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ABSTRACT

Aim We investigate first whether fire regimes resulting from the combination

of climate change and fire-fighting policy may affect species distributions in

Mediterranean landscapes, and second to what extent distributional dynamics

may be constrained by the spatial legacy of historical land use.

Location Catalonia (north-eastern Spain).

Methods We modelled the distributional responses of 64 forest and open-

habitat bird species to nine fire-regime scenarios, defined by combining differ-

ent levels of climate change and fire suppression efficiency. A fire-succession

model was used to stochastically simulate land-cover changes between 2000

and 2050 under these scenarios. We used species distribution models to predict

habitat suitability and occupancy dynamics under either no dispersal or full

dispersal assumptions.

Results Under many simulated scenarios, the succession from shrubland to

forest dominated over the creation of new low-vegetation areas derived from

wildfires. Consequently, open-habitat specialists were the group most affected

by losses of suitable habitat. Fire regimes obtained under scenarios including

high fire suppression efficiency resulted in a larger number of bird species

experiencing reductions in their distribution area.

Main conclusions Anthropogenic factors, such as historical land-use change

and fire suppression, can drive regional distribution dynamics in directions

opposite to those expected from climatic trends. This raises the question of

what drivers and interactions should be given priority in the prediction of bio-

diversity responses to global change at the regional scale.

Keywords
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INTRODUCTION

Global change has received a great deal of attention in recent

decades owing to the observed effects on natural ecosystems, as

well as the changes expected to occur in the near future (Parme-

san & Yohe, 2003; La Sorte & Jetz, 2010). Most estimates of glo-

bal change effects on biodiversity have been conducted so far

using either correlative (e.g. Thomas et al., 2004; Huntley et al.,

2008; Tingley et al., 2009; Barbet-Massin et al., 2012) or mecha-

nistic (Chuine & Beaubien, 2001; Kearney & Porter, 2009;

Monahan, 2009) niche models. Regardless of the specific model

used, a recurrent feature of these modelling exercises is that

effects on species distributions are implemented in a single

modelling step. An alternative two-step approach consists of

first predicting global change effects on vegetation patterns and

then using habitat preferences of the target species to predict

distributional changes (e.g. Akc�akaya et al., 2005; White et al.,

2011). The first step can be conducted using a landscape simula-

tion model (Keane et al., 2004), while for the second step one

can develop correlative habitat distribution models or more

complex approaches (Gallien et al., 2010). This two-step model-

ling strategy has the advantage of addressing the combined

effects of land-use changes, climate change and vegetation

dynamics in landscape model simulations, as these factors are

known to be critical for the persistence of many species (e.g. Jetz

et al., 2007). Although several kinds of predictors can be
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combined in a single correlative model (e.g. Barbet-Massin

et al., 2012), their relative contribution to species distributional

changes is difficult to assess. Furthermore, the role of natural

disturbances (e.g. wildfires and pests) and their relationship

with climate change can also be explicitly modelled in landscape

simulation models (Seidl et al., 2011). This possibility is

especially important given that disturbances are catalysts of

rapid ecological change. In short, addressing species distribu-

tional responses to global change by predicting vegetation

dynamics first allows a more explicit integration of multiple

causes of distribution change, either natural or anthropogenic

(e.g. Melles et al., 2011).

Here we are interested in climate and human activities as

indirect drivers of bird distributional changes, through effects

on fire regimes and the resulting vegetation patterns (e.g.

Akc�akaya et al., 2005; White et al., 2011). Fire is a distur-

bance that strongly shapes landscapes in the Mediterranean

Basin (Keeley et al., 2012). Summer wildfires periodically

strike Mediterranean forests and shrublands, leading to the

replacement of these habitats with low vegetation that pro-

gressively resumes its former structure, notwithstanding that

direct regeneration is not always the successional pathway

(Rodrigo et al., 2004). Predicted future increases in the

length of the fire season, as well as in the frequency of

extreme meteorological events such as heat waves and

droughts, are expected to have an important impact on

future fire regimes in the Mediterranean Basin (Moriondo

et al., 2006; Liu et al., 2010). Nevertheless, and because the

Mediterranean Basin is highly populated, change in climatic

conditions will not be the only factor influencing fire

regimes. Recent fire regimes within the western Mediterra-

nean Basin have been shown to be the result of complex

interactions between climatic and anthropogenic factors such

as past land-use legacy, forest management and fire-fighting

policies (Lloret et al., 2002; D�ıaz-Delgado et al., 2004; Pausas

& Fern�andez-Mu~noz, 2011; Keeley et al., 2012).

The combined effects of the abovementioned fire regime

factors on bird distribution patterns are difficult to anticipate.

First, an increase in the frequency and extent of wildfires may

lead to a reduction in the amount of habitat available to

species restricted to well-developed and mature forests, while

enhancing the probability of survival of species requiring open

and low vegetation. Second, highly efficient fire suppression

may strongly reduce the number and the extent of burned

patches and allow forests to reach a closed-canopy status. This

would provide suitable habitat for forest dwellers but could

have severe consequences for the survival of species restricted

to open habitats. Finally, the effect of forest management prac-

tices or historical landscape legacies, either natural or derived

from human decisions, may dominate over fire perturbations

in driving vegetation processes in the short and medium terms

(e.g. James et al., 2007). The relative importance of fire regime

factors, forest management and spatial legacies will vary

depending on the specific context analysed.

Given the above considerations we asked two questions.

(1) How may fire regimes resulting from the combination of

climate change and fire-fighting policy affect species distribu-

tions in Mediterranean landscapes? (2) To what extent can

distributional dynamics be constrained by the spatial legacy

of historical land use? To do so, we evaluate the distribu-

tional responses of 64 forest and shrubland bird species to

simulated fire regime scenarios in Catalonia (north-eastern

Spain). Several observational studies have investigated the

impact of recent wildfires on bird communities in this Medi-

terranean region (Pons & Prodon, 1996; Brotons et al., 2005,

2008). However, these observations should be complemented

with simulation model results in order to improve our

understanding of the potential impact of fire regimes on bio-

diversity in a spatially explicit and dynamic way (Driscoll

et al., 2010). Our fire regime scenarios are defined by com-

bining different levels of climate change and fire suppression

efficiency. Forest expansion and densification is a current,

ongoing process in many parts of Catalonia, especially in for-

mer agricultural areas (Pausas & Fern�andez-Mu~noz, 2011).

Therefore, our case study allows us to investigate the com-

bined action of climate change and fire-fighting policy on

bird distributions (question 1) while accounting for the spa-

tial legacy derived from past land uses (question 2).

MATERIALS AND METHODS

Study area

Catalonia is a region (32,114 km2) with Mediterranean cli-

mate and of pronounced environmental gradients as a result

of its complex topography (Fig. 1). Moreover, long and

intense land use by humans since prehistoric times has been

Figure 1 Location of Catalonia within Europe and initial forest

map used in the MEDFIRE fire-succession model. The 16 land-
cover types (see Table S1.3) have been reclassified here into

forested areas (light grey), shrublands (dark grey) and other
cover types (white) in order to facilitate interpretation.
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responsible for major landscape alterations in terms of struc-

ture and composition. The region is currently extensively cov-

ered with forests (38%) and shrublands (16%), while

agricultural lands and urban areas cover most of the remain-

der and contribute to the fragmentation of wildland areas.

Conifers dominate in 73% of forested areas, mostly repre-

sented by Aleppo pine (Pinus halepensis, 20%), Scots pine

(Pinus sylvestris, 18.4%) and the European black pine (Pinus

nigra subsp. salzmannii, 11.8%). Sclerophyllous and decidu-

ous oaks, mostly holm oak (Quercus ilex) and cork oak

(Quercus suber), together cover 21% (Gracia et al., 1997).

Although fire has traditionally been a landscape driver in the

region, after the 1970s Catalonia experienced a sudden shift in

its fire regime, in both frequency of fires (doubled) and amount

of area burned (increased by one order of magnitude)

(D�ıaz-Delgado et al., 2004; Pausas & Fern�andez-Mu~noz, 2011).

This shift, also observed in other regions of the Mediterranean

Basin (Keeley et al., 2012), has been attributed to two main

causes: (1) an increase in the frequency and duration of extre-

mely dry and hot summer episodes; and (2) an increase in the

amount and continuity of fuel load derived from the abandon-

ment of agricultural areas (Pi~nol et al., 1998; D�ıaz-Delgado

et al., 2004; Pausas, 2004; Pausas & Fern�andez-Mu~noz, 2011).

In reaction to the increased occurrence of large wildfires,

fire-fighting policy was changed in Catalonia by the end of the

century, resulting in an augmentation of funding allocated to

fire suppression. The introduction of highly skilled technical fire

brigades in 1999 led to most fires being controlled at early stages

of their development (Peix, 1999). Nowadays, fire-fighting

policy is believed to have an important role on the current

regional fire regime (L. Brotons et al., in prep.).

Selection of target bird species

Among the 214 species of birds that commonly breed in

Catalonia, we selected the 64 species that are most associated

with Mediterranean forests and shrublands according to the

Catalan Breeding Bird Atlas (CBBA; Estrada et al., 2004; spe-

cies nomenclature follows the same source). To be able to

relate bird distributional responses to their habitat prefer-

ences, we classified the 64 species into four groups: (1)

Open-habitat specialists (17 species): species selective of Med-

iterranean shrublands but sometimes occurring in other open

habitats like farmlands; (2) Forest specialists (17 species): spe-

cies that prefer closed-canopy forests and avoid open vegeta-

tion; (3) Pine forest generalists (16 species): species selecting

open habitats and pine forests, but not oak forests; (4) Forest

generalists (14 species): species tolerating both open vegeta-

tion and forests of the two kinds. See Appendix S1 in Sup-

porting Information for details on the procedures used for

species selection and group definition.

Outline of modelling framework

We predicted bird distribution changes between 2000 and

2050 under nine simulated fire regime scenarios defined by

combining levels of climate change and levels of fire suppres-

sion efficiency. We first determined the effect of fire regimes

on vegetation using a landscape simulation model that

updates land-cover types according to fire and vegetation

regeneration processes. After that, we used correlative habitat

models to predict suitability changes and obtain predictions

of occupancy under either no dispersal or full dispersal

assumptions. In the following subsections, we detail each of

these modelling steps.

The MEDFIRE fire-succession model

We used the MEDFIRE simulation model (Brotons et al.,

2012; De C�aceres & Brotons, 2012; L. Brotons et al., in

prep.) to predict land-cover changes related to fire and vege-

tation regeneration processes. MEDFIRE is a spatially explicit

stochastic fire-succession model designed to integrate cli-

matic and anthropogenic drivers and allow the investigation

of their combined effect on fire regimes and land cover at

short- and medium-term time-scales in a Mediterranean

context. The model is implemented using the seles model-

ling platform (Fall & Fall, 2001) and includes sub-models

that simulate the primary processes of a landscape fire-suc-

cession model (Keane et al., 2004): vegetation maturation

and succession, fire ignition, fire spread and fire effects.

Landscapes are represented using two raster spatial variables

at 100-m resolution: land-cover type and time since last fire.

Some land-cover types do not influence simulations (i.e.

urban areas, water and rocks), whereas croplands cannot

change their state but allow fire to spread through them.

There are 10 different wildland-cover types. Those tree spe-

cies most abundant in the study area have their correspond-

ing land-cover type individualized. Other tree species and

shrublands are represented using mixed species land-cover

types. The complete list of MEDFIRE land-cover types is

provided in Appendix S1.

At each time step (a year), the fire sub-model is scheduled

first and then the sub-module responsible for implementing

vegetation changes follows. The fire sub-model begins by set-

ting the potential total area to be burned. The sub-model

simulates fires sequentially until the potential annual area to

be burnt is reached. For each fire, the model first chooses a

potential size and an ignition location. Values for the poten-

tial total area to be burned and potential fire sizes are drawn

from input statistical distributions, which represent the fire

regime believed to operate in the study region. The rate of

fire spread is a variable bounded between 0 and 100. It dic-

tates the relative order in which cells will burn, which

depends on the land-cover type, time since last fire, the local

prevailing wind direction, and relief. Parameter estimates

regulating fire spread were obtained in a calibration exer-

cise comparing model outputs with historical fire data

(L. Brotons et al., in prep.). If fire suppression is not active,

each fire is allowed to spread until the potential fire size is

attained. However, if fire suppression is active the effective

size of fires may be smaller than the potential size, because

Journal of Biogeography
ª 2013 Blackwell Publishing Ltd

3

Novel fire regimes and bird distributions



the fire in a cell will be extinguished if the rate of spread is

lower than a pre-specified threshold value. Fire effects, vege-

tation maturation and succession processes are dealt with

within the vegetation sub-model. Vegetation maturation is

represented using the number of years since the cell was last

burned. Post-fire changes in land-cover type follow the prob-

ability values of a transition matrix. Estimates for those

probabilities were obtained using bibliographic sources

(Rodrigo et al., 2004). The model induces spatial aggregation

in post-fire vegetation changes by coupling 40% of the tran-

sitions of target cells with those of their eight surrounding

neighbours. Succession is only modelled for shrublands,

which may become forests following a probability that

increases with the age of the stand. Detailed descriptions of

the MEDFIRE model can be found at http://sites.google.com/

site/medfireproject/.

Fire regime scenario design

We designed nine different fire regime scenarios by combin-

ing three climate change treatments with three levels of fire

suppression efficiency (Table 1). Predicting fire regimes in

Mediterranean-type climates is a challenging task, owing to

the difficulty of accurately predicting the frequency and

length of extremely dry and hot weather conditions condu-

cive to large wildfires (Appendix S2). Our objective in this

study was to define climatic treatments that could encompass

a wide range of possible future trends in fire regimes for the

study area. To this aim, we took regional climatic records for

the period 1980–2010 and determined which years could be

considered as meteorologically severe (i.e. with dry and hot

summers). We then modelled the historical trend in the

probability of having a severe year (Psev), and used the

resulting logistic model to define three climatic treatments

(Table 1): (1) Base: the probability of a year being severe

remains constant (Psev = 0.42) for the whole simulation per-

iod (2000–2050); (2) CC1: the probability of a year being

severe increases from Psev = 0.42 to Psev = 0.77 between 2000

and 2050 with values obtained projecting the logistic model;

(3) CC2: the probability of a year being severe increases from

Psev = 0.42 to Psev = 0.94 between 2000 and 2050, with val-

ues obtained after doubling the slope of the logistic model.

Using fire data records for the period 1980–1999, we esti-

mated experimental statistical distributions for the total area

to be burned and the size of fires (differentiating between

normal and severe years). These distributions, as well as the

predicted trends in Psev, were used as input in the MEDFIRE

model. Appendix S2 includes a detailed description of the

definition of climate treatments.

We defined three fire suppression treatments (Table 1):

(1) NFS: no fire suppression; (2) FS40: suppression of fires

in cells whose fire spread rate was below 40 (i.e. suppression

of fires occurring in agricultural areas or burning sclerophyl-

lous forests on flat terrains or spreading against the wind

direction); and (3) FS90: suppression of fires in cells whose

fire spread rate was below 90 (i.e. suppression of fires

occurring under the conditions included in FS40 and in fires

burning coniferous forests with fronts descending slopes or

spreading against the wind direction). These two levels of fire

suppression efficiency were previously identified as reason-

able given the current (2000–2010) fire regime in Catalonia

(L. Brotons et al., in prep.).

Initial land-cover map and MEDFIRE model runs

We ran 100 replicates of the MEDFIRE fire-succession model

under each of the nine fire regime scenarios, each of them

including a trend in Psev and a threshold of fire suppression

Table 1 List of simulated fire regime scenarios for the study area in Catalonia, north-eastern Spain. Each scenario is a combination of a

climatic treatment (Base, CC1 or CC2) and a fire suppression (NFS, FS40 or FS90) treatment. Climatic treatments were implemented by
changing the probability of occurrence of years with severe meteorological conditions (Psev). Fire suppression treatments were

implemented by changing the spread rate threshold leading to extinction. For more details, see the main text and Appendix S2.

Scenario Description Climatic treatment (2000–2050 trend in Psev)

Fire suppression

treatment

Base + NFS Neither climate change nor fire suppression Constant value: 0.42 0

CC1 + NFS Increase in occurrence of severe years following

current trends; no fire suppression.

Increase from 0.42 to 0.77 0

CC2 + NFS Increase in occurrence of severe years following a

fast rate; no fire suppression

Increase from 0.42 to 0.94 0

Base + FS40 No climate change; moderate fire suppression

efficiency

Constant value: 0.42 40

CC1 + FS40 Increase in occurrence of severe years following

current trends; moderate fire suppression efficiency

Increase from 0.42 to 0.77 40

CC2 + FS40 Increase in occurrence of severe years following a fast

rate; moderate fire suppression efficiency

Increase from 0.42 to 0.94 40

Base + FS90 No climate change; high fire suppression efficiency Constant value: 0.42 90

CC1 + FS90 Increase in occurrence of severe years following current

trends; high fire suppression efficiency

Increase from 0.42 to 0.77 90

CC2 + FS90 Increase in occurrence of severe years following a fast rate;

high fire suppression efficiency

Increase from 0.42 to 0.94 90
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efficiency. The initial land-cover map was obtained by com-

bining available forestry, land-use and fire data (Ministerio de

Medio Ambiente, 2006). This map had a considerable

amount of shrublands and young forests (Fig. 1), which orig-

inated either from croplands being abandoned during the sec-

ond half of the 20th century or from fire events that occurred

before 2000. Thus, the initial map included the spatial legacy

of historical landscape events. For each landscape simulation

run, we recorded the number of fires, mean fire size and total

area burnt each year. In order to describe vegetation changes

predicted under each scenario, we used the simulated land-

cover maps to calculate the area occupied by each land-cover

type. We divided forest and shrubland types between young

and mature stands, according to the number of years passed

since vegetation had burned. To match the resolution of bird

observations, we calculated the area covered by each land-

cover type within 1 km 9 1 km cells (see Appendix S1 for

additional details in these data processing steps).

Correlative species distribution modelling

To estimate the distribution of our target species in the year

2000, we took the correlative distribution models produced

by Brotons et al. (2007) from the Catalan Breeding Bird

Atlas (CBBA) data at 1 km 9 1 km resolution. These are

generalized linear models with binomial responses that

include a broad set of environmental information (i.e. land-

scape, climate, topography variables) as well as auto-covari-

ates (Augustin et al., 1996). We took the predicted values of

these models as the initial probability of occupancy (IPO).

In order to estimate changes in habitat suitability, we built

a second set of correlative models where the explanatory

variables did not include any information on the spatial

structure of the response. Specifically, we fitted generalized

linear models (McCullagh & Nelder, 1989) using the CBBA

presence–absence records (at 1 km 9 1 km resolution) as

the response variable and the explanatory variables derived

from the initial land-cover map. Because we wanted to avoid

modelling realized occupancy, we excluded from the training

data those CBBA records further away than 10 km from a

recorded presence. We measured predictive accuracy of habi-

tat suitability (HS) models using the area under the receiver

operating characteristic curve (AUC; Fielding & Bell, 1997)

and a cross-validation approach (sequentially removing

blocks of 20% of the data used for model calibration).

Using these HS models and the sequence of land-cover

maps produced by the MEDFIRE model, we were able to

predict habitat suitability dynamics following changes intro-

duced by fire and vegetation regeneration processes. Whereas

the HS models could be temporally projected, the IPO mod-

els incorporated a broader scope of environmental factors

and provided a more accurate assessment of the initial distri-

bution than the HS models (De C�aceres & Brotons, 2012).

We therefore took the IPO models as the valid approxima-

tion for the ‘true’ habitat suitability in the year 2000 and

used changes in HS values to model suitability dynamics.

This led us to define what we call combined habitat suitability

(CHS) (De C�aceres & Brotons, 2012):

CHS2000 ¼ IPO
logitðCHStÞ ¼ logitðCHSt�1Þ þ ðlogitðHStÞ � logitðHSt�1ÞÞ

�

(1)

We took CHS values as occupancy predictions under full

dispersal assumption, whereas occupancy predictions under

no dispersal assumption were obtained by taking the CHS

minimum value between consecutive years.

To calculate the extent of areas predicted as suitable or

occupied, we counted the grid cells with probability values

larger than a pre-specified presence threshold (see Table S3.2

in Appendix S3), determined as in Arcos et al. (2012) and

De C�aceres & Brotons (2012). We summarized bird species

responses for each scenario and landscape run by (1) deter-

mining the predicted relative change in distributional area

between 2000 and 2050, and then (2) counting the number

of species predicted to gain or lose more than 5% or more

than 10% of their distribution area.

RESULTS

Simulated fire regimes and predicted landscape

dynamics

As expected, scenarios that included climate change but no

fire suppression (i.e. CC1 + NFS and CC2 + NFS) led to a

progressive increase in the mean fire size, the number of fires

and the total area burned with respect to the baseline scenario

(Base + NFS). In scenarios including both climate change and

fire suppression (CC1 + FS40, CC1 + FS90, CC2 + FS40 and

CC2 + FS90), the number of fires also increased over time.

However, the effective size of fires and effective total area

burned were much smaller than in the corresponding scenar-

ios without fire suppression (see Fig. S3.1 in Appendix S3).

Although the occurrence of wildfires in scenarios

CC1 + NFS and CC2 + NFS increased the rate of appearance

of young shrublands (Fig. 2a), this could not compensate for

the rate of transition from mature shrublands to forests that

occurred throughout the study area. Thus, we observed a clear

reduction in the extent of mature Mediterranean shrublands

in all simulated scenarios (Fig. 2b). Nevertheless, the matura-

tion of young shrublands initially present was responsible for

sustaining the extent of mature shrublands for about 15 years

in scenarios including fire suppression (Fig. 2b). As for young

shrublands, scenarios CC1 + NFS and CC2 + NFS led to an

increase in the amount of stands regenerating as pine or oak

forests (Fig. 2a). However, the MEDFIRE model allowed some

pine-dominated forests to regenerate as oak-dominated forests

after fire, owing to the great resprouting ability of holm oaks

(Rodrigo et al., 2004). In the long run, these events reduced

the extent of pine forests while favouring oak forests (Fig. 2b).

The area covered by mature pine forests tended to increase

when fire suppression was active, because fewer pine forests

burned and new ones emerged from shrubland succession
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(Fig. 2b). The area covered by mature oak forests increased stea-

dily under all simulated scenarios, but the rate of increase was

slightly smaller when fire suppression was considered (Fig. 2b).

Predicted habitat suitability changes

Predictive accuracy of HS models was between AUC values

of 0.7 and 0.9 for 40 species (62.5%) but was below 0.7 for

the remaining 24 species (see Table S3.2 in Appendix S3).

This relatively low predictive accuracy may be explained by

the fact that HS models were fitted using land-cover types as

the only predictors. Moreover, recall that habitat suitability

changes were estimated using the CHS models, which com-

bined HS models with IPO models, the latter having higher

predictive value (Brotons et al., 2007).

The relative change in suitable area varied among species

and scenarios. The average across species was positive for

scenarios that included climate change effects but no fire

(a)

Figure 2 Predicted change in the amount of area covered by forests and shrublands in Catalonia under all nine fire regime scenarios
for: (a) young shrublands (continuous), regenerating pine forests (dashed) and regenerating oak forests (pointed); and (b) mature

shrublands (continuous), mature pine forests (dashed) and mature oak forests (pointed). Dark thick lines indicate average values across
simulation replicates, whereas grey lines indicate the values obtained for individual simulations.
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suppression, while it was negative for those scenarios that

included fire suppression (Table 2, column FD). Those sce-

narios with the highest fire suppression efficiency (i.e.

Base + FS90, CC1 + FS90, CC2 + FS90) led to the largest
percentage of species experiencing changes in suitable area
(Fig. 3a). There were large differences across species groups
in habitat suitability responses (Fig. 3b–e). Open-habitat
specialists lost suitable habitat under all scenarios, but greater
losses were obtained for scenarios that included fire suppres-
sion. In contrast, the area suitable for forest specialists gener-
ally increased. Results for pine forest generalists were similar
to those of open habitat specialists, but with some species
gaining suitable habitat, especially under scenarios

CC1 + NFS and CC2 + NFS. Forest generalists were the spe-
cies group with the least amount of suitable area change.

Differences between no dispersal and full dispersal

assumptions

If birds were not able to disperse and colonize new areas,

distributions would experience an additional reduction (the

average across 64 species oscillates between 3% and 8%

reduction depending on the scenario) with respect to distri-

butional changes assuming full dispersal ability (Table 2,

column FD � ND). Scenarios CC1 + NFS and CC2 + NFS

would result in greater average distributional losses under a

(b)

Figure 2 Continued.
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no dispersal assumption (Table 2, column ND; Fig. 3f),

because forest specialists and forest generalists would lose

suitable habitat in fire events and would be unable to colonize

new mature forests (Fig. 3h,i). In the case of open-habitat

specialists, assuming no dispersal would lead to important

distribution declines under all scenarios (Fig. 3g). Figure

S3.2 in Appendix S3 illustrates the predicted distributional

changes for every species under all scenarios and dispersal

assumptions.

DISCUSSION

The relative importance of fire regime drivers

and spatial legacies

Studying species distributional responses derived from

changes in land-cover patterns allowed us to analyse the

interplay between climate and anthropogenic factors as driv-

ers of distributions, while taking into account the effects of

the spatial legacies of the landscape (James et al., 2007).

Among our findings, we observed that shrubland succession

occurring in abandoned croplands or in areas burned for-

merly was very important in the period 2000–2015 (Fig. 2b).

Furthermore, the negative effects of succession on the

distribution of open habitat specialists frequently outweighed

the positive effects of new fires, even under scenarios includ-

ing increased fire recurrence (Fig. 3b). It is difficult to

predict the duration of these legacy effects, as it depends on

whether abandoned croplands are in areas of high fire

risk. Furthermore, local climatic and soil conditions may

accelerate or decelerate vegetation succession. We also found

that the variation in habitat suitability changes was higher

among levels of fire suppression efficiency than among

climate change levels (Fig. 3a; Table 2, column FD). In other

words, the change in the fire regime introduced by fire

suppression had a relatively more important contribution to

landscape and bird distributional changes than climate treat-

ments. This contrast with the low importance of fire

suppression reported by White et al. (2011) for the northern

Chihuahuan desert (USA), although an important difference

between the two study areas is that our fire regime was not

limited by fuel (Pausas & Fern�andez-Mu~noz, 2011). It is pos-

sible that our modelled suppression efficiency levels were

unrealistically high, but the amount of area burnt by wild-

fires appears to have decreased in Catalonia since the intro-

duction of new fire suppression policies in 1999 (L. Brotons

et al., in prep.). The conclusion that we draw from these two

findings is that anthropogenic factors (in our case land aban-

donment and fire suppression) may combine synergistically

and drive distribution dynamics in directions that are opposite

to those expected from climatic trends. This is important, as

it raises the question of what drivers and interactions should

be given priority in modelling exercises aimed at predicting

biodiversity responses to global change at the regional level.

Winners and losers of fire regimes

Recent research has demonstrated that the distribution of

several bird species is correlated with the frequency and sea-

sonality of fire events (Reside et al., 2012). Thus, species dis-

tributions may respond to fire regimes in varied and even

opposite ways as a result of having different habitat prefer-

ences and dispersal capabilities. In our study, open-habitat

specialists were the species group predicted to suffer the

largest distributional declines under all scenarios (Fig. 3).

Nevertheless, a few open-habitat species, such as the ortolan

bunting (Emberiza hortulana) or the black-eared wheatear

(Oenanthe hispanica), managed to have enough suitable habi-

tat under scenarios including climate change and no fire sup-

pression (Fig. S3.2 in Appendix S3). Some forest generalists,

like Bonelli’s warbler (Phylloscopus bonelli) or the common

whitethroat (Sylvia communis), underwent habitat losses

under scenarios that included climate change alone but were

favoured by scenarios with fire suppression. Winners under

all fire regimes were forest specialists, like the short-toed tree-

creeper (Certhia brachydactyla) or the blackcap (Sylvia

atricapilla), as well as some forest generalists like the wren (Trog-

lodytes troglodytes). Birds requiring well-developed vegetation

structures for breeding could potentially suffer reductions in

Table 2 Percentage area change in the distribution of birds in

Catalonia as a response to the nine simulated fire regime
scenarios. FD: full dispersal assumption (i.e. change in combined

habitat suitability, CHS); ND: no dispersal assumption; FD �
ND: the difference between full dispersal and no dispersal

assumptions. The values shown are averages across the 64 bird
species in the study, followed by the species minimum and

maximum values in square brackets.

FD ND FD � ND

Base + NFS �0.1 [�19, 27] �6.6 [�43, 0] 6.6 [0, 41]

Base + FS40 �1.3 [�21, 10] �5.7 [�38, 0] 4.4 [0, 23]

Base + FS90 �1.8 [�25, 11] �5.1 [�35, 0] 3.3 [0, 18]

CC1 + NFS 0.5 [�18, 38] �7.1 [�46, 0] 7.6 [1, 49]

CC1 + FS40 �1.2 [�19, 11] �5.8 [�38, 0] 4.7 [0, 24]

CC1 + FS90 �1.7 [�25, 11] �5.1 [�35, 0] 3.4 [0, 18]

CC2 + NFS 0.8 [�18, 47] �7.3 [�46, 0] 8.1 [1, 55]

CC2 + FS40 �1.1 [�19, 13] �5.9 [�38, 0] 4.8 [0, 26]

CC2 + FS90 �1.8 [�24, 11] �5.2 [�36, 0] 3.4 [0, 18]

Figure 3 Percentage of bird species predicted to undergo habitat suitability or occupancy changes in Catalonia between 2000 and 2050

under each fire regime scenario. Plots in the left column (a–e) show changes in combined habitat suitability (CHS; equal to occupancy
under full dispersal assumption). Plots in the right column (f–j) show changes in occupancy under no dispersal assumption. White bars

and grey bars indicate the percentage of bird species predicted to experience > 5% and > 10% change, respectively, in suitability or

occupancy. Bar lengths indicate mean values across landscape runs, whereas segments indicate the minimum and maximum values.
Results are presented for all species as well as for four groups of species preferring subsets of habitats.
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their distribution under scenarios with frequent large wild-

fires. Even if future fire regimes in this Mediterranean region

may include frequent very large wildfires (Moriondo et al.,

2006; Liu et al., 2010), forest specialists do not appear to

have suffered large distributional losses in recent years (Gil-

Tena et al., 2009).

The fact that many open-habitat specialists currently have

a low prevalence in the study region (Table S3.2 in Appendix

S3) indicates that relative changes in the distribution of these

species tended to be larger in magnitude than those of other

species. As open-habitat specialists suffered losses in most

cases, average values of relative area change calculated across

species were often negative (Table 2). However, we do not

think that this source of bias alters the conclusions of this

research.

Dispersal limitation effects

At continental scales, it is very difficult to know to what

degree birds may have the dispersal ability to track environ-

mental changes (e.g. Devictor et al., 2008). Accounting for

animal dispersal when modelling distributions may be less

critical for regional studies, because the ratio between the

area that animals are able to explore and the spatial extent

becomes larger. In our study case, dispersal limitations are

expected to be more important in scenarios that include cli-

mate change and less important in scenarios that include fire

suppression (Table 2, column FD � ND), reflecting the fact

that colonization of recently burned areas often requires

good dispersal abilities. For species whose habitat is strongly

fragmented, such as for several open-habitat birds in our

study, coping with dispersal limitations will often be critical

(Dewhirst & Lutscher, 2009; Brotons et al., 2012).

Fire regimes and conservation of avian diversity

Shifting fire regimes are a critical conservation issue in many

regions of the world (Driscoll et al., 2010). Our models indi-

cated greater distributional losses under scenarios including

fire suppression. Therefore, high fire suppression efficiency

may have negative consequences for biodiversity in regions

where fires occur naturally. In Catalonia, regionally threa-

tened open-habitat birds have been found to maintain their

populations owing to their ability to colonize recently

burned areas (Brotons et al., 2005; Vallecillo et al., 2008).

Conservation strategies promoting specific fire regimes

through management actions, such as prescribed burning or

woodland thining, have the potential to diversify avian habi-

tats at the landscape and regional scales (e.g. Brawn et al.,

2001; Santana et al., 2012). Studies comparing bird diversity

and fire regimes suggest that higher landscape-level bird

diversity might be obtained through a mosaic of burned and

unburned patches (e.g. Reilly et al., 2006), but other studies

warn against the blind application of policies promoting het-

erogeneity as the sole objective (e.g. Taylor et al., 2012). Dis-

tribution modelling frameworks may prove helpful in

decision-making processes regarding conservation, because

they allow the evaluation of biodiversity gains and losses that

may result from the implementation of specific fire-fighting

and forest management policies at the regional scale (e.g.

Russell et al., 2009). More detailed modelling exercises may

be required to assess the population viability of species pre-

dicted to suffer important distributional declines (e.g.

Akc�akaya et al., 2005; Brotons et al., 2012). Despite their

advantages, in our opinion the usefulness of species model-

ling frameworks is limited to the evaluation of medium- and

long-term effects of stochastically modelled fire regimes,

owing to our inability to accurately predict when and where

wildfires will ultimately occur.

How can we improve predictions of distributional

change?

Modelling is a never-ending quest for more reliable and real-

istic predictions and several aspects of our modelling frame-

work could be improved. First, climate can affect vegetation

in many ways, including both direct (i.e. changes in tempera-

ture and precipitation patterns modulating growth, repro-

duction and mortality of plants) and indirect effects (i.e.

changes in perturbation regimes such as fires or insect out-

breaks). The fact that we did not consider direct climatic

effects on vegetation processes indicates that our predictions

of bird distribution change may be over- or underestimated.

For example, decreases in rainfall could slow down post-fire

regeneration processes (Pausas et al., 2004), enabling fire

patches to remain suitable for open-habitat birds for longer

periods. Second, using the output of a fire-succession model

for the prediction of bird distribution changes implies that

the representation of vegetation status should be detailed

enough to allow an appropriate description of structural

characteristics relevant for bird habitat selection (e.g. Sirami

et al., 2009). Indeed, the low level of detail in the representa-

tion of vegetation may partly explain the low predictive abil-

ity of habitat suitability (HS) models for some species (Table

S3.2 in Appendix S3). Third, even though we did not model

the direct effects of climate change on bird distribution here,

we think that studies aimed at projecting bird distributions

should also account for direct physiological and behavioural

effects of climate on birds (La Sorte & Jetz, 2010). Mechanis-

tic niche models have so far been mostly succesful for ecto-

therms (Kearney & Porter, 2009), but some examples exist

for birds (Monahan, 2009; McKechnie & Wolf, 2010). When

aiming to predict species distributional responses at the land-

scape to regional scale, macroclimatic constraints derived

from global circulation models will need to be hierarchically

integrated with vegetation constraints derived from landscape

simulation models (del Barrio et al., 2006).
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