing the
population trend (year estimate), the effect of building area cover on
abundance (building area estimate) and the interaction term (year:-
building estimate).

The regression coefficient for the effect of building area corresponds
to the indicator S1 and represents the spatial dynamics of species along
the urban gradient. Species with positive and high regression coefficient
for the effect of building area are hereafter considered as “urban
dwellers”, and species with negative regression coefficient are hereafter
considered as “urban avoiders”.

The regression coefficient for the interaction term (year:building)
corresponds to the indicator S2 and represents the temporal dynamics
of species along the urban gradient. The species with even more
positive temporal trends with increasing urbanization (given by the
regression coefficient of the interaction year:building) are hereafter
considered as “urban winners”, and species with more negative trends
with increasing urbanization are hereafter considered as “urban losers”.

2.5. Community indicators

We calculated two community indicators C1 and C2, which corre-

Table 1
List of life history traits taken from Cramp (1977–1994). SAI, SGI and SRI are three
indices of species commonness taken from Godet et al. 2015 reflecting species mean local
abundance, species generalization regarding its habitat selection (i.e. the opposite of its
specialization), and species geographical range respectively.

Traits Values

Migratory status Sedentary/Migratory
Average weight (in g) Quantitative continuous
Mean number of eggs per year Quantitative continuous
Relation between weight and wing

length
Quantitative continuous

Longevity (in years) Quantitative continuous
Position of the nest On the ground, on vegetation, on a cliff, on

a cliff or on vegetation
Feeds on vertebrates Yes/No
Feeds on invertebrates Yes/No
Feeds on plants Yes/No
Feeding strategy: pursues its prey Yes/No
Feeding strategy: gleans its prey Yes/No
Feeding strategy: pounces on its

prey
Yes/No

Feeding strategy: grazes Yes/No
Feeding strategy: digs Yes/No
Feeding strategy: scavenges Yes/No
Feeding strategy: probes Yes/No
Feeding place: in water Yes/No
Feeding place: in mud Yes/No
Feeding place: on ground Yes/No
Feeding place: among vegetation Yes/No
Feeding place: in air Yes/No
Species abundance index (SAI) Quantitative continuous
Species generalization index (SGI) Quantitative continuous
Species range index (SRI) Quantitative continuous
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spond, for a given assemblage, to the abundance-weighted mean of S1 and
S2 respectively. As several species can be gregarious and may be found at
very low or very high numbers locally, C1 and C2 were also calculated
using log (x + 1) transformed abundances. In order to check whether
potential changes in C1 or C2 can be driven only by change in species
abundances or by local colonizations and extinctions of species, we also
calculated non-weighted means of C1 and C2 (i.e. using presence-absence
data instead of abundance). For example, in a community with one
individual with a S1 value of 0.75, and three individuals of an indicator S1
of 2.25, then C1= (1*0.75 + 3*2.25)/(1 + 3) = 1.875 considering raw
abundances, C1= (log(1 + 1)*0.75 + log(3 + 1)*2.25)/(log(1 + 1)
+ log(1 + 3)) = 1.75 considering log (x + 1) transformed abundances,
and C1= (0.75+ 2.25)/2 = 1.5 considering presence/absence data. We
expect C1 (or C2) to increase following the increase in the relative
abundance (or occurrence) of urban dwellers, i.e. with high S1 (or
winners, with high S2).

2.6. Data analysis

Bird species were classified in different categories according to the
magnitude and direction of their S1 and S2 values. For S1: significant
urban dwellers (i.e. for which the spatial association was statistically
significant and positive, P < 0.05), neutral urban dwellers (i.e. for which
the spatial association was statistically non-significant, P > 0.05), sig-
nificant urban avoiders (i.e. for which the spatial association was
statistically significant and negative, P < 0.05). For S2: significant urban
winners (i.e. for which the spatial association was statistically significant
and positive, P < 0.05), neutral urban (i.e. for which the spatial

association was statistically non-significant, P > 0.05), significant urban
losers (i.e. for which the spatial association was statistically significant and
negative, P < 0.05). The combination of these categories leads to a
classification of species among 9 categories (see Fig. 1). For an illustrative
purpose only, we also represent the proportion of species with significant
temporal increase of their abundance, with significant temporal decrease
of their abundance, and with non-significant demographic abundance
trends at the national scale, whatever the habitat they live in (calculated
using a log-linear model with site as a random factor and year as a
continuous variable over the period 2001–2012).

We used multiple linear regression models to test the relationship
between the indicators S1 and S2 on the one hand, and all the life-
history traits on the other hand. Best linear models were selected using
the “regsubsets” function of the “leaps” package implemented in R. This
function plots a measure of fit (using the R2) against subset size (Miller,
2002). This algorithm enables to select the best combination of factors
(here, the life history traits) that best explains the variance of a variable
(here, S1 and S2).

To test if species richness was maximal at intermediate levels of
community synanthropy (as expected from the intermediate distur-
bance hypothesis), the links between C1 and C2 on the one hand, and
bird species richness on the other hand were tested through simple
linear regressions and second-order polynomial (quadratic) regressions,
using data from all monitored plots between 2001 and 2012.

To test if the link between the driver (the area covered by buildings)
and the two indicators C1 and C2 were robust and significant, the link
between C1 and C2 on the one hand, and the area covered by buildings
on the other hand, were tested through simple linear regressions, using

Fig. 1. Number of bird species according to their status as urban dwellers (indicator S1) or as urban winners (indicator S2). The sizes of the circles are proportional to the number of
species in each category. Bars indicate to total number of species in row and columns. Black indicates the number of species with positive abundance trends from 2000 to 2012, grey
indicates the number of species with non-significant abundance traits from 2000 to 2012, white indicates the number of species with negative abundance trends from 2000 to 2012.
Numbers indicate the number of species in each category which are labelled from “A” to “I”.
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data from all monitored plots between 2001 and 2012.
Temporal trends of C1 and C2 were estimated with linear mixed

models, using data from all monitored plots between 2001 and 2012. In
these models, plot was considered as a random factor and year as a
continuous fixed-effect variable. These models thus provide the average
trend in C1 and C2, accounting for variation among sites.

Spatial distributions of C1 and C2 were mapped using the mean
values of C1 and C2 of all the 2124 plots, and these values were
interpolated by the inverse distance weighting method.

Spatio-temporal (i.e. spatial distribution of temporal changes) of C1
and C2 were mapped using the “curve-fit” package for ArcGis®

developed by De Jager and Fox (2013). “Curve-fit” allows to conduct
linear regression analysis on the range of values within input raster
images (here, the spatial distributions of C1 and C2 that have been
interpolated by the inverse distance weighting method), independently
for each pixel. Here we mapped both the slope of these linear
regressions (that represents the spatial distribution in the temporal
trend in C1 and C2) and the associated coefficient of determination R2.
In this way, we were able to identify where C1 and C2 increased or
decreased through time and across space and the corresponding map of
confidence. The first year of monitoring (2001) was not taken into
account for this analysis, because the monitored plots were too
concentrated to give suitable interpolated maps.

3. Results

3.1. Urban dwellers and urban winners

The list of all the species with their respective dwelling (indicator
S1) or winning (indicator S2) coefficients is presented in Appendix A.

49 species (41%) were identified as urban dwellers (indicator S1),
22 species (18%) as urban winners (indicator S2), and 13 species (10%)
were both urban dwellers and winners (Fig. 1).

More generally, the more a species was an urban dweller (indicator
S1), the more it was an urban winner (indicator S2) (linear model
between S1 and S2, F1,117 = 16.41, R2 = 0.12, P < 0.0001).

3.2. Life history traits of urban dwellers and urban winners

The list of all the species with their respective life history traits is
presented in Appendix B

Urban dwelling (S1) was positively and significantly linked with the
following life history traits: ground foraging, species abundance index,
species range index and negatively and significantly linked with the
following traits: species generalization index, nesting on the ground
(Table 1).

Urban winning (S2) was positively and significantly linked with
species abundance index and species generalization index (Table 2).

3.3. Link between the synanthropy of the communities and species richness

Species richness was linked to C1 and C2, with the highest levels of

Table 2
Best regression models for urban dwellers and urban winners in relation to species life
history traits. 0 < P < 0.001 (***); 0.001 < P < 0.01 (**); 0.01 < P < 0.05 (*).

Indicator S1: urban dwellers

Estimate Std. error t value Pr(> |t|)

Intercept −0.1113565 0.0964824 −1.154 0.250934
Feeds on the ground 0.0650053 0.0212027 3.066 0.002731 **
Species abundance index 0.0388726 0.0084414 4.605 1.11e-05 ***
Species generalization

index
−0.0038274 0.0011235 −3.407 0.000919 ***

Species range index 0.0016240 0.0006134 2.647 0.009301 **
Nests on the ground −0.0720553 0.0245150 −2.939 0.004010 **
Cavity-nester 0.0061923 0.0288293 0.215 0.830328
Finds its food by digging −0.0803287 0.0443676 −1.811 0.072944
Relation between weight

and wing length
0.1358445 0.1014492 1.339 0.183318

Indicator S2: urban winners
Estimate Std. error t value Pr(> |t|)

Intercept -7.218e-03 2.741e-03 −2.633 0.009645 **
Feeds in vegetation -3.169e-03 1.913e-03 −1.656 0.100457
Aerial feeder -2.560e-03 2.136e-03 −1.199 0.233146
Species abundance index 2.023e-03 5.553e-04 3.643 0.000408 ***
Species range index 1.263e-04 4.061e-05 3.109 0.002375 **
Nests on vegetation 1.504e-03 1.485e-03 1.013 0.313368

Fig. 2. Relation between species richness (Y-axis) and the synanthropy of the commu-
nities (C1, X-axis on the first graph; C2, X-axis on the second graph). Black lines represent
the polynomial regressions.
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species richness found at medium levels of C1 and C2 (polynomial
regressions of second order, C1: F2,2121 = 231, R2 = 0.17, P < 0.0001;
C2: F2,2121 = 216, R2 = 0.16, P < 0.0001) (Fig. 2). These quadratic
relationships explained more variance than linear ones (linear regression
between species richness and C1: F2,2122 = 0.93, R2 = 0.0044, P = 0.33;
linear regression between species richness and C2: F2,2122 = 5.9,
R2 = 0.0028, P = 0.014).

3.4. Link between the synanthropy of the communities and the density of
buildings

C1 and C2 are positively and significantly correlated with the area
covered by buildings (linear models; C1: F2,2122 = 898.5, R2 = 0.29,
P < 0.0001; C2: F2,2122 = 747.5, R2 = 0.26, P < 0.0001).

3.5. Temporal trends in the synanthropy of the communities

During the period 2001–2012, we found a non-significant trend in
C1 (Fig. 3 − linear model, F-statistic = 0.11, df = 10, P = 0.73). A
non-significant decrease was also found using log (x + 1) transformed
abundances (Fig. 3 − linear model, F-statistic = 0.40, df = 10,
P = 0.53). However, using presence-absence transformed abundances,
we found a weak but significant decrease in C1 (Fig. 3 − linear model,
F-statistic = 5.32, df = 10, P = 0.043).

C2 significantly increased (Fig. 3 − F-statistic = 7.76, df = 10,
P = 0.019). We found similar trends using log (x + 1) transformed
abundances (Fig. 3 − F-statistic = 7.26, df = 10, P = 0.022) or
presence-absence transformed abundances (Fig. 3 − F-statistic = 5.16,
df = 10, P = 0.046).

3.6. Spatial distribution of the synanthropy of the communities

Overall, the different maps of synanthropy of bird communities
(Fig. 4) were very similar either by considering the proportion of urban
dwellers (C1) or of urban winners (C2), or by considering indicators
respectively based on raw abundances of birds, log-transformed abun-

dances of birds, or presence-absence of bird species. Low levels of
synanthropy (in blue on the maps) were found in mountainous areas
(Pyrénées, Alps, Massif Central), and the forest region of North-Eastern
France. At the opposite, high levels of synanthropy were found in
densely populated areas as well in the most cultivated areas of Western
France and close to the largest cities.

3.7. Spatio-temporal dynamics of the synanthropy of the communities

When mapping the linear temporal trends of C1 and C2 from 2002
to 2012, we also found a clear spatial congruence between C1 and C2.
The areas where bird communities were becoming richer in urban
dwellers (positive trends in C1–in red in Fig. 5) and richer in urban
winners (positive trends in C2–in red in Fig. 5) roughly corresponded to
intermediate levels of mean C1 and C2 (in yellowish in Fig. 4).

4. Discussion

In this paper, we proposed two novel indicators of species and
community responses to urbanization in considering their spatial and
temporal dynamics separately along a gradient of increasing proportion
of built-up areas. Using this approach, we found that almost half of the
common breeding bird species (49 among 119 – 43%) can be
considered as urban dwellers. Indeed, the abundances of these species
are positively associated with building density. Using a worldwide
dataset, Aronson et al. (2014) recently estimated that 2041 on 10,052
bird species, i.e. 20% of the bird species of the world, occur in cities.
The high proportion of bird species we identified as urban dwellers in
France is probably due to the old and intense history of urbanization in
France.

Classifying species according to S1 and S2 leads to different and
more nuanced categories (Fig. 1): future urban dwellers (category “A”
Fig. 1), urban dwellers that still increase in built areas (category “C”
Fig. 1), urban avoiders and losers (category “G” Fig. 1), urban dwellers
decreasing in built areas. This last category can be considered as species
caught in “ecological traps” (category “I” Fig. 1). There is also probably

Fig. 3. Temporal trend of C1 (first line) and C2 (second line) from 2001 to 2012 (first year set to zero). For C1 and C2, we proposed 3 different indicators respectively based on raw
abundances of birds (left), log-transformed abundances of birds (middle) or presence-absence of bird species (right). Dashed lines represent errors around the mean.
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Fig. 4. Spatial distribution of the synanthropy of bird communities according to the C1 indicator and the C2 indicator, based on raw abundances of birds, log-transformed abundances of
birds, or presence-absence of bird species. Black dots correspond to the monitored plots in the French Breeding Bird Survey. For an illustrative purpose, the distribution of buildings as
well as the distribution of the main cities were also mapped.
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important contrast regarding the value of S1 and S2 within each species
(i.e. at the population level) in time and space that is not taken into
account in this paper. Therefore, the values of S1 and S2, have to be
considered as a classification of the species relative to each other, rather
than in terms of absolute values. For example, the Blackbird Turdus
merula is known to become more and more synanthropic in time, and is
not yet synanthropic in a few areas in Europe such as in southeastern
France where its abundance is also very low (see Evans et al., 2010); it
S1 and S2 values would thus be probably different if we consider
different areas or different periods.

Our species urban dwelling indicator (S1) is highly correlated with
the synanthropic indicator of Nuorteva (1971) in Finland, which took
into account the respective proportion of individuals present in urban,
rural and uncultivated areas (linear model between the synanthropic
indicator of Nuorteva and S1: for the 23 species common to both
datasets, F1,21 = 17.34, R2 = 0.45, P < 0.001). S1 is also highly
correlated with the hemeroby score developed by Battisti and Fanelli
(2016) for breeding birds in central Italy (linear model between the
hemeroby score of Battisti and Fanelli and S1 for the 63 species
common to both datasets, F1,61 = 37.8, R2 = 0.38, P < 0.001).

Fig. 5. Spatio-temporal trends in C1 (first line) and C2 (second line). Linear trend (left) and R2 (right) associated to the linear models. Dashed lines represent the spatial limit of the
overlap of the maps of C1 and C2 between 2002 and 2012.
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Urban winners, i.e. birds for which populations increase in time
where building density is high, represent 18% (22 among 119) of the
common breeding bird species, that is to say two times less that urban
dwellers. S2 is a complementary facet of S1, as a species can be an
urban dweller (high S1) but may be an urban loser (low S2). Although
this combination is rare with our dataset (only one species), it may
enable to detect species for which cities may act as ecological traps
(Battin, 2004), hosting sink populations.

The species traits associated to synanthropy and synanthropisation
according to our study correspond to the species traits already
identified by several authors as traits associated with city birds. We
found that both urban dwellers and winners are species with high local
abundances, and large range distribution, which corresponds respec-
tively to the findings of Kark et al. (2006) who found that city birds are
social birds (and thus rather colonial), and Bonier et al. (2007) who
found that city birds are species with large latitudinal and altitudinal
ranges. We also found that urban dwellers are ground feeders, which
can be linked to many studies revealing that city birds are also species
that tend to feed on the ground (Allen and O’Connor, 2000; Chace and
Walsh, 2006; Emlen, 1974; Kark, 2006). We also found that on average,
urban dwellers do not nest on the ground, and are habitat specialists.

At the national scale, S1 and S2 do not reveal the ongoing
reorganization of bird assemblages towards more or less urban dwellers
and winners. We did not find particular trends in community composi-
tion using overall change in community weighted means. Indeed, the
C1 indicator, revealing the proportion of urban dwellers within
communities, does not significantly increase from 2001 to 2012, and
even slightly decreases when the temporal trend is reflecting the
balance of local extinction and extirpation (i.e. using presence-absence
data instead of abundances). This might be explained by the very old
history of human anthropization in France. Analyzing the bird com-
munity dynamics according to human development over the last decade
means that we analyze the result of this perturbation long after it
started, in a country already deeply modified by human settlements.
However, as revealed by the trend in the C2 indicator, urban winners
are more and more dominating the communities, suggesting that these
species are probably benefiting from building development by coloniz-
ing (category “A” in Fig. 1) and expanding (category “C” in Fig. 1) in
built landscapes.

At the scale of the communities, the highest values of species
richness are found at intermediate levels of community synanthropy
(both for C1 and C2). C1 and C2 may be considered as indicators of
perturbation revealing a human footprint on bird communities. When
human pressure is moderate, it favors the presence of many species,
following the intermediate disturbance hypothesis (see Connell, 1978)
found in the relationship between bird richness and the level of
urbanization. McKinney (2006) also found that the highest bird
diversity is found in suburbs and the lowest diversity in the core of

the cities. In Italy, Battisti and Fanelli (2016) also found that the highest
bird species richness occurred in intermediate level of habitat hemer-
oby. Buildings may thus play a role of “keystone structures” (Tews
et al., 2004) for several bird species by providing more niches. Looking
at the identity of the species, because species with high S1 and S2 are
rather common species (abundant, with large geographical range and/
or generalist), it is more likely that the increase in species richness
correspond to an increase in the commonest species (i.e. species with
the highest local abundances and ranges) within communities, which
can be considered as a specific form of biotic homogenization (Devictor
et al., 2008).

Interestingly, the non-significant or weak temporal trends in the
average synanthropy of bird communities measured at the national
scale (C1 and C2) mask a clear spatial segregation of these values as
well as a non-random spatial distribution of the local temporal trends.
High levels of synanthropy are found in densely built areas in Western
France and around the largest cities, as opposed to mountainous and
forest landscapes with low building densities (North-Eastern France,
mountains of the Alps and the Pyrénées, extreme Southwest) in which
the average values of C1 and C2 are low (Fig. 4). The local temporal
trends in C1 and C2 are also found in areas dominated by human
settlements and reflect a less documented dynamics: the relative local
enrichment in urban dwellers and winners. Several areas can be
highlighted in which those dynamics occur and mirror a rapid response
of bird communities to local land-use and land-cover changes.

The two indicators S1 and S2, applied at the community levels (C1
and C2) are robust, as the temporal, spatial and spatio-temporal trends
we highlighted do not change by taking into account raw abundances of
birds, log-transformed abundances or the presence-absence of species.
We also found a robust and significant link between the area covered by
buildings and the two indicators C1 and C2. Although these links are
expected by construction (S1and S2 are derived from the relationships
between abundances and built-up areas) this confirm that these two
indicators actually reflect the level of urbanization and can be used as a
proxy to determine the influence of this driver on the avifauna. In
particular, such indicators can be used in the monitoring of the human
influence on biodiversity and can be applied on different taxonomic
groups wherever large-scale monitoring schemes of biodiversity are
running. We thus propose to use these more complete indicators of
synanthropy to different taxonomic groups and with different spatial
and temporal resolution to better describe the human footprint on
biodiversity.
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Appendix B

List of life history traits of the 119 studies species: Migratory status (Sedentary/Migratory), Average weight (in g) (Quantitative continuous),
Mean number of eggs per year (Quantitative continuous), Relation between weight and wing length (Quantitative continuous), Longevity (in years)
(Quantitative continuous), Position of the nest (H = on the ground, E = on vegetation, R = on a cliff, T = in a cavity, RE = on a cliff or on
vegetation), Feeds (V = vertebrates, I = invertebrates, P = plants, IP = invertebrates/plants, VI = vertebrates/invertebrates, VIP = vertebrates/
plants/invertebrates), Feeding strategy (Pu = pursuit, Gl = gleaning, Po = pouncing, Gr = grazing, Di = digging, Sc = scavenging, Pr = probing),
Feeding place (W = water, M = mud, G = ground, V = vegetation, A = air), Species abundance index (SAI) (Quantitative continuous), Species
generalization index (SGI) (Quantitative continuous), Species range index (SRI) (Quantitative continuous).

Scientific names Migratory
status

Average
weight
(in g)

Mean
number of
eggs per
year

Relation
between weight
and wing length

Longevity
(in years)

Position
of the
nest

Feeds Feeding
strategy

Feeding
place

SAI SGI SRI

Acrocephalus
palustris

migratory 13 4 0,6579 8 E I Pu V 1,43 33,69 18,99

Acrocephalus
schoenobae-

migratory 11,5 5 0,6842 7 E I Pu V 1,60 34,08 36,43
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nus
Acrocephalus

scirpaceus
migratory 12,5 4,5 0,6579 12 E IP Pu V 1,64 23,82 52,14

Aegithalos
caudatus

sedentary 8 10 0,7429 8 E IP PuGl V 2,09 36,49 63,47

Alauda arvensis sedentary 45 16,2 0,5286 12 H IP GlDi G 2,26 0,00 58,68
Alectoris rufa sedentary 425 26 0,6947 6 H P GlGr G 1,43 29,17 42,64
Anas

platyr-
hynchos

sedentary 1125 11 0,6313 29 H IP GlGr W 3,53 12,82 60,35

Anthus
campestris

migratory 24 9 0,6415 5 H IP Pu G 1,37 33,09 14,36

Anthus pratensis sedentary 20,5 8 0,617 8 H IP PuGl G 1,66 36,81 33,17
Anthus trivialis migratory 22,5 10 0,6346 8 H I Pu A 1,31 28,26 59,46
Apus apus migratory 41,5 3 0,3667 21 R I Pu A 5,40 26,81 63,48
Ardea cinerea sedentary 900 4 0,5081 25 E VI Po WG 1,62 21,50 64,43
Bubulcus ibis sedentary 350 4,5 0,543 15 H VI Gl G 4,86 42,61 6,30
Burhinus

oedicnemus
migratory 410 2 0,5185 16 H VI PuGl G 1,45 33,53 18,77

Buteo buteo sedentary 875 3 0,4481 25 E V Po A 1,13 26,95 63,48
Linaria

cannabina
sedentary 17,5 10 0,6087 9 H IP PuGl GV 2,11 33,61 63,48

Carduelis
carduelis

sedentary 16 10 0,5778 8 E IP Gl GV 1,86 26,00 63,30

Chloris chloris sedentary 29,5 10 0,5769 13 E IP PuGl V 1,54 18,89 63,12
Certhia

brachydacty-
la

sedentary 10 13 0,6579 9 T I Di V 1,18 29,25 63,06

Certhia
familiaris

sedentary 9,5 11 0,6234 7 T I Di V 1,11 24,03 17,26

Cettia cetti sedentary 14 9 0,9643 5 E I PuGl GA 1,56 20,99 41,52
Cisticola juncidis sedentary 10 12,5 0,7692 5 E IP PuGl GV 1,39 16,63 9,70
Coccothraustes

cocco-
thraustes

sedentary 55 4,5 0,5806 10 E IP PuGl V 1,44 23,45 48,09

Columba livia sedentary 270 10 0,5639 6 R P Gl G 7,17 14,33 51,51
Columba oenas sedentary 295 5 0,5 12 T P Gl V 1,30 41,95 44,85
Columba

palumbus
sedentary 485 2,25 0,529 16 E IP Gl GV 1,82 35,29 63,40

Corvus corax sedentary 525 4,5 0,4896 20 E VIP GlSc GV 1,41 42,32 20,35
Corvus corone sedentary 1145 4,5 0,5342 16 RE VI Sc G 1,97 35,99 63,48
Corvus frugilegus sedentary 450 4 0,5371 20 E P Gl G 7,67 31,61 36,15
Corvus

monedula
sedentary 245 5 0,4818 14 T VIP Gl GV 4,00 39,77 58,24

Coturnix
coturnix

migratory 102,5 25 0,5075 8 H IP Gl G 1,11 17,97 61,30

Cuculus canorus migratory 117,5 13 0,55 13 E VI Gl V 1,19 34,09 63,48
Cygnus olor sedentary 11000 6,5 0,5644 20 H IP Gr WG 3,12 38,04 34,22
Delichon

urbicum
migratory 18 8 0,4545 15 R I Pu A 5,52 34,24 63,55

Dendrocopos
major

sedentary 80 5,5 0,6164 11 T IP Di V 1,19 27,31 62,52

Dendrocopos
medius

sedentary 65 5,5 0,6269 8 T I Di V 1,14 19,79 37,44

Dryobates minor sedentary 20 5 0,5577 7 T I Di V 1,08 40,41 59,17
Dryocopus

martius
sedentary 325 5 0,697 11 T IP Di V 1,06 23,10 38,18

Egretta garzetta sedentary 500 4,5 0,6742 9 E VI Po W 2,03 35,48 27,76
Emberiza cia sedentary 25 11,25 0,6667 10 R IP Gl G 1,44 39,05 17,42
Emberiza cirlus sedentary 21 10,5 0,6226 10 E IP Gl GV 1,22 26,63 56,93
Emberiza

citrinella
sedentary 27 10 0,6226 12 H IP Gl GV 1,41 24,37 57,63

Emberiza
schoeniclus

sedentary 20,5 9 0,6458 11 H IP Pu GV 1,41 18,54 48,71

Erithacus
rubecula

sedentary 19 10 0,6667 15 E IP Gl GV 1,44 29,65 63,47
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Falco
tinnunculus

sedentary 245 4,5 0,4897 16 E VI Po G 1,18 29,21 62,90

Fringilla coelebs sedentary 21,5 4,5 0,62 14 E IP Gl GV 1,97 37,97 63,46
Fulica atra sedentary 775 16 0,5 18 H IP GlGr W 2,85 24,87 51,36
Galerida cristata sedentary 40 10 0,5397 5 H IP Gl G 1,35 33,26 31,47
Gallinula

chloropus
sedentary 330 14 0,6381 15 H IP GlGr W 1,32 16,97 60,77

Garrulus
glandarius

sedentary 165 6 0,68 18 E VIP PuGl GV 1,38 31,00 63,46

Himantopus
himantopus

migratory 180 4 0,5 10 H I Pr WM 2,82 33,84 62,28

Hippolais
polyglotta

migratory 12,5 4 0,6667 6 E I Pu VA 1,24 32,69 61,94

Hirundo rustica migratory 20,5 9 0,4848 16 R I Pu A 2,88 24,78 63,13
Jynx torquilla migratory 37,5 13,5 0,6346 10 E I Gl G 1,13 43,41 42,80
Lanius collurio migratory 34,5 4,5 0,6863 7 E VI PuPo G 1,31 24,52 49,19
Larus argentatus sedentary 1000 3 0,4236 32 H VI GlSc MG 7,20 43,91 3,57
Larus fuscus migratory 825 3 0,4058 26 H VIP GlSc WMG 7,31 46,98 5,62
Larus

michahellis
sedentary 1000 2,5 0,4375 25 H V Pu WMG 5,12 42,69 10,06

Chroicocephalus
ridibundus

sedentary 287,5 2,5 0,402 32 H VIP PuGl WMG 5,10 38,35 24,77

Locustella naevia migratory 13 11 0,6667 5 H I Pu VA 1,11 36,50 46,01
Loxia curvirostra sedentary 40 3,5 0,6071 4 E IP GlGr V 2,87 38,03 15,78
Lullula arborea sedentary 26 8,75 0,4833 8 H IP PuGl GV 1,31 23,11 48,62
Luscinia

mega-
rhynchos

migratory 22,5 9 0,6957 5 H I Gl GV 1,66 28,43 60,37

Merops apiaster migratory 61 6,5 0,6022 7,5 T I Pu GA 3,92 43,47 10,01
Emberiza

calandra
sedentary 46,5 7,5 0,6034 10 H IP Gl GV 1,62 13,88 37,46

Milvus migrans migratory 800 2,5 0,3966 23 E V Sc MG 1,46 38,62 49,80
Motacilla alba sedentary 23 11 0,5806 10 T I Pu G 1,28 29,12 63,22
Motacilla

cinerea
sedentary 20 10 0,6379 3 T V Pu WM 1,26 28,62 53,91

Motacilla flava migratory 23 7,5 0,6071 8 H I Pu V 1,70 7,66 41,43
Muscicapa

striata
migratory 16 10 0,5773 9 E I Pu A 1,21 42,91 61,49

Oenanthe
oenanthe

migratory 23,5 8,25 0,4918 7 T IP PuGl GVA 1,68 34,60 21,46

Oriolus oriolus migratory 71,5 5 0,6316 8 E IP PuGl V 1,18 31,52 55,77
Periparus ater sedentary 9 20 0,6053 7 T IP Gl VA 1,62 13,34 48,10
Cyanistes

caeruleus
sedentary 10,5 9 0,8846 15 T IP Gl V 1,51 37,02 62,71

Lophophanes
cristatus

sedentary 11,5 13 0,575 5 T IP Gl V 1,29 15,15 56,58

Parus major sedentary 18,5 15,75 0,5714 15 T I Gl GV 1,61 40,26 63,48
Poecile montana sedentary 10,5 8 0,6216 9 T IP Gl GV 1,30 34,84 50,69
Poecile palustris sedentary 10,5 8,5 0,5227 10 T IP Gl GV 1,35 23,47 59,47
Passer

domesticus
sedentary 30 10 0,6 13 R IP Gl GV 4,78 0,26 63,48

Passer montanus sedentary 22 12,5 0,56 10 T IP Gl G 2,77 37,70 60,37
Perdix perdix sedentary 400 15 0,6452 7 H IP Gl G 2,08 8,03 50,83
Phalacrocorax

carbo
migratory 2250 5 0,6 20 E V Pu W 3,08 42,12 9,67

Phasianus
colchicus

sedentary 1150 12 0,8875 8 H IP Gl G 1,20 32,32 61,92

Phoenicurus
ochruros

sedentary 17 10 0,5714 8 T I PuGl GA 1,30 10,97 63,03

Phoenicurus
phoenicurus

migratory 16 12 0,6222 9 T I PuGl V 1,19 32,93 54,14

Phylloscopus
bonelli

migratory 8 5,5 1 7 H I PuGl VA 1,45 29,82 49,23

Phylloscopus
collybita

migratory 7,5 11 0,6286 7 H I Pu V 1,41 31,29 62,62

Phylloscopus migratory 9,5 6 0,5814 7 H I PuGl V 1,27 15,02 45,45

A. Guetté et al. Ecological Indicators 79 (2017) 139–154

152



sibilatrix
Phylloscopus

trochilus
migratory 9 6 0,5897 7 H I Pu V 1,36 28,32 42,82

Pica pica sedentary 177,5 6 0,8974 15 E VIP GlSc GV 1,57 20,49 62,52
Picus viridis sedentary 200 6 0,7805 7 T I GlDi GV 1,10 39,91 63,48
Podiceps

cristatus
sedentary 975 3,5 0,5543 10 H VI Pu W 2,46 31,18 52,79

Prunella
modularis

sedentary 20 10 0,6905 9 E IP Gl GV 1,23 38,71 58,25

Pyrrhula
pyrrhula

sedentary 26 9 0,5536 17 E P Gl V 1,23 29,56 60,11

Regulus
ignicapillus

sedentary 6 18 0,6 4 E I PuGl VA 1,22 21,16 40,92

Regulus regulus sedentary 6 20 0,6 7 E I Gl V 1,25 14,66 54,54
Saxicola rubetra migratory 20 5,5 0,5682 5 H I PuGl G 1,64 36,03 60,31
Saxicola

rubicola
sedentary 15,5 12,5 0,641 5 H I Po G 1,40 25,36 62,66

Serinus serinus sedentary 12 7 0,4314 9 E IP Gl V 1,41 24,12 63,28
Sitta europaea sedentary 21,5 8,5 0,7778 9 T IP GlDi V 1,34 17,71 62,15
Streptopelia

decaocto
sedentary 187,5 6,75 0,6275 16 E IP Gl G 1,81 8,81 59,85

Streptopelia
turtur

migratory 187,5 5 0,54 13 E P GlGr GV 1,29 35,35 61,51

Strix aluco sedentary 505 3,5 0,3838 18 T VI Po G 1,11 40,01 63,46
Sturnus vulgaris sedentary 78 11 0,6197 15 T IP Gl GV 3,37 30,29 62,95
Sylvia atricapilla migratory 17 7,5 0,5652 7 E I Pu V 1,81 39,58 63,47
Sylvia borin migratory 19,5 4,5 0,6364 7 E I Pu V 1,19 33,39 60,76
Sylvia cantillans migratory 11 7 0,6667 8 E I Pu GV 1,49 25,99 8,57
Sylvia communis migratory 15 4,5 0,6364 9 E I Pu V 1,34 25,23 61,31
Sylvia curruca migratory 13 5 0,7105 7 E I Pu V 1,10 41,42 28,67
Sylvia

melanoce-
phala

sedentary 13 8 0,8182 7 E IP Pu V 1,57 20,57 8,28

Sylvia undata sedentary 11 8 0,8333 7 E I Pu V 1,45 25,37 19,10
Tadorna tadorna sedentary 1250 9 0,5785 16 T I Pr WM 3,80 39,47 8,24
Troglodytes

troglodytes
sedentary 10,5 6 0,6333 6 T I Gl V 1,51 31,48 63,48

Turdus merula sedentary 95 10 0,6759 16 E IP Gl GV 1,87 39,09 63,48
Turdus

philomelos
sedentary 77,5 10 0,6667 14 E I Gl G 1,33 33,14 60,90

Turdus pilaris sedentary 110 8,25 0,6296 18 E IP Gl GV 2,19 46,06 19,37
Turdus

viscivorus
sedentary 125 8 0,6034 11 E IP Gl GV 1,25 29,77 61,09

Upupa epops migratory 67,5 7,5 0,6136 11 T I Pr GV 1,18 35,99 56,97
Vanellus

vanellus
migratory 230 4 0,4041 23 H I Gl G 2,63 37,37 38,43
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