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a b s t r a c t

The use of forward scenarios to forecast the environmental implications of potential

changes in climate and land use is a useful tool for policy development. In this paper,

we projected the potential responses of bird communities to both climate and agricultural

changes. We created four scenarios of agricultural changes (current trends, biofuel devel-

opment, livestock extensification and agricultural extensification), each developed at na-

tional or regional level of policy-making. We further considered three climatic scenarios

(A1B, A2 and B1) from among the IPCC 4th Assessment Report scenarios. We assessed

changes in bird communities based on the predicted changes in agricultural land use and

climatic suitability using various indicators, including the European Farmland Bird Indicator

(FBI) and the Community Specialisation Index (CSI). We found that trends in the different

indicators differed greatly from each other depending on the agricultural scenarios and

policy-making scale. Our results suggest that public policies that promote extensive agri-

cultural practices are more appropriate for improving the fate of bird communities in

agricultural landscapes, especially with the regionalisation of agricultural policy. These

results provide a readily accessible visualisation of the potential impacts of land use and

climate change on farmland bird communities.
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1. Introduction

Anthropogenic climate change is recognised as one of the key

drivers of current biodiversity changes (Rosenzweig et al.,

2008). Observed biodiversity responses to global warming

include changes in local population dynamics (Sillett et al.,

2000), as well as shifts in phenologies (Both et al., 2006) and

fluctuations of species ranges (Thomas et al., 2006). In addition

to impacts on individual species, climate change also affects

the fundamental composition of ecological communities

(Davey et al., 2012; Devictor et al., 2012). In the future,
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anthropogenic climatic change is expected to result in warmer

global conditions, with different scenarios predicting temper-

ature increase from 1.8 8C to 4 8C (IPCC, 2007). Consequently,

once potential range shifts and species extinction rates have

been predicted under various climate change scenarios (Jetz

et al., 2007; Thuiller et al., 2005), a priority is to tailor to

management to mitigate the effects of climate change (Hulme,

2005).

Forecasted changes in climatic conditions imply that the

distribution of a species will shift if it is able to spatially track

climatic conditions (Barbet-Massin et al., 2012). In addition to

climate, many factors also affect species occurrence. For
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example, fragmentation of suitable habitats can impair range

shifts, especially for species with highly specialised habitat

requirements (Warren et al., 2001). The availability of such

suitable habitats will depend on land-use and farmland cover

changes. Local management is rarely considered in discus-

sions on facilitating range shifts, perhaps because many

species distribution models assume that only dispersal

limitation prevents species from occupying habitats that are

predicted to become climatically suitable (Huntley et al., 2010).

Furthermore, land-use change is also an important form of

human-induced global pressure that affects biodiversity (Sala

et al., 2000). The modification and management of landscapes

to produce food and fibre or other agricultural commodities for

human consumption represents one of the most severe and

widespread threats to global biodiversity (Foley et al., 2005). In

Europe, agriculture is the most widespread form of land use,

covering 45% of the total land area (FAO, 2009). This is of

concern because there is increasing evidence linking agricul-

tural intensification and the decline of biodiversity over the

last decades (Kleijn et al., 2009; Stoate et al., 2001), and this is

particularly well documented for farmland bird populations

(e.g. Butler et al., 2007; Donald et al., 2001).

Despite the implementation of agri-environment schemes

– financial incentives to farmers for adopting environmental

friendly agricultural practices – recent evidence has suggested

mixed results regarding their positive impact on biodiversity

(see Kleijn, 2006; Kleijn et al., 2011; Princé et al., 2012). Over the

next decades, the structure of agricultural production and

spatial patterns in agricultural land use in Europe are expected

to face major changes due to trends in global trade,

technology, demography and policies (Busch, 2006). Indeed,

the increasing demand for food production, the introduction

and expansion of bio-energy crops, the modernisation of

agriculture, the abandonment of grazing, and even crop

specialisation, are all factors that may affect farmland cover

within shrinking agricultural areas. In this context, the need to

reconcile agricultural production and biodiversity by both

integrating environmental considerations into future agricul-

tural policies and improving existing conservation measures

is of the utmost concern (Wilson et al., 2010).

In this article, we address these major issues by exploring

the potential responses of bird communities to various

scenarios of land-use/cover changes within projected climati-

cally suitable ranges of bird species. We focused on breeding

birds since they have been widely used as indicators of

biodiversity status and trends (e.g. Butler et al., 2010; Gregory

et al., 2009). The recent development of large-scale monitoring

schemes, especially for birds, provides valuable wildlife

monitoring data at national and even multi-national scales.

As a result, biodiversity indicators such as the Farmland Bird

Indicator (FBI) are widely used (e.g. Doxa et al., 2010; Gregory

et al., 2005; Mouysset et al., 2012; Scholefield et al., 2011) and

has been adopted as a Structural and Sustainable Develop-

ment Indicator by the European Union (EU, 2005). Other

indicators are also valuable, such as the Community Speciali-

sation Index (CSI) (see Julliard et al., 2006) that discriminates

ordinary communities of generalist species that are more

resilient to perturbations, from specialised communities with

more specialised species that are especially sensitive to global

change (Devictor et al., 2008).
We first used the Special Report on Emissions Scenarios

(SRES) to integrate likely changes in species climatic suitability

based on species distribution models (SDMs) (Barbet-Massin

et al., 2012), and changes in agricultural area based on the

IMAGE model (MNP, 2006), inside future climatic niches. We

then built up farmland cover scenarios at a fine spatial scale,

exploring different combinations of agricultural policies and

environmental commitments for 2050, to further link bird

abundances to crop/grass proportions. Farmland cover sce-

narios are based on realistic evolutionary trends of European

agriculture, corresponding to arrangements between market

trends, technology, public policies, including agri-environ-

mental and agricultural policies. Thus, we considered a

‘Biofuel’ scenario, an ‘Extensification’ scenario and a ‘Livestock

Extensification’ scenario, that we compared to a ‘Status Quo’

scenario. The latter corresponds to a ‘‘business as today’’

scenario, in which we continue with the same dynamics.

Moreover, given the high regionalisation of main crop

productions in France (Agreste, 2011), we were also interested

in testing the impacts of sublevels policymaking on bird

communities. Therefore, we developed two of the farmland

cover scenarios at different level of policy implementation

(national or regional). We expect that climate and farmland

area changes may have a negative impact on the bird

community as a whole. However, we question whether or

not changes in farmland cover at a fine spatial resolution can

reduce or offset the impact of global changes, or if the fate of

bird communities mainly depends on broader environmental

changes.

2. Methods

More than half of France is covered by agriculture areas, with

wide regional disparities (see Fig. A1 in Appendix A). Crop-

lands represent about 66% and grasslands 34% of the French

agricultural area (Agreste, 2011). France is divided into 713

Small Agricultural Regions (SAR) that range from 11 to

4413 km2 (source: National Institute of Statistics and Economic

Studies, INSEE; www.insee.fr). SARs are relatively homoge-

neous in terms of their agro-ecological and economic

characteristics (Agreste, 2011), which makes them particularly

well suited for statistical analysis and forecasting.

2.1. Agricultural area data

We used data on the proportion of French agricultural area,

i.e., the proportion of land occupied by farmland habitats. This

is the proportion of an SAR covered by (1) herbaceous or

cultivated pasture, (2) cultivated and managed areas, and (3)

mosaic cropland/natural vegetation. These variables were

derived from the 19 land cover types (by grouping SAR

classifications into combined categories) available in the

IMAGE 2.4 model (MNP, 2006) at a 0.58 resolution grid

(�55 km) for all decades since 1960. The IMAGE 2.4 model

assumes human population and macro-economy as key

drivers for establishing physical indicators in both the

energy/industry system and the agriculture/land-use system

for assessment of changes in land cover (MNP, 2006). To be

consistent with current climatic variables (used in this study

http://www.insee.fr/
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for estimating the current climate suitability of species; see

below), we used the average of the three variables cited above

from 1960 to 1990 to obtain the current proportion of farmland

habitats. Future land cover projections (for 2050) were

obtained from the three SRES scenarios, A1B, A2 and B1, of

the IMAGE 2.4 model (MNP, 2006). Current and future

proportions of farmland habitats were downscaled at the

scale of each SAR. To do this, we first extracted proportion

values using a GIS (ArcGis 9.3) by overlapping grid cells and

SARs, and then averaged in each SAR weighting by the

proportion of SARs included in grid cells.

2.2. Farmland cover scenarios

We developed agricultural scenarios that account for the

diversity and dynamics of production systems and crop

management in French agricultural regions. Each scenario

represented a potential outcome of French agriculture

according to realistic assumptions on political decision

conditions and changes in livestock farming/crop patterns.

They are based on the elements currently mobilised in the

debates concerning the evolution of European agricultural

policies, as documents submitted in support of the European

Commission proposals for the CAP for 2013–2020 (European

Commission, 2011) and of prospective documents (Guindé

et al., 2008; Guyomard et al., 2008). We developed four main

scenarios: ‘Status Quo’, ‘Biofuel’, ‘Livestock Extensification’ and

‘Extensification’. Extensification in this context means a produc-

tion cost reduction strategy that leads to an output reduction.

These scenarios differ in terms of the proportion and spatial

distribution of grasslands, forage crops, cereals, and in

oleaginous and proteaginous crops in livestock and arable

areas. We developed two scenarios (‘Biofuel’ and ‘Extensifica-

tion’) at two levels of policy implementation: National and

Regional. A National level means that the same policies are

applied in all agricultural regions, regardless of their type of

agro-ecosystem. A Regional level of implementation allows

policies to differ between SARs, often ending in a specialisa-

tion of agricultural territories. We thus developed six

scenarios to project the potential impact of future changes

in farmland cover on farmland birds (see Appendix A for more

details on the development of scenarios). These scenarios are

based on changes in crop patterns at a regional scale between

2000 (the base year for agricultural data) and 2050 (time

horizon considered for each scenario). Data used to develop

farmland cover scenarios came from the national 2000 General

Agricultural Census. We considered the following nine crops:

permanent grassland, temporary grassland, cereals, grain

maize, rapeseed, sunflower, corn fodder, proteaginous and

forage crops (sorghum, alfalfa, white clover, etc.).

The ‘Status Quo’ scenario projects a continuation of the

current trend in cereal increase, at the expense of grass and

other forage crops in many SARs. The two ‘Biofuel’ scenarios

promote the development of crops used for the production of

biofuels. Nevertheless, proportions and spatial distribution of

these crops – and of grasslands and other replaced crops –

differ according to the global or regional scenario considered.

The ‘Livestock Extensification’ scenario promotes an extensifica-

tion in livestock and mixed-farming areas, mainly by

increasing grasslands and reducing forage crops, with the
status quo in arable areas (i.e., mimicking current crop

patterns). Finally, the two ‘Extensification’ scenarios promote

grassland/crop extensification in all SARs, depending on the

national or regional political framework, as in the case of the

‘Biofuel’ scenarios. These scenarios mimic different changes in

the implementation of agri-environment schemes related to

the development of sustainable practices, according to the

agricultural characteristics of each agro-ecosystem (e.g., an

increase in pastures and extensive management of grasslands

in livestock areas, a better balance of rotations with an

introduction of new crops such as proteaginous crops in arable

areas). We provide changes in the national proportion of

farmland covers, according to each scenario, in Table A.3.

2.3. Bird data

We used bird data from the French Breeding Bird Survey (BBS),

a standardised monitoring scheme in which skilled volunteer

ornithologists identify breeding birds by song or visual

contact in spring (Jiguet et al., 2012). Each observer provided

the name of a municipality, and a 2 km � 2 km square bird

survey area was randomly selected within a 10-km radius of

the centre of gravity of this municipality. Random selection

ensures that surveyed habitats closely match the actual

distribution of available habitats in France. In each BBS

square the observer monitored 10 point counts (5 min each)

twice per spring (4–6 weeks between the sessions), with

points separated by at least 300 m. Counts were repeated

yearly by the same observer, at the same points, on

approximately the same date (�7 days within April to mid-

June) and at the same time of day (�15 min). For a given point,

we retained the maximum counts of the two annual visits

with the exception of three migrant species, Meadow Pipit

(Anthus pratensis), Yellow Wagtail (Motacilla flava) and Whin-

chat (Saxicola rubetra). For these species only counts from the

second session were considered given that until early May

there are still numerous migrating individuals on the move or

late wintering birds remaining, such as for the Meadow Pipit.

Squares considered in the study include at least five points

located within farmland habitats, according to the habitat

codes noted by the observers in the field (Julliard et al., 2006).

Among the common breeding species monitored by the

scheme, we focused on those 34 species classified as farmland

specialists and habitat generalists (see Table 1). We consid-

ered abundance data for each species for the period 2001–2009

and summed this for each year at the scale of small

agricultural regions. Similarly, we summed the number of

yearly point counts in each SAR. This type of BBS has proven

relevant to study the spatial and temporal dynamics of bird

populations and communities facing global change (see Jiguet

et al., 2011, for a development).

2.4. Estimating current and future climate suitability of a
species

Values of current and future climate suitability of a species

across its whole distribution range were obtained through

species distribution modelling using BIOMOD package (Thuiller

et al., 2009) and ensemble techniques (see details in Appendix A

and Barbet-Massin et al., 2012), linking presence–absence data



Table 1 – List of the species composing the bird community studied.

Species Habitat specialisation SSIg Main habitat

Grey Partridge Perdix perdix Farmland 1.25 Cropland

Yellow Wagtail Motacilla flava Farmland 1.33 Cropland

Corn Bunting Emberiza calandra Farmland 1.56 Cropland

Lapwing Vanellus vanellus Farmland 1.56 Cropland

Quail Coturnix coturnix Farmland 1.59 Cropland

Skylark Alauda arvensis Farmland 1.6 Cropland

Red-legged Partridge Alectoris rufa Farmland 1.84 Mixed

Linnet Carduelis cannabina Farmland 1.85 Mixed

Rook Corvus frugilegus Farmland 1.94 Mixed

Meadow Pipit Anthus pratensis Farmland 2 Mixed

Whitethroat Sylvia communis Farmland 2.04 Mixed

Kestrel Falco tinnunculus Farmland 2.12 Mixed

Yellowhammer Emberiza citrinella Farmland 2.26 Grassland

Stonechat Saxicola torquatus Farmland 2.29 Grassland

Cirl Bunting Emberiza cirlus Farmland 2.37 Grassland

Buzzard Buteo buteo Farmland 2.42 Grassland

Whinchat Saxicola rubetra Farmland 2.44 Grassland

Hoopoe Upupa epops Farmland 2.53 Grassland

Red-backed Shrike Lanius collurio Farmland 2.58 Grassland

Wood Lark Lullula arborea Farmland 2.61 Grassland

Blackbird Turdus merula Generalist

Blackcap Sylvia atricapilla Generalist

Blue Tit Cyanistes caeruleus Generalist

Carrion Crow Corvus corone Generalist

Chaffinch Fringilla coelebs Generalist

Cuckoo Cuculus canorus Generalist

Dunnock Prunella modularis Generalist

Golden Oriole Oriolus oriolus Generalist

Great Tit Parus major Generalist

Green Woodpecker Picus viridis Generalist

Jay Garrulus glandarius Generalist

Melodious Warbler Hippolais polyglotta Generalist

Nightingale Luscinia megarhynchos Generalist

Wood Pigeon Columba palumbus Generalist

F = Farmland birds; G = Generalist birds; STI = Species Trophic Index; SSI = Species Specialisation Index; SSIg = habitat specialisation index of

farmland species; Main habitat = main habitat of farmland species, determined on the basis of the SSIg (see Section 2.5 for more details).

e n v i r o n m e n t a l s c i e n c e & p o l i c y 3 3 ( 2 0 1 3 ) 1 2 0 – 1 3 2 123
to climatic variables across the species distribution. The outputs

of these models, hereafter referred to as climatic suitability, are

an estimate of the probability of the presence of a species given

the climatic conditions at a 50 km � 50 km spatial scale. Future

climate projections for 2050 were derived from five general

circulation models (BCM2, ECHAM5, HADCM3, MIROHIC3_2-HI,

and MK3) and three different emission scenarios, the same three

SRES scenarios used for farmland habitats projections (i.e., A1B,

B1 and A2). We obtained the future climate suitability values by

calculating the weightedmean of outputs from models projected

with these different climate scenarios (see Appendix A for more

details). Based on the modelled distributions, we downscaled

climate suitability values at the scale of each SAR (similarly to

proportions of farmland habitats).

2.5. Biodiversity indicators

2.5.1. Abundance indices
To analyse predicted trends in population abundances, we

first focused on the national Farmland Bird Index (FBI) to study

the structural changes in farmland biodiversity (Balmford

et al., 2005). This indicator reports the variation in the

abundances of the 20 specialists of farmland habitats. We

further explored the predicted trends of the farmland
specialist birds according to their main habitat: grassland,

cropland and mixed grassland/cropland. The main habitat of

farmland specialists was determined with the calculation of a

species specialisation index for grasslands (SSIg). We comput-

ed the SSIg as the weighted mean of species abundance among

four sub-habitats of the farmland habitat: unimproved grass-

lands, improved grasslands, mixed grassland/cropland, and

cropland, with weighting coefficients of 4, 3, 2 and 1,

respectively. We considered species with the highest SSIg

values (SSIg > 2.2) as grassland birds, and species with the

lowest SSIg values (SSIg < 1.8) as cropland birds. We consid-

ered the remaining species as mixed habitat farmland species.

Like the FBI, we computed the indices of these three groups of

cropland, grassland and mixed species (hereafter referred to

as ‘‘cropFBI’’, ‘‘grassFBI’’ and ‘‘mixedFBI’’). We also computed

a national index for the 14 habitat generalists, i.e., a generalist

bird index (GBI) that reports the variations in abundances of

these species (Julliard et al., 2004), with the aim of comparing

the response of the different groups.

2.5.2. Community indices
We used three community indices. We first considered a

popular specific diversity index, the Shannon-Wiener Index,

which provides information about the evenness of the species



Fig. 1 – Flowchart summarising the different steps of the

study methods and how the different environmental

drivers, and associated projections, were integrated in our

analysis.
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abundance distribution in the community (Keylock, 2005;

Shannon, 1948).

Next, we used two functional indicators: the Community

Specialisation Index (CSI), as defined by Julliard et al. (2006).

This index measures the mean degree of habitat specialisation

among the individuals forming a local community.

Second, we used a Community Trophic Index (CTI) (Jiguet

et al., 2012). This indicator discriminates between communi-

ties with more granivorous species (e.g., low trophic level), and

communities with more insectivorous and carnivorous

species (e.g., high trophic level). Species trophic level is is

determined on the basis of the three diet proportions

(vegetables, invertebrates and vertebrates, with weights of

1, 2 and 3, respectively) of each species (BWPI, 2006).

These three indices were first computed in each SAR, and

were then averaged by weighting the ratio of the area to the

number of count points of corresponding SARs to obtain a

national community index (see Appendix A for more details on

the calculation).

The flowchart in Fig. 1 summarises the different steps of

the study methods and how we integrated the different

environmental drivers, and associated projections in our

analysis.

2.6. Statistical methods

To determine the impact of farmland cover scenarios (referred

to hereafter as LC scenarios) combined with changes in

farmland area and climatic suitability on French bird

communities, we first developed a calibration model. We

used a habitat association model of the effects of climate and

land-use/cover variables on the relative abundance for each of

the 34 species independently, using data from 386 SARs

(sampled at least once between 2001 and 2009). For this

purpose, we used generalised linear mixed models (GLMM) to

estimate species abundance according to climatic suitability,

proportion of farmland habitat and farmland covers in each

SAR. The model assumed a Poisson distribution of the data

with a log link function. We specified the year of count and the
SAR as random effects in the models, and climatic suitability,

the proportion of farmland habitats and the nine crop

proportions as fixed effects. We added an observation-level

random effect to the corresponding species models (Elston

et al., 2001) to take account of over-dispersion in species data.

Moreover, we integrate the number of count points in a BBS

square located in a farmland habitat as a linear fixed effect to

account for variability in sampling effort. We used the outputs

of the models to further predict the impact of future changes

in agricultural land uses combined with climate and habitat

changes on the abundance of common breeding birds. We also

predicted changes in abundance under two control scenarios

in which 1) there was only climate change while current

farmland area and cover remained unchanged (‘Status Quo’

farmland cover scenario), and 2) only farmland area changed,

with no climate change and current farmland cover main-

tained. Predicted abundances were exponential-transformed

before computing the different biodiversity indicators (see

Appendix A for calculation details).

We then analysed the responses of indicators with

generalised linear models (glm) using regional index values

(at the scale of the SAR) as the dependent variable (abundance

indices were log-transformed to meet the normality assump-

tion). The independent predictors were the SRES scenarios,

the LC scenarios and the initial regional agro-ecosystem as

categorical variables, and all interactions. These latter were

integrated to account for indicator responses mainly associ-

ated with the initial farming system, or to see, for example,

whether responses of indicators to LC differ between SRES.

We also included the equation, x + y + xy, where x and y are

the coordinates of the centre of an SAR, to adjust the

responses of each index to the spatial location of the SAR.

We used an information-theoretic approach for model

selection and for model performance assessment. For this,

multi-model inference was carried out with the R package

‘‘MuMIn’’ (http://mumin.r-forge.r-project.org), by running

models for all the possible combinations of the variables.

These possible models were ranked following the adjusted

Akaike’s information criterion (AICc), according to which the

most plausible model is the one with the lowest AICc value

(Burnham and Anderson, 2002) and the highest Akaike

weight. The latter measures the posterior probability that a

given model is true, given the data and the set of competing

candidate models (Burnham and Anderson, 2002). We carried

out all analyses in R 2.15.0 software. Finally, in the best-

selected model for each indicator, we tested predicting

variables using type-III univariate analysis of variance

(ANOVA) to determine the different contributions of the

predictors on indicator responses.

3. Results

3.1. Overall effects of climate, land use and land cover
changes on bird communities

Regardless of the SRES scenario, climate change alone had a

strong negative predicted impact on bird communities,

especially on farmland bird indices (Table 2). We also found

that changes in farmland area (SRES A1: �7.4%; SRES

http://mumin.r-forge.r-project.org/


Table 2 – Responses of the different ecological indicators to the different SRES scenarios of climate change alone and
changes in farmland area alone (without change in farmland cover as well).

Scenarios Indicators

SRES FBI cropFBI grassFBI mixedFBI GBI Shannon CSI CTI

A1 Climate 0.408 0.274 0.603 0.362 0.797 0.975 0.941 1.004

Farmland area 0.905 0.861 0.949 0.891 0.946 0.995 0.993 0.999

A2 Climate 0.475 0.368 0.729 0.347 0.841 0.980 0.955 1.006

Farmland area 0.972 0.958 0.987 0.967 0.986 0.999 0.998 1.000

B1 Climate 0.534 0.431 0.763 0.410 0.884 0.982 0.961 1.005

Farmland area 0.975 0.970 0.981 0.971 0.985 0.999 0.998 1.000
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A2: �1.9%; SRES B1: �1.7%) led to a decrease of most ecological

indicators (except for the CTI that remains stable). Overall,

SRES scenario A1 was the worst scenario for all birds for both

climate change and changes in areas of farmland habitats,

except for mixed farmland species for which the abundance

indicator declined more under the A2 climatic scenario (Table

2). Conversely, the B1 scenario had less of a negative impact on

bird indicators than the other two scenarios, although for

grassland specialists, the A2 scenario of farmland area change

had the least negative impact.

Model projections showed an overall decrease of bird

indicators by 2050, with some differences between farmland

cover scenarios, except for the CTI, which varied slightly and

generally in a positive manner (Table 3). We found strong

differences in projected responses between the three groups

of farmland specialists, with a larger variance for cropland

specialists than for the other two groups (e.g., indices varied

from 0.289 to 0.843 for cropland species and from 0.739 to 1.013

for grassland species, in response to farmland cover scenarios

combined with the B1 SRES scenario). Moreover, for most

indicators, scenarios with climate change alone led to a

greater decrease than when combined with both farmland

cover and habitat proportion changes (results in Table 2
Table 3 – Responses of the different ecological indicators to th
cover scenarios.

Scenarios LC 

SRES FBI cropFBI grassFB

A1 Status Quo 0.484 0.479 0.597 

Glob. Biofuel 0.406 0.255 0.595 

Reg. Biofuel 0.407 0.235 0.572 

Livest. Extensif. 0.447 0.284 0.794 

Glob. Extensif. 0.413 0.343 0.672 

Reg. Extensif. 0.417 0.167 0.783 

A2 Status Quo 0.608 0.718 0.759 

Glob. Biofuel 0.497 0.355 0.750 

Reg. Biofuel 0.499 0.328 0.723 

Livest. Extensif. 0.556 0.419 0.996 

Glob. Extensif. 0.511 0.494 0.852 

Reg. Extensif. 0.515 0.246 0.961 

B1 Status Quo 0.683 0.843 0.776 

Glob. Biofuel 0.571 0.425 0.774 

Reg. Biofuel 0.565 0.387 0.739 

Livest. Extensif. 0.614 0.493 1.000 

Glob. Extensif. 0.587 0.614 0.876 

Reg. Extensif. 0.588 0.289 1.013 

Scenario abbreviations: G = Global; R = Regional; and L = Livestock.
compared to results in Table 3). Hereafter, climate effect was

further standardised (i.e., used as the baseline value) to better

compare the effects of the farmland cover scenarios.

3.2. Responses of ecological indicators to the different
farmland cover scenarios

Table 3 shows the responses of the ecological indicators to the

different combinations of SRES scenarios and farmland cover

scenarios. We also provide coloured tables with ranked values

of ecological indicators responses to help visualise the impact

of the different agricultural scenarios on bird communities

(see Fig. B1 in Appendix B).

At the community level, the ‘Extensification’ scenarios are

the most efficient scenarios for both the Shannon index and

the Community Trophic Index, leading to more diverse

communities (up to 1% under both ‘Livestock Extensification’

and ‘Regional Extensification’ scenario) with higher trophic level

(up to 1.6%, under the ‘Regional Extensification’ scenario).

Conversely, the two ‘Biofuel’ and the ‘Status Quo’ scenarios

resulted in decreasing species diversity and trophic level of

bird communities (down to respectively 2.6% and 1.5% under

the ‘Status Quo’ scenario). The Community Specialisation
e different combinations of SRES scenarios and farmland

Indicators

I mixedFBI GBI Shannon CSI CTI

0.369 0.743 0.949 1.049 0.989

0.388 0.804 0.958 0.963 0.996

0.449 0.776 0.960 0.971 1.001

0.327 0.756 0.982 0.956 1.013

0.260 0.753 0.976 0.963 1.009

0.450 0.835 0.981 0.912 1.018

0.384 0.814 0.954 1.078 0.992

0.403 0.885 0.964 0.983 0.999

0.464 0.849 0.966 0.992 1.005

0.340 0.834 0.990 0.975 1.017

0.267 0.830 0.985 0.981 1.013

0.469 0.918 0.990 0.925 1.022

0.466 0.862 0.956 1.082 0.990

0.511 0.930 0.967 0.987 0.998

0.577 0.895 0.969 0.996 1.003

0.399 0.869 0.992 0.980 1.015

0.329 0.869 0.986 0.988 1.011

0.579 0.961 0.992 0.931 1.020



Fig. 2 – Effects of the interaction between farmland cover

scenarios and the initial regional agro-ecosystem on the

regional population indicator of grassland specialist

species (grassFBI). Estimated effects of the interaction on

the regional grassFBI are plotted with the respective 95%

confidence interval. The farmland cover scenario

designated as ‘Baseline’ corresponds to the reference

scenario with climate change alone, i.e., without any

agricultural change. An estimated effect higher than 1

means that the indicator increases. Colour legend: dark

green = livestock farming based on fodder maize; medium

green = semi-extensive lowland livestock; light

green = semi-extensive mountain livestock;

yellow = crops with rapeseed dominant; brown = crops

with diversified rotations; red = crop specialisation;

purple = diversified farming systems; blue = mixed

farming systems. (For interpretation of the references to

color in this figure legend, the reader is referred to the web

version of the article.)
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Index is more sensitive to the various farmland cover

scenarios the Shannon index and the CTI, with more

contrasting responses under the ‘Status Quo’ scenario (up to

+12%) and the ‘Regional Extensification’ scenario (down to �3%;

the only scenario leading to a decrease in average community

specialisation).

At the population level, the ‘Extensification’ scenarios lead to

communities with higher populations than the ‘Status Quo’

and ‘Biofuel’ scenarios. Nevertheless, responses of bird indices

differ between the different farmland cover scenarios accord-

ing to the group of species. The overall FBI increased in most

scenarios, whereas habitat generalists showed more variable

responses and may increase (with the ‘Livestock Extensification’

and ‘Biofuel’ scenarios) or decrease (especially with the ‘Status

Quo’ scenario). The ‘Status Quo’ scenario increased the

farmland bird numbers more, whereas the ‘Biofuel’ scenarios

were less effective. We also observed clear differences

between farmland cover scenarios in terms of the abundance

of cropland, grassland and mixed cropland/grassland special-

ist birds. Indeed, cropland specialists increased more under

the ‘Status Quo’ scenario (20–41%, depending on the SRES

scenario). In the case of grassland specialists, the ‘Extensifica-

tion’ scenarios, especially the ‘Livestock Extensification’ scenario,

provided higher values of the indicator (up to 27%). Concerning

mixed specialist species, the two regional scenarios (‘Exten-

sification’ and ‘Biofuel’) were the most effective in increasing

their population numbers. The ‘Livestock Extensification’ and

‘Global Extensification’ scenarios both increased the population

numbers of cropland and grassland specialists, and were

detrimental for mixed farmland species. Conversely, the

‘Regional Extensification’ scenario increased the population

numbers of mixed species, and grassland species and general-

ists as well, but decreased the abundance of cropland

specialists.

Fig. 3 synthesises the different ecological performances,

described in part above, among the farmland cover scenarios

for the more pessimistic SRES scenario (i.e., the A1 scenario).

The CTI was not presented in this figure given that compared

to the other indicators, the response range was smaller and it

was therefore difficult to differentiate scenario effects. The

responses of the three population indicators of specialised

species (i.e., cropland, grassland and mixed farmland species)

showed considerable variation. The cropFBI and the CSI

ranked farmland cover scenarios in the same order, whereas

the mixedFBI ranked scenarios quite similarly to the GBI.

Finally, the grassFBI discriminated scenarios, as did the the

Shannon Index.

3.3. The effect of regionalisation and the importance of
initial main agro-ecosystems

While all the indicators ranked climate scenarios in the same

order (with A1 resulting in the sharpest declines and B1 being

less harmful), responses to changes in farmland area are not

identical, especially for grassland specialist species that

responded less negatively to the A2 scenario (with increasing

regionalisation tendency) than the two other scenarios.

As mentioned above, while the ‘Extensification’ scenarios

were globally most efficient than the others at both commu-

nity and population levels, the ecological indicators responded
differently according to the level of policy implementation.

However, regional scenarios led to more differentiated

regional responses of the bird indices throughout the country

than the national scenario. As an example, the ‘Livestock

Extensification’ and ‘Regional Extensification’ scenarios led to

responses more regionally pronounced of the Shannon Index

and the Community Trophic Index (see respectively Figs. B2

and B3 in Appendix B). For all community indicators, the best

model (from the glm) included all three predictors and the

interaction term between farmland cover and main agro-

ecosystem (Table 4). For all indicators, this interaction

explained the largest part of variance in responses, from 4%

for the GBI to almost 20% for the CSI and CTI. For the FBI, the

GBI and the mixedFBI, the interaction between SRES scenarios

and agro-ecosystems also most parsimoniously explained the

variance (Table 4). Fig. 2 illustrates the estimated effect of this

interaction on regional indices of grassland species (grassFBI),

extracted from the output of the best-selected model for this

indicator. Fig. 2 shows that the ‘Livestock Extensification’

scenario is the more likely to increase grassland bird

populations on mixed and livestock farming regions. Con-

versely, in arable regions the ‘Global Extensification’ scenario is

most likely to improve grassland bird populations. Moreover,

the spatial structure captured a larger part of the variance for

abundance indices than for those related to community



cropFBI

grassFBI

mixedFBI

GBI

shannon

CSI

Fig. 3 – Comparison of ecological indicators in 2050 in

response to SRES scenario A1, combined with the ‘Status

Quo’ scenario (black), ‘Global Biofuel’ and ‘Regional Biofuel’

scenarios (brown and yellow, respectively), ‘Livestock

Extensification’ scenario (violet) and ‘Global Extensification’

and ‘Regional Extensification’ scenarios (dark green and

light green, respectively). Response to climate change

alone was taken as the baseline reference (the dotted grey

line). The indicator value increases as it extends further

from the centre (the innermost graduation is set at 0.7 and

the outermost at 1.3). (For interpretation of the references

to color in this figure legend, the reader is referred to the

web version of the article.)
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structure (FBI: partial r2 = 25.6%; GBI: partial r2 = 24.6%).

Subsets of variables in each indicator model explained a large

amount of variance: FBI, 47.6%; cropFBI, 35.3%; grassFBI, 58.8%;

mixedFBI, 46.8%; GBI, 49.5%; CSI, 34.8%; Shannon index, 35.1%;

and CTI, 44.2%. We also found that the predicted changes in

indicator values were mainly associated with the initial

regional agro-ecosystem (Table 4).

4. Discussion

By developing farmland cover scenarios that we combined

with available scenarios of global environmental changes (i.e.,

climate and land use), we intended to project potential

impacts of changes in crop patterns on birds through various

indicators. These scenarios cannot be interpreted as predic-

tions of future land uses, but they should be viewed as sets of

coherent and internally consistent simulations based on

plausible but necessarily simplified assumptions of how

future farms may develop. Besides, these scenarios should

always be interpreted in comparison with the reference

scenario. Our results therefore illustrate some possible

consequences for biodiversity as a result of adopting various

agricultural development pathways in the future.
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First, we showed that climate change has a strong negative

impact on bird communities, especially for habitat specialised

species, as illustrated by the decline of the different

abundance indices of farmland birds (FBI) and of the

community specialisation index (CSI) as well. This is consis-

tent with previous results on the negative impact of climate

change on population trends (Both et al., 2006; Jiguet et al.,

2010) and predicted range shifts and reductions (e.g. Barbet-

Massin et al., 2012; Jetz et al., 2007). We can observe that the

impact of climate change on bird abundance significantly

decreases bird responses to agricultural changes. However,

this negative effect of climate change may be overestimated.

At a broad spatial scale, it is often possible to identify factors

that set a limit to maximum abundance without completely

explaining or fully determining abundance in all places

(VanDerWal et al., 2009). Climate may fix the carrying capacity,

i.e., the possible maximum local abundance, which might not

be reached because of various species interactions, for

example. When environmental suitability is high, a species

may be abundant, but not necessarily so, making it particu-

larly difficult to accurately predict local abundance under the

influence of climate (Nielsen et al., 2005; VanDerWal et al.,

2009) and, therefore, to predict potential changes in abun-

dance under a changing climate.

To a lesser extent, changes in farmland habitats, on the

decline in this case, intuitively also had a negative impact on

farmland bird populations. Reducing arable area will auto-

matically reduce available habitats for farmland birds and

limit population distribution and abundance. Moreover, land-

use changes are known to induce changes in abundance and

distribution in birds (Jiguet et al., 2007; Vallecillo et al., 2009).

4.1. Responses of bird communities to farmland cover
scenarios

The various responses of ecological indicators to the different

agricultural scenarios suggest that farmland cover is an

important driver of bird communities. With the ‘Status Quo’

and ‘Biofuel’ scenarios, public policies that favour crops - mainly

at the expense of grasslands and crop diversity in arable land –

could be detrimental to biodiversity. Indeed, scenarios such as

the ‘Status Quo’ scenario lead to more specialised communities

(Doxa et al., 2010) with a low average trophic level (Mouysset

et al., 2012), highly improving abundances of cropland special-

ised species such as the Skylark (Alauda arvensis) and more

granivorous species such as the Common Quail (Coturnix

coturnix), while, at the same time, decreasing the population

size of all other groups of bird species. Although we would

expect a more negative impact of continuous intensive

agricultural practices on farmland birds, as has already been

shown (e.g. Donald et al., 2006; Gregory et al., 2005), these results

are quite consistent in terms of population trends in recent

years in France. In fact, during the last decade, the decline of

populations of farmland specialists in France appears to have

slowed down (Jiguet, 2010). Moreover, more than reflecting an

intensification of practices – via higher input or mechanisation –

the ‘Status Quo’ scenario reflects a unification of farmland cover

in arable areas and a drastic reduction of permanent grassland

throughout the country, more favourable to open-habitat

species, as mentioned above.
Like the ‘Status Quo’ scenario, ‘Biofuel’ scenarios promote

the extension of arable areas, but with public policies that

support more drastic reductions in crop diversity, with a trend

towards the monoculture of biofuel crops (mainly rapeseed in

our study). Regarding these ‘Biofuel’ scenarios, we show here

that these policies result in smaller and less diversified bird

communities. Communities showed a very limited improve-

ment of their specialisation level, which is strongly driven by

an increase in the abundances of mixed cropland/grassland

species with a low trophic index such as the Linnet (Carduelis

cannabina) – up to 55% with a global scenario and up to 75%

with a regional scenario (unpublished results) – that is

consistent with previous findings related to this species

(Moorcroft et al., 2006; Mouysset et al., 2012). However, overall,

‘Biofuel’ scenarios lead to a decrease in the populations of

many farmland birds and an increase in the populations of

generalist species. With such scenarios, communities are

more subject to functional homogenisation since it is strongly

detrimental for cropland specialists and more beneficial for

generalists (Devictor et al., 2007; Rooney et al., 2007). The

impact of biofuel crop cultivation on biodiversity depends on a

combination of various effects (Anderson and Fergusson, 2006;

Anderson et al., 2004; Firbank et al., 2008): local scale effects

such as the choice of crop, management intensity and

vegetation structure, the biodiversity value of the crop relative

to the land-use types that it replaces, as well as landscape

scale effects such as the geographical location, the scale and

the spatial distribution of the crops. It is important to stress

that our results solely reflect the impacts of biofuel policies on

land-use changes, whereas the implications of such policies

could go well beyond that.

In contrast, ‘Extensification’ scenarios, through public poli-

cies that promote extensive grasslands and crop diversity

either globally or regionally, seem to provide more benefits for

breeding birds in agricultural landscapes. Communities are

more diversified, with larger population sizes and higher

average trophic levels. Such positive effects of extensive

farming practices have already been highlighted in other

studies that assessed the impact of past agricultural changes

on bird communities (e.g. Doxa et al., 2010, 2012). Larger

communities composed of more diverse species and that

occupy all of the trophic levels of the food chain are of

particular interest in their ability to ensure ecological services

and sustainability (Sekercioglu et al., 2004). Such communities

provide ecosystems with a buffer against environmental

disturbances and, therefore, some stability in their function-

ning. These types of communities are of great interest for

agricultural activities since they are more resilient to global

changes (Keesing et al., 2010) and provide more diversified and

sustainable ecosystem services such as pest control, pollina-

tion and decomposition processes (Altieri, 1999; Tilman et al.,

2002; Wilby and Thomas, 2002). However, none of the three

‘Extensification’ scenarios had a positive impact on all of the

indicators related to bird communities as a whole. With the

‘Global Extensification’ scenario, bird communities are slightly

more specialised than with the previous scenario due to both

an increase of species specialised in cropland, and a decrease

of generalist species in agricultural landscapes. However,

these types of globally implemented policies are the most

detrimental to mixed farmland species, perhaps because of
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the conversion of mixed farming systems. While the ‘Regional

Extensification’ scenario is more effective for improving the

average trophic level and sizes of most populations, it leads to

less specialised communities as a result of improving more

generalist species than farmland specialists. Constrasting

responses of cropland specialists to both ‘Regional Extensifica-

tion’ and ‘Global Extensification’ scenarios suggest that the

presence of semi-natural habitats in arable lands (the ‘Global’

scenario) are important for these specialised species. This is

consistent with findings of recent studies (e.g. Siriwardena

et al., 2012), highlighting the fact that the heterogeneity of

landscape types have the most significant influence on

cropland bird abundance. The ‘Livestock Extensification’ scenar-

io that promotes the increase of extensive grassland in

livestock and mixed farming areas and the status quo in

arable areas, unlike the two previous extensification scenari-

os, seems to benefit the overall dimensions of communities

with varying degrees of positive effects. In fact, such a scenario

induces the largest population increases of farmland birds,

especially of cropland and grassland specialists, with a sharp

increase for the latter. In any case, promoting agricultural

extensification, especially extensive grasslands, appears to be

essential for the conservation of bird communities and for the

management of agriculture. Moreover, regional implementa-

tion of extensification policies may be more favourable to bird

communities as a whole.

4.2. The relevance of policy regionalisation

The regionalisation of agricultural trends leads to spatially

heterogeneous changes in farmland covers between SARs.

Contrasting variations in farmland covers, either spatially or

quantitatively, lead to regionally diversified responses of bird

populations resulting in better biodiversity trends both for

‘Biofuel’ and for ‘Extensification’ scenarios, than for global

scenarios. Although a regional implementation globally

provides more benefits to bird populations, the concerned

crops largely determine the pool of species that are favoured.

Such a study at a fine spatial scale, defining potential farmland

cover changes based on current agro-ecosystem specificities,

is particularly appropriate for highlighting the fact that

according to the scenario considered, some agricultural

systems are more decisive for specific bird populations. As

an example, extensification policies associated with the

‘Livestock Extensification’ scenario in livestock farming regions

based on fodder maize lead to sharp increases in grassland

bird populations (Fig. 2), whereas the same scenario has no

impact on arable species (Fig. B7 in Appendix B). The latter

benefit more from the intensification of crop specialisation in

agro-ecosystems.

With regards to grassland specialists in particular (Fig. 2),

mountain grassland systems always appear favourable to

these species, regardless of the farmland cover scenario, with

an apparent improvement caused by extensification policies

in these areas associated with ‘Regional Biofuel’ and ‘Livestock/

Regional Extensification’ scenarios. These same scenarios are

also favourable to grassland species in livestock farming

systems based on fodder maize. Finally, the ‘Livestock

Extensification’ scenario is the only one that can promote

populations of grassland specialists in mixed farming systems
(corresponding to ‘mixed’ and ‘diversification’). It leads to the

conclusion that this latter scenario – promoting grassland

extensification in livestock areas and the status quo in arable

areas (maintenance of current crop patterns) – is the best

scenario for increasing the populations of these species.

Moreover, this scenario is one of the two that are capable of

offsetting the negative impact of climate change on grassland

species and decreasing the impact of farmland habitats as well.

By looking at both the predicted changes of bird popula-

tions and of community structure in each agro-ecosystem, it

may be possible to determine the agricultural policies that can

most effectively maximise the benefits for bird communities

as a whole through farmland cover changes specific to

regional farming systems.

5. Conclusion

The approach presented here is considered to be innovative

since no comparable policy impact assessment that integrates

both climate and land-use changes at these fine spatial scales

has yet to be applied to such a large set of bird species at a

national scale. It is important to note that the value of our

estimates is mainly heuristic. However, they may help

planners and decision makers to formulate problems and

choices on the basis of prospective impact studies (Araujo

et al., 2008). There are important conclusions that can be

drawn from this scenario-based study. The most important

one is that the impacts of alternative development pathways

on biodiversity will certainly be complex. Indeed, no single set

of decisions will necessarily maximise the benefit for

biodiversity as a whole.

Trends in the different indicators differed depending on

agricultural scenarios and the spatial scale of policy imple-

mentation. Biodiversity indicators must be adapted to the

issue at hand and the data used. Both population size

indicators and community structure indicators are comple-

mentary and provide a great deal of information about the

community dynamics as a whole. The development of an

abundance index for the three groups of farmland specialists

helped us to better understand farmland population dynamics

in response to the various environmental changes. Moroever,

the community-based metrics used here that integrate

ecological differences between species (e.g., specialisation

level, trophic level), are useful for refining conservation targets

(Norris, 2008).

Our results suggest that public policies that promote

extensive agricultural practices and, especially, the increase

of grassland covers, are more appropriate for improving the

fate of bird communities in agricultural landscapes. Moreover,

we are convinced that regionalisation is the key for imple-

menting agricultural policies on the basis of the agro-

ecosystem specific to each region, to the benefit of the largest

number of species possible.
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Barbottin for help on farmland cover scenarios development.

Thanks also to Luc Doyen, Alessandro Giassi and Julien Gayno

for their valuable advices on optimisation tools. We are

thankful to Brooke Bateman and Eric Wood for their careful

proofreading.

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at http://dx.doi.org/10.1016/

j.envsci.2013.04.009.

r e f e r e n c e s

Agreste, 2011. L’utilisation du territoire en 2010. Ministère de
l’agriculture, de l’alimentation, de la pêche, de la ruralité et
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