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Abstract

Context: Human land-use transformation has fragmented natural landscapes around the world,
with fragmentation currently being considered a global threat to biodiversity conservation.
Landscape fragmentation, however, does not affect all species similarly, suggesting that some
species characteristics may render species more sensitive to fragmentation than others.
Obijectives: The aim of this study was to test whether demographic, ecological, and life-
history traits are associated with vulnerability to landscape fragmentation in European
breeding bird species.

Methods: Effective mesh size per area unit was used as an index of landscape fragmentation.
Vulnerability to fragmentation for every bird species was estimated as population response to
fragmentation per se (controlling for habitat loss due to fragmenting elements), with more
vulnerable species showing a negative relationship between population density and
fragmentation among countries, and less vulnerable species showing no (or even a positive)
relationship. Comparative analyses controlled for similarity among species due to common
phylogenetic descent.

Results: Response to fragmentation was more often positive than negative, and it was
positively related to population size, migration distance, and body mass, and negatively
related to age at first reproduction. The relationship between response to fragmentation and
population size did not allow us to assess whether being less abundant was the cause or the
consequence of being vulnerable to fragmentation. Response to fragmentation was not
significantly related to other demographic, ecological, and life-history characteristics.
Conclusions: These results suggest that small-sized resident bird species with delayed
maturity are particularly vulnerable to landscape fragmentation. Future conservation efforts

should target these species.
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Introduction

Landscape fragmentation is the process by which habitat loss at the landscape scale results in
the division of large, continuous tracts of natural habitat into smaller, spatially distinct
fragments immersed within a dissimilar matrix (Collinge 2009; Didham 2010; Jaeger et al.
2011). This process implies a loss of original habitat, an increase in the number of habitat
patches, a reduction in mean patch size, and an increase in patch isolation (Tscharntke et al.
2002; Fahrig 2003; Ewers and Didham 2006; Didham et al. 2012). Landscapes have been
profoundly fragmented across the world owing to the expansion and intensification of human
land use (Wade et al. 2003; Haddad et al. 2015; Wilson et al. 2016). While there is consensus
on the large negative effects of habitat loss on biodiversity, there is currently no agreement on
the effects of fragmentation per se. Some reviews suggest that fragmentation per se has weak
effects on biodiversity (Fahrig 2003), and these effects, when present, are more likely to be
positive than negative (Fahrig 2017). In contrast, other studies show evidence for large
negative effects arising from a reduction in the size of habitat patches and from an increase in
both patch isolation and the amount of habitat edge (Didham 2010; Haddad et al. 2015).
These discrepancies possibly stem from multiple and complex effects of fragmentation on
ecosystems, with indirect and interaction effects being major drivers of ecological change,
sometimes operating across long periods of time (Didham et al. 2012; Ibafiez et al. 2014).
Landscape fragmentation and other human-induced environmental changes do not
affect all species similarly. While many are negatively affected (losers), there is also a number
of species that benefit from these changes (winners) (McKinney and Lockwood 1999).
Interestingly, losers and winners are not randomly distributed among taxa or among
functional ecological groups, which suggests that there are traits which render some species

particularly sensitive to fragmentation and thus more prone to extinction. Identifying these
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traits and understanding the differential vulnerability to fragmentation among species may
have implications for ecological and evolutionary theory, and also for development of
effective conservation (Laurance 1991; Kotiaho et al. 2005). A large number of species traits
have been proposed to be associated with sensitivity to habitat fragmentation (reviews in
Tscharntke et al. 2002; Henle et al. 2004; Ewers and Didham 2006). In general, they are the
same traits that have been postulated to predispose species to population decline and
extinction (reviews in McKinney 1997; Purvis et al. 2000; Fisher and Owens 2004; O’Grady
et al. 2004; Zavaleta et al. 2009), but there are exceptions depending on the type of extrinsic
threat that is causing population decline of a species (Owens and Bennett 2000). It should
also be considered that the relationship between particular species traits and the response to
fragmentation can be complex, because different traits may interact and reinforce each other
(Davies et al. 2004; Wang et al. 2015).

The species characteristics that have been suggested to be associated with
vulnerability to habitat fragmentation constitute three categories: demographic, ecological,
and life-history traits. Among demographic traits we focus on population size (abundance),
population trend, and heterogeneity of distribution. Population size (or population density) is
one of the best predictors of sensitivity to fragmentation (e.g., Bolger et al. 1991; Foufopoulos
and lves 1999; Davies et al. 2000; Gonzalez and Chaneton 2002; Feeley et al. 2007; Wang et
al. 2009), with less abundant species more likely declining in numbers and going extinct as a
consequence of habitat fragmentation. On the other hand, species with more heterogeneous
spatial distributions are predicted to be more susceptible to habitat fragmentation, because
these species share characteristics generally associated with inability to cope with
environmental change (Magller et al. 2010).

In relation to ecological traits, the main predictors of fragmentation sensitivity seem to

be dispersal capacity and ecological plasticity, although migration may also play a role.
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Theoretical models predict that species characterized by poor dispersal capacity will be more
negatively affected by habitat fragmentation (Liao et al. 2013), a prediction confirmed by
empirical studies (Ekroos et al. 2010; Ockinger et al. 2010; Benscoter et al. 2013; Benchimol
and Peres 2015). However, different patterns have also been observed in some cases, possibly
because of interactions with other traits such as home range, sociality, or population density
(Thomas 2000; Van Houtan et al. 2007). More consistent results have been found on
ecological plasticity, with specialist species showing higher vulnerability to fragmentation
than generalist ones (e.g., Davies et al. 2004; Feeley et al. 2007; Devictor et al. 2008; Wang et
al. 2015; Khimoun et al. 2016; Keinath et al. 2017). Regarding migration, sedentary species
have been found to be more vulnerable to landscape changes than dispersive or migratory
ones (Newbold et al. 2013; Pavlacky et al. 2015). However, migration behaviour can be both
beneficial (e.g., avoiding harsh winter conditions) and detrimental (e.g., migration itself can
be risky), and can interact with other species traits or with characteristics of the environment.

Life-history traits associated with low reproductive potential (low fecundity, long
generation time) generally render species more vulnerable to habitat loss and fragmentation
(Vance et al. 2003; Ockinger et al. 2010; Newbold et al. 2013; Pavlacky et al. 2015).
Longevity, in contrast, has been suggested to decrease vulnerability to habitat fragmentation
(Karr 1990) and other environmental changes (Morris et al. 2008). However, the role of
longevity in fragmentation sensitivity is unclear (e.g., Henle et al. 2004), possibly because
high longevity is also associated with low reproductive potential (Roff 1992), which, in turn,
makes species more vulnerable to fragmentation. Large body size is simultaneously
associated with traits making species more (e.g., low abundance and low reproductive
potential) and less (e.g., high dispersal capacity) susceptible to habitat fragmentation, so the
net effect is probably context dependent and difficult to predict. Although most empirical

studies have found that larger species are more vulnerable to fragmentation (e.g., Feeley et al.
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2007; Urquiza-Haas et al. 2009; Kormann et al. 2015; Pavlacky et al. 2015), in some cases
smaller species were more vulnerable (Cosson et al. 1999; Boyle and Sigel 2015).

The aim of this study was to test the hypothesis that demographic, ecological, and life-
history traits are associated with vulnerability to landscape fragmentation. Specifically, we
predicted that vulnerable species would be characterized by small population size, negative
population trend, high heterogeneity of spatial distribution, poor dispersal capacity, low
ecological plasticity, non-migratory habits, low fecundity, long generation time, short
longevity, and large body size. While some predictions seem to be robust according to the
literature (e.g., regarding ecological plasticity), others are less clear because different studies
have found contrasting results (e.g., regarding body size; see references above). Vulnerability
to landscape fragmentation was estimated in terms of population response to fragmentation,
with more vulnerable species having high and low population density in little and heavily
fragmented areas, respectively, while less vulnerable species show no or even a positive
relationship between population density and fragmentation. The hypothesis was tested in
European breeding bird species because birds are one of the best studied classes of animals,
particularly in Europe (so a large amount of information is available), and because Europe is
the continent most affected by human-caused fragmentation (Wade et al. 2003). In addition,
continent-wide programmes, such as the Pan-European Common Bird Monitoring Scheme,
and international collaboration (e.g., Jaeger et al. 2011) provide the opportunity to estimate
both bird population sizes and landscape fragmentation with standardized methodologies, thus

making information from different European countries comparable.

Materials and methods
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Landscape fragmentation index and response to fragmentation

An estimate of effective mesh density (i.e., the effective number of landscape patches per area
unit) for each country was used as our index of landscape fragmentation. This estimate,
obtained from Annex 1 in Jaeger et al. (2011), represented the number of times that the
effective mesh size (calculated for the year 2009) fitted into an area of 1000 km?. Effective
mesh size is based on the probability that two points chosen randomly in a region are not
separated by any barriers, and it is calculated by multiplying this probability by the area of the
region (Jaeger 2000; Jaeger et al. 2008). Both effective mesh size and density depend on
which kind of landscape elements are considered to be barriers. Jaeger et al. (2011) defined a
set of fragmenting elements, called fragmentation geometry, that included anthropogenic
barriers (motorways and major roads, connecting roads, railway lines, and built-up areas) and
natural barriers (lakes and major rivers) of non-mountainous land areas. This fragmentation
geometry gave rise to an estimate of effective mesh density, i.e., a fragmentation index,
representing anthropogenic and natural fragmentation of non-mountainous land areas.

We estimated response to fragmentation for each bird species as the partial correlation
coefficient from a multiple regression across countries, with population size as the response
variable, fragmentation index as the predictor, and country area, latitude, longitude,
percentage of agricultural land, and percentage of country area covered by barriers as
confounding variables. Inclusion of confounding variables in the regression analyses meant
that estimates of response to fragmentation were controlled for these variables. Large positive
values imply a strong and positive response to fragmentation: the more fragmented the
landscape, the more abundant the species. In contrast, large negative values imply a strong
and negative response to fragmentation: the more fragmented the landscape, the less abundant

the species. Values around zero imply weak or no effect of landscape fragmentation on



176  abundance. Population sizes of bird species in European countries were obtained from

177  BirdLife International (2004), and area of countries was the area for which bird population
178  sizes had been estimated. Latitude and longitude for each country were estimated,

179  respectively, as the latitude of the mid-point between the northernmost and the southernmost
180  mainland points, and the longitude of the mid-point between the easternmost and the

181  westernmost mainland points of every country. Percentage of agricultural land in each

182  country was obtained from the Central Intelligence Agency (2016) World Factbook.

183  Percentage of country area covered by barriers (i.e., by artificial areas and water bodies) was
184  calculated from land cover information for the years 2006 and 2012 (the average of the two
185  years) provided by the European Environment Agency (2017). Artificial areas included

186  transport networks and infrastructures, urban fabric (housing, services, and recreation),

187 industrial and commercial units, and mineral extraction sites. Water bodies included lakes,
188  reservoirs, and water courses.

189 Controlling for the percentage of country area covered by barriers was important to
190  control for habitat loss caused by the presence of barriers and to estimate response to

191  fragmentation per se. Habitat loss is inherent to landscape fragmentation, because

192  fragmentation is impossible without habitat loss (Didham et al. 2012), and this intrinsic

193  dependence gives rise to a strong association between the two parameters (Fahrig 2003). As a
194  result, if we studied vulnerability to landscape fragmentation without controlling for habitat
195  loss due to fragmenting elements (barriers), it would be impossible to distinguish between the
196  effect of fragmentation per se and the effect of habitat loss. As we were interested in the effect
197  of fragmentation on biodiversity independent of amount of habitat, habitat loss due to

198  fragmenting elements was controlled when estimating population response to fragmentation.
199  Therefore, in the present study, we explicitly focused on the possible association between

200  certain species-specific characteristics and vulnerability to landscape fragmentation per se.
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It should be noted that habitat is, by definition, a species-specific concept, so habitat
loss and fragmentation are also species-specific (Haila 2002). Ideally, fragmenting elements
should have been defined for each species, because what represents a barrier for one species
may not be a barrier for others. Similarly, population size of every species should have been
estimated for each habitat type within each country, because some habitats are not suitable for
some species. However, all this information is unavailable for most European bird species, so
a species-centred approach (Betts et al. 2014) was not possible. We tried to compensate for
the lack of species-specific detail by including in the study a large number of species and by
covering a wide geographic area.

For further information on landscape fragmentation index and calculation of bird
population response to landscape fragmentation, see Online Appendix S1. Fragmentation
index, country area, latitude, longitude, percentage of agricultural land, and percentage of
country area covered by barriers for each country are reported in Online Table S1. Population

size for each bird species and country is reported in Online Table S2.

Demographic, ecological, and life-history characteristics of bird species

Population size (number of breeding pairs) of bird species in the Western Palearctic west of
the Ural Mountains was obtained from Hagemeijer and Blair (1997). Population trend for
every bird species in Europe during the period 1990-2000 was estimated using an assessment
by BirdLife International (2004) on a seven-category scale: large increase (3), moderate
increase (2), small increase (1), stable (0), small decline (-1), moderate decline (-2), and large
decline (-3). Heterogeneity of distribution was estimated as the coefficient of variation in

population density among European countries (for more details, see Mgller et al. 2010).
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Migration distance was estimated as breeding latitude minus wintering latitude, considering
latitudes in the Southern Hemisphere as negative values. Breeding latitude was determined as
the mean of the northernmost and southernmost latitudes of the breeding distribution to the
nearest tenth of a degree. Similarly, wintering latitude was determined as the mean of the
northernmost and southernmost latitudes of the wintering distribution. Breeding and wintering
ranges were obtained from maps in Cramp and Perrins (1977-1994). Maximum dispersal
distance was estimated as the minimum distance from the mainland to an island with a
permanent breeding population, using information from distribution maps in Cramp and
Perrins (1977-1994). This estimate of dispersal distance was preferred to others (e.g., natal
dispersal; Paradis et al. 1998) because it was available for a much larger number of species.
Ecological plasticity was estimated as the number of different habitats in which a species has
been known to breed. Number of habitats was obtained from the habitat preferences listed by
Cramp and Perrins (1977-1994) for each species, considering only habitats that appeared in
their glossary (for more details, see Belliure et al. 2000; Mgller and Garamszegi 2012). Body
mass and life-history traits (fecundity, longevity, and generation time) for each bird species
were obtained from Cramp and Perrins (1977-1994). Mean body mass was calculated as the
mean of male and female body mass. Longevity was estimated as annual adult survival rate.
Annual fecundity was calculated by multiplying clutch size (mean number of eggs) by
maximum number of clutches per season. In the case of generation time, estimated as age at
first reproduction, information was also obtained from Glutz von Blotzheim and Bauer (1985-
1997). More information on bird species traits can be found in Online Appendix S1 and raw

data are reported in Online Table S3.

Comparative methods
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Possible relationships between population response to landscape fragmentation and species-
specific parameters were tested with phylogenetic generalized least square regression models
(Martins and Hansen 1997; Pagel 1997, 1999) implemented in the R statistical environment
(R Core Team 2014). To account for phylogenetic relationships among species in our
analyses, we downloaded 1000 phylogenetic trees from http://birdtree.org/ (Jetz et al. 2012)
using the option “Ericson All Species”. Then, a majority rules consensus tree (Online
Appendix S2) was estimated in the Mesquite environment (Maddison and Maddison 2015)
and included in the models as a design matrix. The optimum degree of phylogenetic
dependence was identified for each model, and the corresponding lambda parameter ()
included in subsequent analyses. We performed weighted analyses using the number of
countries from which response to fragmentation had been estimated minus seven as a weight
(weight range = 1-19). Specifically, a matrix of 1/weight was added as an error term, and this
term was multiplied by different values until the value providing the highest maximum
likelihood was found. This method has been used and described in detail in previous studies
(e.g., Garamszegi and Mgller 2007).

Number of species with information for each parameter ranged from 137 in the case of
heterogeneity of distribution to 261 species in the case of population size (Online Table S4).
However, number of species with information for all ten parameters was only 73. To avoid a
drastic reduction in sample size (and thus statistical power), we decided not to include all
factors simultaneously in the same model, but to perform a forward stepwise selection of
variables (see Online Table S4 for details). The final model included parameters related to
response to fragmentation with P < 0.10 because a threshold of 0.05 is considered too
stringent and can fail to identify potentially important variables (Bendel and Afifi 1977).

Although stepwise variable selection has been criticized on various grounds, e.g., because the

12
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final model is sometimes not the best model (Whittingham et al. 2006), we assume this was
not a problem in our case, since backward stepwise procedure selected exactly the same
variables (Online Table S5). Akaike’s (1974) information criterion was not used to select the
best model because it implied a reduction in sample size to only 73 species. More information

on statistical analysis can be found in Online Appendix S1.

Results

We expected most bird species to have a negative response to landscape fragmentation, but
the response was significantly more often positive than negative (sign test; z = 4.33, n = 261,
P <0.001; Fig. 1). Most responses to fragmentation were close to zero or slightly positive,
with relatively few species showing very large (either positive or negative) values (Fig. 1).
Demographic, ecological, and life-history characteristics that entered the final model
were population size, migration distance, body mass, and age at first reproduction (Table 1
and Online Tables S4 and S5). All these parameters were significantly related to bird
population response to landscape fragmentation, with a positive relationship for population
size, migration distance, and body mass, and a negative relationship for age at first
reproduction (Table 1, Fig. 2). The relationship between response to fragmentation and age at
first reproduction was just marginally significant (Table 1). All other species-specific
characteristics (population trend, heterogeneity of distribution, dispersal distance, number of
habitats, annual fecundity, and adult survival) were not significantly related to our estimate of
response to fragmentation, and, hence, they were not included in the final model (Online

Tables S4 and S5).
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301

302  Discussion

303

304  Contrary to the general belief that landscape fragmentation per se (independent of amount of
305 habitat) has detrimental effects on biodiversity (e.g., Haila 2002), we found that population
306  response to fragmentation in European bird species was more often positive than negative.
307 This result agrees with previous studies suggesting that significant ecological responses to
308 fragmentation are mostly positive (Fahrig 2017). Population response to fragmentation,

309  however, varied greatly among species, and some (e.g., Prunella collaris, Tetrao urogallus,
310 Tichodroma muraria or Oenanthe oenanthe, just to cite a few) responded strongly and

311  negatively to fragmentation, i.e., they were particularly vulnerable to the breaking apart of
312  habitat. At least for these species, fragmentation might be an important issue to take into
313 account should conservation measures be needed.

314 The relationships between population response to landscape fragmentation and the
315  species parameters studied here suggest that European birds responded more negatively to
316  fragmentation (i.e., showed lower population densities in more fragmented countries) in
317  scarce, small, resident species with delayed maturation (Table 1). In the case of population
318  size, the positive relationship might imply higher vulnerability to fragmentation in less

319  abundant species, a conclusion reached in numerous studies (see Introduction). Another
320 possible, non-mutually exclusive interpretation of the result is that species particularly

321  vulnerable to fragmentation for reasons other than small population size experienced more
322 pronounced decreases in abundance in highly fragmented countries. In that case, small

323  population size would be a consequence and not the cause of vulnerability to fragmentation.
324 Inthis study, population sizes of bird species in Europe were estimated in the 1990s

325  (Hagemeijer and Blair 1997), while population sizes for every European country, the base for
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calculating response to fragmentation, were estimated between 1990 and 2002 (BirdL.ife
International 2004), that is, simultaneously or slightly later. Consequently, there was little
time for new fragmentation between the two sets of avian censuses, and limited opportunities
for population size causing different population trends depending on the level of landscape
fragmentation in every country. Although some effects of population size on the response to
fragmentation cannot be ruled out, the small population size in some bird species in the 1990s
was probably the consequence of humans transforming, and thus fragmenting, the European
landscape intensively for many decades (or even centuries) before the data were collected.
The timing of bird censuses in this study was not appropriate for testing the possible effect of
population size on vulnerability to landscape fragmentation.

Regarding migratory habits, our study suggests that sedentary bird species are more
vulnerable to landscape fragmentation than migratory ones, as in tropical forest birds
(Newbold et al. 2013; Pavlacky et al. 2015). It should be noted that resident bird species stay
all year round in Europe, so they are affected by habitat fragmentation in Europe both during
breeding and non-breeding, while migratory species are affected by fragmentation in Europe
only during reproduction. During the last third of the 20th century, long-distance migrants
declined in Europe to a larger extent than short-distance migrants or residents, and different
processes have been suggested to drive this differential decline (Sanderson et al. 2006). Our
results clearly suggest that landscape fragmentation in Europe is not responsible for the more
negative trends of long-distance migrants, so other explanations should be invoked. When all
existing birds are considered, migratory species are overall less likely to be threatened with
extinction than sedentary species (Sekercioglu 2007). The higher vulnerability to habitat
fragmentation shown by sedentary species in this study might help explain this pattern.

The mechanism behind the higher vulnerability of sedentary species to fragmentation

is unknown, but we can speculate that roads (or any parameter associated with road density)

15



351  had a more negative effect for sedentary than migratory bird species. Roads and traffic

352 generally have a negative effect on animal abundance (review in Fahrig and Rytwinski 2009),
353  mainly because they reduce the amount of habitat, increase mortality due to collision with
354  vehicles, limit access to resources, and subdivide populations into smaller units (Jaeger et al.
355  2005). In general, all these effects might be more detrimental for sedentary species because
356  they spend all year in Europe. However, it is also possible that detrimental effects of roads are
357  more intense in winter, when resources (e.g., food) are scarce and reduce body condition,
358  survival, and abundance of birds, at least at middle and high latitudes (Doherty and Grubb
359  2002; Carrascal et al. 2012; Morosinotto et al. 2017). For example, birds might need a larger
360 home range during winter (e.g., Morganti et al. 2017), but less suitable habitat would be

361 available in high road-density areas. Similarly, certain areas of high-quality habitat might be
362  crucial for winter survival, thus attracting birds during this time of the year (e.g., Smith et al.
363  2014), but they might also be areas with high road density, with the consequent increase in
364 traffic-related mortality. This could happen for example if valley bottoms concentrate most
365  roads, but also a high proportion of birds in winter.

366 Our study suggests that small bird species are more vulnerable to landscape

367 fragmentation than large ones, a result consistent with previous research on vertebrates in
368  tropical forests (Cosson et al. 1999; Boyle and Sigel 2015). As explained in the Introduction,
369 the relationship between body size and response to fragmentation was difficult to predict,
370  because body size is simultaneously associated with traits making species more or less

371 susceptible to fragmentation, so the net effect is probably context dependent. The simplest
372 explanation for our result would be that body size is generally positively associated with

373 dispersal distance (Jenkins et al. 2007) and survival (McCarthy et al. 2008; Collingham et al.
374  2014), two traits that presumably make species less vulnerable to fragmentation (see

375 Introduction). However, dispersal distance and adult survival were not significantly related to
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response to fragmentation in this study, thus suggesting that the relationship between body
size and response to fragmentation was not mediated by these traits. In addition, large bird
species are less sensitive to low winter temperatures or temporal food scarcity (Peters 1983),
environmental conditions that might be associated with habitat fragmentation (e.g.,
fragmented habitats might have less refuge or food). Body size is related to almost every
demographic, ecological, physiological or life-history trait of a species (Peters 1983), so it is
difficult to disentangle the precise mechanisms behind the relationship between body size and
response to fragmentation. Finally, bird abundance decreased dramatically in Europe during
the last decades of the 20th century, but this reduction in abundance mostly affected small
species, while large ones remained relatively stable or even increased in population size
(Inger et al. 2015). According to our results, landscape fragmentation in Europe during the
late 20th century (or any process associated with fragmentation) might be one of the factors
responsible for the more negative population trends of small bird species.

Among life-history traits, only age at first reproduction (a proxy for generation time)
was significantly related to response to fragmentation, with a more negative response in
delayed breeders, as expected. Although the relationship was marginally significant, and thus
should be interpreted with caution, this result is consistent with a previous study showing that
tropical forest bird species with longer generation time are more negatively affected by human
land use (Newbold et al. 2013). The most straightforward explanation for our result would be
that long generation time implies low reproductive potential and probably less capacity to
recover from perturbations and population crashes. However, other life-history traits generally
considered prime indicators of reproductive potential (e.g., annual fecundity) were not
significantly related to response to fragmentation, and thus other mechanisms have to be
invoked. The relationship between response to fragmentation and generation time was not

mediated by body size (larger bird species generally show longer generation time; Sather
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1987), because body mass was controlled in the analysis (Table 1). It has previously been
shown that bird species with longer generation time suffer a higher extinction risk when the
main source of extinction is human persecution or introduced predators (Owens and Bennett
2000). In our case, landscape fragmentation might entail an increase in predation-related
mortality, thus having a more negative effect in species with longer generation time. For
example, roads might enhance access of pets (cats, dogs) or hunters to natural habitats, and
traffic itself can cause mortality due to collisions with vehicles (Fahrig and Rytwinski 2009).
In addition, more fragmented landscapes usually contain more edge for a given amount of
habitat, often resulting in increased predation by natural predators (Chalfoun et al. 2002).
According to theoretical models (e.g., Fahrig 1998; With and King 1999), populations
under certain conditions are expected to show thresholds in their response to landscape
fragmentation. These thresholds might reflect a non-linear relationship between the degree of
fragmentation and population size (e.g., an accelerated rate of population decline after a
critical fragmentation level is passed) or could result from an increasing effect of
fragmentation on population size below some level of habitat amount. However, empirical
research on birds has found mixed support for the existence of landscape-scale thresholds, as
some studies detected them (e.g., Betts et al. 2007), but others did not (e.g., Villard et al.
1999). If we assume that thresholds were relevant in our study, species showing high
vulnerability to fragmentation might be species whose thresholds have been reached. Thus, as
landscape fragmentation increases (or suitable habitat is lost) a disproportionately greater
proportion of species would be considered vulnerable to fragmentation. For the many bird
species in this study showing a positive response to fragmentation, a threshold could be the
level of fragmentation above which (or the level of habitat amount below which) the response

to fragmentation becomes negative.
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Some species characteristics were predicted to be associated with vulnerability to
habitat fragmentation, but this study does not support such associations. This happened for
example for dispersal capacity or heterogeneity of spatial distribution, although probably the
most striking case is ecological plasticity. Previous studies (many of them on birds) have
consistently found higher sensitivity to habitat fragmentation in specialist than in generalist
species (see Introduction). However, most of these studies, particularly those on birds (e.g.,
Feeley et al. 2007; Devictor et al. 2008; Wang et al. 2015), did not investigate the effects of
fragmentation per se, but the effects of habitat patch size or isolation, which are inherently
confounded with effects of amount of habitat (Fahrig 2003, 2017). Moreover, both ecological
plasticity and vulnerability to fragmentation have been estimated in different ways in this and
previous studies, which might affect the results. Finally, the temporal framework of this study
might also have played a role, because it is known that time lag is very important for
understanding the impact of fragmentation on animal populations (Bennett and Saunders
2010). While some species characteristics might only be related to vulnerability to
fragmentation when long-term effects are studied, it is possible that other characteristics
appear to be related in the short term.

To summarize, this study suggests that small-sized resident bird species with delayed
maturation are particularly vulnerable to landscape fragmentation in Europe, considering
fragmentation as the breaking apart of habitat independent of amount of habitat. VVulnerability
to fragmentation was also related to small population size, but it is unclear if being less
abundant is the cause or the consequence of vulnerability to fragmentation. Other species
characteristics such as dispersal distance, habitat specialization, annual fecundity or adult
survival were not significantly related to susceptibility to fragmentation. These results could
be useful for understanding and predicting, and maybe also mitigating, the effects of

landscape fragmentation on biodiversity.
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Table 1 Phylogenetic generalized least square regression model on factors related to bird
population response to anthropogenic and natural fragmentation of non-mountainous land
areas. The final model only included parameters related to response to fragmentation with P <
0.10 after a forward stepwise procedure. A backward stepwise procedure provided the same
final model. Phylogenetic relations among species and number of countries used to estimate
response to fragmentation in each species were controlled in the analyses (see Comparative
methods for details). Both the dependent variable and its residuals were approximately
normally distributed (Kolmogorov-Smirnov test for normality; P > 0.05 in the two tests), thus
justifying the use of a linear model approach. The model had the statistics: F = 6.35, adj-r* =

0.088, n =224, P <0.001, A= 0.000

Factors Estimate (SE) t P
Population size 0.079 (0.029) 2.75 0.0065
Migration distance 0.032 (0.008) 4.14 <0.001
Body mass 0.095 (0.041) 2.31 0.022
Age at first reproduction -0.064 (0.032) -1.99 0.047
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Figure legends

Figure 1 Frequency distribution of response to landscape fragmentation (anthropogenic and
natural fragmentation of non-mountainous land areas) in 261 European bird species. Mean

(SD) = 0.094 (0.396), median = 0.177, skewness = -0.444

Figure 2 Relationships between relative estimates of bird population response to
anthropogenic and natural fragmentation of non-mountainous land areas and (a) relative
population size, (b) relative migration distance, (c) relative body mass, and (d) relative age at
first reproduction in European bird species. Relative estimates of response to fragmentation
were estimated as the residuals from a model with response to fragmentation as the response
variable and (a) migration distance, body mass, and age at first reproduction, (b) population
size, body mass, and age at first reproduction, (c) population size, migration distance, and age
at first reproduction, and (d) population size, migration distance, and body mass as predictors.
Relative population size was estimated as the residuals from a model with population size as
the response variable and migration distance, body mass, and age at first reproduction as
predictors. Relative migration distance was estimated as the residuals from a model with
migration distance as the response variable and population size, body mass, and age at first
reproduction as predictors. Relative body mass was estimated as the residuals from a model
with body mass as the response variable and population size, migration distance, and age at
first reproduction as predictors. Relative age at first reproduction was estimated as the
residuals from a model with age at first reproduction as the response variable and population
size, migration distance, and body mass as predictors. All variables except age at first
reproduction and response to fragmentation were transformed before the analyses (Appendix

S1). Lines are best-fit regressions (a: y =-0.018 + 0.073 x; b: y =-0.002 + 0.032 x; c: y =
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0.022 + 0.078 x; d: y=0.017 - 0.051 x). All models and regressions took into account the
number of countries used to estimate response to fragmentation (bubble size indicates this
number; range = 8-26) and similarities among species due to common phylogenetic descent

(see Comparative methods for details)
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