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Agricultural intensification is best considered as the level of human appropriation of terrestrial net
primary production. The global value is set to increase from 30%, increasing pressures on
biodiversity. The pressures can be classified in terms of spatial scale, i.e. land cover, landscape
management and crop management. Different lowland agricultural landscapes in Great Britain show
differences among these pressures when habitat diversity and nutrient surplus are used as indicators.
Eutrophication of plants was correlated to N surplus, and species richness of plants correlated with
broad habitat diversity. Bird species diversity only correlated with habitat diversity when the diversity
of different agricultural habitats was taken into account. The pressures of agricultural change may be
reduced by minimizing loss of large habitats, minimizing permanent loss of agricultural land,
maintaining habitat diversity in agricultural landscapes in order to provide ecosystem services, and
minimizing pollution from nutrients and pesticides from the crops themselves. While these pressures
could potentially be quantified using an internationally consistent set of indicators, their impacts
would need to be assessed using a much larger number of locally applicable biodiversity indicators.
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1. INTRODUCTION
Agriculture can be conceived as the management of

terrestrial ecosystems to divert their productive

capacity to serve human needs, and given that

these needs will continue to grow during the coming

decades, the rate of this appropriation will increase

(Millennium Ecosystem Assessment 2005a). Inevita-

bly, this diversion reduces the productive potential for

non-crop ecosystems and species, both in terms of

replacing existing systems and the management of

agro-ecosystems. There is a fundamental conflict

between the increasing needs of agriculture and the

maintenance of non-crop biodiversity at present levels.

Much has been written about the impacts of

agricultural practice on biodiversity. There is a great

deal of evidence about how farming practices influence

species richness and abundance of taxa (Vickery et al.
2001; Firbank et al. 2003a; Fuller et al. 2005), about

the threats posed by agricultural change to biodiversity

(Tucker & Evans 1997; Krebs et al. 1999; Petit et al.
2001; Tilman et al. 2001), and how farming practices

can be modified to mitigate these threats and generate

benefits (McNeely & Scherr 2003). The biophysical

processes relating agriculture and biodiversity are so
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numerous and interacting that it is difficult to ascribe a
particular biodiversity response to an individual
agricultural cause. Rather, most biodiversity changes
are responses to a suite of agricultural changes that can
be regarded together as agricultural intensification
(Chamberlain et al. 2000) on the one hand, or habitat
restoration or abandonment on the other. This
complexity means that we lack a clear conceptual
model of how agricultural intensification (and by
implication, de-intensification, though this is unlikely
to be a straightforward reversal) affects biodiversity.

In this paper, we present a strategic view of the
different processes that, together, constitute the
pressures of agricultural intensification on biodiversity.
We then consider indicators for both these pressures
and for impacts on biodiversity, here drawn from
national data on plant and bird assemblages, and
finally, we consider the relationships between the
pressures and the impacts to consider appropriate
strategies for conserving biodiversity within agricul-
tural landscapes.
(a) The pressures of agricultural intensification

on biodiversity

It is estimated that, globally, 30% of terrestrial primary
productivity is appropriated by humans (Imhoff et al.
2004). This level of appropriation varies greatly; in
western Europe, it is estimated that levels of human
This journal is q 2007 The Royal Society
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appropriation of terrestrial net primary production
(HANPP) reach 72% (Imhoff et al. 2004). The global
levels of appropriation will only increase as a result of
population and economic growth. This means that the
remaining energy will reduce, impacting still further on
the numbers, biomass and diversity of non-cropped
animals, plants and micro-organisms (i.e. biodiversity,
as interpreted in this paper).

The level of HANPP is, potentially, the ideal
top-level indicator of the pressure of agricultural
intensification on biodiversity. However, there are two
problems with its widespread use at the moment. The
first is that consistent methods for its estimation are not
yet applied at different scales. The second is that while
agricultural impacts on biodiversity are usually
expressed in terms of different species or species
groups, like farmland birds (Donald et al. 2001), the
impacts of appropriation vary between such taxa.
A single indicator of intensification is not sufficient.
Here we propose that agricultural intensification can be
characterized by three major processes, acting at
different scales (albeit with interactions), that can be
indicated separately. They are: transformation between
non-agricultural and agricultural habitats (including
managed forests, an important issue but outside the
scope of this paper); the transformation of agricultural
landscapes into new combinations and arrangements of
crops (including livestock) and semi-natural elements;
and the management of these crops to increase their
productivity, through breeding, fertilizer use, the
introduction of alien species and the control of
competitors, predators and parasites (see also Matson
et al. 1997; McNeely & Scherr 2003).

(i) Transformation between agricultural and
non-agricultural habitats
Globally, one of the major pressures on biodiversity
remains the transformations of natural habitats to
agriculture, especially through forest clearance (Jenkins
2003), both alone and interactively with climate change
(Thomas et al. 2004). However, the transformation is
far from one way (Lepers et al. 2005). Agricultural land
is increasingly being lost owing to urbanization and land
abandonment, for economic reasons and owing to loss
of productivity (Millennium Ecosystem Assessment
2005b). Some transformations between agricultural
land and habitats for biodiversity are conceptual, rather
than reflecting changes in land management; thus
historic farming practices are conserved for their
aesthetic, cultural and ecological interest and, by
contrast, it is possible that wild grazing animals might
be increasingly harvested for human consumption, thus
transforming natural ecosystems into agricultural ones.

The transformation of natural to agricultural land
was largely completed several centuries ago throughout
much of Europe. Indeed, this process is now starting to
reverse, partly owing to land abandonment (Petit et al.
2001) and partly owing to new programmes of large-
scale habitat restoration (Leopold et al. 2001).

(ii) Transformation of agricultural landscapes
Farmed landscapes have always evolved according to
the requirements of the land managers in the context of
the social, economic and technological environment
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(Rackham 1986; Holl et al. 2002; Shrubb 2003).
However, the rate of landscape change has accelerated
globally during the past century. Perhaps the main
reason for this is the increasing spatial scale of the
human food chain. Many traditional and subsistence
farming systems were intended to serve a very local
market; such systems were diverse and fine grained,
thereby providing variety and resilience at a local level.
Fine-grained landscapes are also associated with
modern solutions to local-scale sustainable agriculture
(including permaculture and agroforestry). However,
as many markets became larger and more dispersed,
there has been a greater emphasis on farmers
specializing on fewer products with consequent
reductions in landscape diversity at farm and regional
levels. As a result, the diversity of habitats has declined,
along with the landscape grain, both resulting in
reductions in species diversity (Benton et al. 2003).

(iii) Changes to crop management
One of the most remarkable human achievements of
the twentieth century was that food production more
than kept pace with global population increase
(Millennium Ecosystem Assessment 2005b). This
was largely due to increases of crop yield, brought
about not least by the use of fertilizers and other inputs,
along with the development of new crop varieties. The
potential costs to the environment and human health
were recognized quite quickly (Culver et al. 1956;
Carson 1962; Anon. 1969; Newton & Wyllie 1992;
Philip 2001), and increasingly these concerns were
integrated into agricultural management through
regulation and the development of markets for organic
and integrated farming produce. Changes in crop
management are also technology driven and these
have occurred rapidly; for example, the uptake of
genetically modified crops in those countries where
they are allowed (Fernandez-Cornejo & McBride
2002), the uptake of zero tillage in Brazil (Ekboir
2002) and that of integrated pest management in Asian
rice crops (Matteson 2000).

Assessing the impacts of changing farming practice
is problematic; there are very many intercorrelated
variables to consider (Chamberlain et al. 2000). For
example, while the environmental impacts of genetic-
ally modified herbicide tolerant crops are ultimately the
result of new plant breeding technologies, their direct
causes are changes to herbicide regimes and farming
systems (Firbank et al. 2003c, 2005). Also, farming
practice changes over time, meaning that studies that
demonstrate differential biodiversity impacts of farm-
ing and land management systems (e.g. Kleijn &
Sutherland 2003; Fuller et al. 2005) may quickly
become outdated.
2. ASSESSING THE PRESSURES ON
BIODIVERSITY
It is clear that the pressures of agriculture on
biodiversity vary greatly geographically and across
scales. They vary not only with time, but the rate of
disturbance is an important measure of agricultural
intensity in some systems. Even so, we suggest that the
major aspects of agricultural intensification can be



land use

landscape structrure

crop
management

Figure 1. A conceptual model of how agricultural systems
can be described according to three dimensions of
agricultural intensification, of large-scale land use, of land-
scape structure and diversity, and the management of crops
and livestock at the field scale. It is possible to place any
agricultural system within these dimensions for both the
pressures on biodiversity and, separately, for the biodiversity
states themselves, by using indicators for each dimension.
These might include, for pressures, loss of natural habitat to
agriculture, losses of landscape diversity and increases in
fertilizers and pesticides. For biodiversity states, potential
indicators might include populations of species associated
with natural habitats, species diversity in agricultural habitats
and the trait composition of within-field plant populations.
See text for details.
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summarized in three dimensions that distinguish
between processes at three spatial scales, i.e. large-
scale changes in land cover and changes to landscape
structure and to land management. Given appropriate
indicators, any farming system, of any scale, can be
located within these dimensions (figure 1), allowing the
comparison of pressures on biodiversity arising from
agriculture to be compared directly across space, time
and scales. The impacts of these pressures on
biodiversity also need to be measured using indicators
that are particularly sensitive to the pressures operating
at each scale. In principle, it is therefore possible to
characterize farming systems in terms of biodiversity as
well as the pressures, and to establish a comparative
basis for the strategic assessment of the impacts of
agriculture on biodiversity.

In this paper, we explore the potential for this
approach using data from lowland agricultural areas in
Great Britain (GB). These landscapes have showed
little large-scale transformation between agricultural
and natural habitats in recent centuries, and so we
focus on changes in landscape and land management,
reducing the number of dimensions to two. Ideally,
there would be a unique best indicator for pressure and
biodiversity for each dimension, but in practice there
are many possible indicators, as discussed below.

We evaluate selected indicators of both pressures
and biodiversity using data collected within sample
1 km squares as part of the GB Countryside Survey
2000 (CS; Howard et al. 2003; Smart et al. 2003a).
These squares have been classified according to
climate, topography and geology into a series of
land classes, grouped into environmental zones
Phil. Trans. R. Soc. B (2008)
(Firbank et al. 2003b). These areas differ in terms of
land use, landscape structure and vegetation diversity
(Haines-Young et al. 2003). We use only data from the
three zones that separate the drier, largely arable areas
of eastern England from the wetter lowlands of
England and Wales, and the more northerly lowlands
of Scotland; the three upland zones are not relevant to
this study.

(a) Transformation of agricultural landscapes

It has been argued that the current decline in farmland
biodiversity mainly results from a loss of habitat
diversity at multiple spatial and temporal scales
(Benton et al. 2003). As agriculture has become
specialized, there have been both regional- and farm-
scale trends for a reduction in the diversity of crops
(Hjorth Caspersen & Fritzboger 2002; Shrubb 2003).
In Britain, there has been a simplification of agricul-
tural landscapes in the lowlands, with a drastic
reduction in the length of linear features over the past
20 years (Petit et al. 2003b) and a significant increase in
the size of parcels used for intensive agriculture
(Petit et al. 2002).

These changes in farmed landscapes can affect
biodiversity in two ways. Firstly, the number and
areas of different habitats are affected, and secondly the
grain of these habitats is changed. These effects are
hard to separate because they are intercorrelated;
indeed, a recent Finnish study showed that bird
numbers are best described by their joint effect
(Heikkinen et al. 2004). Moreover, the structure of
the cropped landscape (the diversity of crop types
and the sizes of fields) can be associated with the
diversity of the non-cropped landscape (woods, ponds
and hedgerows; Haines-Young et al. 2003; Fuller et al.
2005), making it difficult to separate effects of
agricultural practices from those resulting from the
configuration of the landscape as a whole.

(i) Indicators of landscape structure
Here we adopt habitat diversity as an indicator of
pressure on biodiversity resulting from landscape
structure. The data come from the CS2000 field survey
of 1 km squares, selected from the lowland environ-
mental zones 1, 2 and 4 of GB on a stratified, random
basis and undertaken in 1998 (figure 2; Bunce et al.
1996; Firbank et al. 2003b). Each parcel of land was
mapped (minimum mappable unit of 25 m2) and
allocated to one of the 19 broad habitat classes
(Howard et al. 2003) that include the agricultural
classes, arable and horticultural, improved grassland
and neutral grassland. For some analyses, these
agricultural classes were subdivided into countryside
survey main land cover types (Barr et al. 1993), six
categories for arable and horticultural, four for
improved grassland and two for neutral grassland.

For each square, we calculated the Shannon
diversity index of the broad habitats, thus taking into
account the number of broad habitats and the degree of
dominance among them. We then calculated the index
as before, but regarding the agricultural main land
cover types as distinct categories. This latter measure
takes into account variation among crops to a much
greater extent.
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Figure 2. The six environmental zones of GB. These group lands on the basis of climate, topography and geology (Firbank et al.
2003b). In this paper, we only consider the agricultural lowlands of England, Wales and Scotland, i.e. zones 1, 2 and 4.
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(ii) Indicators of biodiversity

The most appropriate biodiversity indicators were those

that could be generated from data collected from the CS

1 km squares, ensuring correspondence with the land-

scape data. We selected two that might respond

differently to landscape diversity, namely species richness

of plants and breeding birds. Plant species richness

within CS plots has been used as a national biodiversity

indicator in GB (Defra 2004), as it takes into account

habitat quality and diversity, and has been recorded in a

consistent manner since 1978. Vegetation was sampled

within five 200 m2 plots, placed within the survey square

at random within fields or unenclosed land, away from

boundaries and linear features (Smart et al. 2003a).
Phil. Trans. R. Soc. B (2008)
These so-called X-plots, therefore, sample vegetation
from the broad habitats roughly in proportion to their
land cover. Our indicator is the total count of plant
species in all five X-plots within each square, as recorded
in 1998. Bird populations make up the headline
biodiversity indicator for UK (Defra 2005); here we
use species number of all birds found within the CS
squares. Breeding birds were recorded along four parallel
(as far as possible) 1 km transects within 176 of the
sample 1 km squares (Wilson & Fuller 2002).
(iii) Results
The two landscape indicators were regressed against
the two biodiversity indicators. All four analyses
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Figure 3. Relationships between indicators of landscape diversity—(a,c) the Shannon diversity index of broad habitats only and
(b,d ) the Shannon diversity of broad habitats, subdividing agricultural broad habitats into main land cover types—and
biodiversity ((a,b) species richness of plants on sample plots located in fields and unenclosed land, (c,d ) species richness of
breeding birds as sampled within transects) for the three environmental zones of lowland GB (black circles, zone 1; open
diamonds, zone 2; and crosses, zone 4), as recorded within sample 1 km squares.
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revealed statistically significant, positive relationships
between landscape structure and species richness,
though relationships were often weak (figure 3). The
species richness of plants was better accounted for by
the diversity of broad habitats alone than by taking into
account the diversity of main land cover types for
agriculture (r 2Z32.2 and 16.4%, respectively). The
sample squares from environmental zone 1 tended to
have both lower broad habitat diversity and species
richness than squares from the other zones.

By contrast, the species richness of breeding birds
was better related to the diversity measure that
included both broad and agricultural habitats
(r 2Z3.3% for broad habitats only, 10.5% otherwise).
Bird species richness in environmental zone 1 was not
lower than in the other zones.
(b) Changes to crop management

Although there are many pressures caused by different
aspects of crop and livestock management on different
taxa and habitats, their effects are very difficult to
separate because they tend to be applied as whole
farming systems. Thus an historical analysis of
changing arable agriculture in GB showed that 76%
of variation could be explained by a single axis
(Chamberlain et al. 2000), while 30% of variation in
trends among European farmland bird populations
could be explained by cereal yield alone (Donald et al.
2001). This high degree of intercorrelation of crop
management attributes makes it possible for a small
number of indicators to account for the pressures of
agricultural change at the field level.

For this study, we wished to use a single indicator
that was applicable to all agricultural systems and
Phil. Trans. R. Soc. B (2008)
was known to have major impacts on biodiversity. Of
all the pressures caused by crop management on

biodiversity, the excess of nitrogen and phosphorus

is perhaps the most ubiquitous and difficult to
manage (Heathwaite et al. 1996; Tilman et al.
2001; Dalton & Brand-Hardy 2003), even more so
than the effects of pesticides that can be much more

localized (Roy et al. 2003). Excess nutrients result in
pervasive impacts on both terrestrial (Smart et al.
2003b) and aquatic (Carpenter et al. 1998) biota

(Dalton & Brand-Hardy 2003; Millennium Ecosystem
Assessment 2005b). Indeed, one of the most consistent

changes in British vegetation over recent years is the
eutrophication signal in mid-successional plant com-

munities typical of low or moderate productivity
(Smart et al. 2003b). Eutrophication drives the

depauperation of plant assemblages through the

increase of a small number of potential dominant
species that are better able to capitalize on increased

nutrient availability (Davis et al. 2000; NEGTAP
2001). In lowland Britain, the plant assemblages

most susceptible to eutrophication are currently

found in semi-natural habitats intimately associated
with adjacent, larger areas of agricultural land,

especially alongside hedgerows and streamsides
(Smart et al. 2005). While eutrophication in these

areas implies the effects of agricultural nutrient
surplus, they may also arise from atmospheric inputs

resulting from the burning and processing of fossil

fuels in industry and motor vehicles (Vitousek 1994;
Matson et al. 1997; Carpenter et al. 1998). It is

therefore important to distinguish the contributions
to vegetation change between agricultural inputs and

those from other sources.
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Figure 4. Relationships between indicators of intensity of
crop management and nutrient inputs (a) N surplus and (b)
atmospheric N deposition against Ellenberg N, meaned
across all sample plots within the 1 km square for the three
environmental zones of lowland GB (black circles, zone 1;
open diamonds, zone 2; and crosses, zone 4).
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(i) Indicator of nutrient inputs
We used N surplus to indicate nutrient inputs into the
environment from agriculture, estimated by the
European livestock policy evaluation network
(ELPEN) model that uses data including crop area,
livestock numbers and fertilizer rates (Wright et al.
1999). However, we also had to account for atmos-
pheric deposition of N from other sources. For this, we
used estimates of atmospheric deposition, including
both agricultural and industrial sources. These values
comprise wet deposition and dry deposition of NH3,
NO2 and HNO3 from measured concentration fields
and a dry deposition model (Smith et al. 2000;
NEGTAP 2001). Both sources of N were estimated
at the 5 km scale, and we assumed a uniform spatial
distribution within each 5 km cell. These variables are
not available for every year, so we used N surplus data
from 1991 and atmospheric N deposition from 1996.

(ii) Indicator of eutrophication
The state variable used to indicate eutrophication was
the status of vegetation in areas surrounding cropped
land, as given by the mean Ellenberg fertility (N ) value
per CS vegetation plot. Each GB plant species has been
allocated an Ellenberg N value ranging from 1 to 9,
where each value estimates the position along the
abiotic gradient at which each higher plant species
should reach maximum abundance (Ellenberg 1988;
Hill et al. 2000). Thus, as vegetation becomes more
typical of more fertile conditions, its mean Ellenberg
value increases as a result of changes in species
composition and/or relative abundance. These changes
are comparable across vegetation types and farming
systems.

We selected CS plots sampled in 1998 and located
beyond the edge of agricultural habitats (in small semi-
natural habitat fragments, road verges and streamsides)
so as to exclude direct effects of fertilizer application on
fields. Also, we excluded plots dominated by weedy and
woody species in order to control for correlations
between successional status and Ellenberg N values
(Schaffers 2000). Up to 15 plots, 10 sampling linear
features (10!1 m) and five sampling small biotopes
(2!2 m) were located within the 309 1 km sample CS
squares in the three lowland environmental zones
(Smart et al. 2003a).

We partitioned the variation in mean Ellenberg N
shared by and uniquely attributable to the two
explanatory variables of agricultural N surplus and
atmospheric deposition using a mixed-model ANOVA
(SAS proc MIXED) following Singer (1998). This
analysis also allowed us to separate variance due to
differences between plots within the 1 km squares and
the more relevant variance in mean Ellenberg values
between 1 km squares.

(iii) Results
Estimates of both N surplus and N atmospheric
deposition were higher in the English lowland zones 1
and 2 than in lowland Scotland (zone 4), and the same
was true of mean Ellenberg N scores (figure 4). Both
indicators of nutrient levels were significantly associated
with mean Ellenberg N score (p!0.001). The two
explanatory variables together explained 21.7% of the
Phil. Trans. R. Soc. B (2008)
between 1 km square variance in mean Ellenberg N,
with 12.4% explained by N surplus alone, 1.3% from
atmospheric deposition and a further 8% from their
interaction that probably arose from the spatial coinci-
dence between areas of high levels of atmospheric
deposition and intensive agriculture. The results provide
clear correlative evidence of eutrophication impacts
across the British countryside resulting from agricultural
nutrients with a smaller contribution from transport and
industrial sources, and support the use of N surplus as
an indicator of agricultural pressure on biodiversity.
(c) Characterizing farmed landscapes in terms of

agricultural pressures and biodiversity states

Having shown that it is possible to relate indicators of
agricultural pressure to those of biodiversity in
agricultural landscapes, the next question is whether
these relationships can be used to characterize those
landscapes. Here, the relationship between landscape
structure and crop management is given by that
between broad habitat diversity and N surplus of
individual 1 km squares. This mapping shows strong
differences between the environmental zones, with
zone 4 (lowland Scotland) having lower nutrient
surpluses, while environmental zone 1 tends to have
the least diverse landscapes (figure 5).

The relationships between biodiversity indicators of
landscape and of crop management varied between
taxa; that between plant species richness and mean
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Figure 6. Characterizing 1 km squares of lowland GB in
terms of biodiversity indicators of landscape structure. (a)
Plant species richness per 1 km square and (b) species
richness of breeding birds per 1 km square and crop mana-
gement (mean Ellenberg N score; black circles, zone 1; open
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Ellenberg F score (figure 6a) showed a clear negative
relationship, with the least diverse vegetation showing
the greatest evidence of eutrophication. By contrast,
there was no signification relationship between bird
species richness and mean Ellenberg score (figure 6b).
3. DISCUSSION
Given the dominant role of agriculture as a driver of
change in biodiversity, it is important to establish
Phil. Trans. R. Soc. B (2008)
generic, high-level indicators of both the pressures of
agricultural intensification and of the impacts on
biodiversity, so that they can be compared across
space and time. The ideal indicator is representative of
the system, readily measurable, easily understood and
analysed (Gregory et al. 2005). It is also interpretable
within a logical framework. One such model is
the driver–pressure–state–impact–response (DPSIR)
model, in which the driver refers to the broad social,
economical or environment signal; the pressure is the
action that impinges on a given state variable, inducing a
change or impact, which then feeds back into the drivers
by a policy or other response (OECD 1993). Given the
range of human activities and environmental processes
encompassed within agriculture and the variety of
interests to be addressed, it is hardly surprising that a
wide range of indicators have been proposed. They have
come from national governments (MAFF 2000),
international bodies (Commission of the European
Communities 2000) and private industry (e.g. www.
unilever.com), and contribute to the evaluation of both
the sustainability of agriculture and to environmental
quality. However, the sheer number of these indicators
can make their interpretation more difficult, because they
are often so intercorrelated. In general, the fewer the
indicators, and the more they can be consistently applied
across farming systems, the better. We have proposed
that a very small number of indicators are selected to
monitor agricultural pressures and their biodiversity
responses at different spatial scales; was this approach
successful, and could it be applied beyond GB?

(a) Can impacts of agriculture on biodiversity

be assessed in only three dimensions?

At a global scale, the pressure of habitat loss to
agriculture remains a major threat to biodiversity
(Tilman et al. 2001) and is readily monitored using
remote sensing, and the impacts can be assessed at
levels from ecosystems to genetic diversity (Heywood &
Watson 1995). In GB, this process is, if anything, going
into reverse but not yet at levels detectable within CS
data, leaving our study with only two dimensions
representing the landscape and field scales. It proved
possible to characterize individual 1 km squares, and
the broader regions in which they are found, by
quantifying indicators for processes at these two scales.
In general, squares located in environmental zone 1,
dominated by arable agriculture, showed the greatest
pressure of agriculture on biodiversity, by combining a
less diverse landscape with more intensive crop
management (figure 5). These indicators could be
applied globally, if there were both validated N
surplus models and a consistent international habitat
classification that includes both semi-natural and
cropped habitats.

The vegetation indicators were highly correlated
with these pressures, as expected. Habitat diversity
accounted for 32% of variation in plant species richness
and N surplus accounted for at least 12% of variation in
mean Ellenberg N score. By contrast, species richness
of breeding birds was far less sensitive to these
pressures. The reasons are simple, that while plant
assemblages respond closely to nutrient inputs and
habitat diversity at the scales studied within CS, bird

http://www.unilever.com
http://www.unilever.com
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assemblages are more sensitive to changes within the
farmed landscape not well captured by these indicators,
especially the availability of food resources within and
adjacent to the fields: birds respond to agricultural
pressures at both the landscape and crop management
scale in a more integrated way.

Such differences suggest that it is unrealistic to
indicate biodiversity responses to agricultural change
with a single taxon at each scale. Other studies have
frequently shown that the responses of different taxa to
agricultural landscape structure and management are
not well correlated (Dauber et al. 2003; Petit et al.
2003a; Burel et al. 2004). Agri-biodiversity indicators
are also sensitive to factors at different spatial and
temporal scales, not least large-scale gradients of
species numbers (Kivinen et al. 2006). Responses to
land transformation and landscape change are not
clearly separated, rather they form a gradient; species
with small area requirements can persist in highly
fragmented patches of habitat in agricultural land-
scapes which would be too small to maintain popu-
lations of species with large home range (Vos et al.
2001). Perhaps the only appropriate indicators of
biodiversity responses to agriculture for comparisons
across large geographical areas are those that respond
to changing patterns of ecological traits, such as
Ellenberg values or mobility patterns, rather than on
species occurrence or richness. Such indicators may
prove expensive to develop, given that traits need to be
established for individual species and can vary within
different parts of their range (Hill et al. 2000).

(b) Implications for maintaining biodiversity

within agricultural landscapes

The value of a strategic approach to assessing the
impacts of agricultural intensification is that it should
inform the development of policy responses, especially
strategies for conserving biodiversity in the context of
agricultural change. Just as the pressures of agricultural
change can be described at different scales, so can the
strategies for biodiversity conservation.

Any global strategy must recognize the importance
of maintaining large areas of natural habitat, especially
in global biodiversity hotspots. It has been suggested
that this is served better by reducing the land
requirement for agriculture by increasing productivity
per unit area than by adopting less intensive agriculture
(Green et al. 2005). It can also be argued, however, that
a more effective of strategy would be to minimize losses
of existing agricultural land to land degradation
(salination, desertification, etc.) and urbanization.
Conversion of land to forest, natural areas and even
abandonment are less of a problem, because the loss
from agriculture could be reversed, while the replace-
ment land covers can provide other important ecosys-
tem services such as water regulation and carbon
storage. Agricultural land is too valuable a global
resource to fritter away, especially in the context of
potential sea level rise on the one hand and increasing
global demand for food, fibre, biofuels and novel crops
on the other.

At the landscape level, biodiversity can be supported
by maintaining the diversity of habitats, both cropped
and uncropped, at a diversity of spatial and temporal
Phil. Trans. R. Soc. B (2008)
scales (Benton et al. 2003). Such diversity can be
achieved either as an intrinsic part of the agro-
ecosystem (e.g. rotations, agroforestry and fallows),
as additional land uses interspersed among the fields
(e.g. small woodlands for game shooting (Duckworth
et al. 2003)), or as part of on-farm conservation
measures. The range of species that can be supported
depends upon the diversity and areas of habitats and
their quality, spatial arrangement and history. For
many species, the most important factors are habitat
quality and area. Spatial arrangement of habitats is
important for taxa of limited dispersal and with habitat
requirements located in a very patchy way in the
landscape. Such species include ancient woodland
plants (Petit et al. 2004), butterflies of grassland
patches (Hanski 1999) and some woodland birds
(Opdam et al. 2003). For some other species, dispersal
is so slow that distribution patterns are best explained
by historic, rather than by present, distributions of
habitats (e.g. the carabid beetle Abax parallelepipedux,
Petit & Burel 1998). It has been suggested that habitat
diversity can be enhanced through agri-environment
schemes (Benton et al. 2003) and wider use of organic
farming (Fuller et al. 2005). Both approaches assume a
reduced level of agricultural productivity per unit area,
consistent with at least some scenarios of European
land use change given continued policy support
(Rounsevell et al. 2006). A more sustainable approach
to habitat management might be to redesign rural
landscapes to achieve multiple production of ecosystem
services; of food and water management, of biofuels
and fibre crops, and as sources of pollinators and
natural enemies of pests (McNeely & Scherr 2003;
Millennium Ecosystem Assessment 2005b). Such
multifunctional land management, that integrates
forestry, energy generation, flood control and food
production, would be sensitive to the local environ-
ment, and so generate diverse landscapes that would
attract their own suites of species (Firbank 2005).

At the field level, the use of N surplus as a pressure
highlights the importance of pollution arising from
inefficient crop management. Biodiversity benefits can
be obtained without sacrificing production by control-
ling losses of nutrients and pesticides through, for
example, developments in precision agriculture
(Godwin et al. 2003), the use of buffer areas (Correll
2005; Bradbury & Kirby 2006) and increasing the
nitrogen use efficiency of livestock by manipulating
their feed (Winters et al. 2004). It is also possible to
benefit biodiversity by allowing more non-crop species
to persist within the field, for example, by allowing
weeds and invertebrates to build up in some parts of the
field (Sotherton 1991; Haysom et al. 2004), or at some
times of the year (Moorcroft et al. 2002).

(c) Conclusion

It is inevitable that agricultural change will continue to
affect land cover, landscape structure and crop
management in ways that impinge on different taxa,
though rates and timing of change are hard to predict.
These changes are complex, and need detailed
monitoring and ongoing research. However, there is
case for a high-level assessment of pressures that arise
from agriculture using a small number of indicators of
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agricultural pressure that could be recorded globally,
allowing comparisons from place to place and from
time to time. The effects of these pressures would need
to be assessed using a larger number of more locally
relevant indicators of biodiversity.

This work was funded by Defra. We thank many colleagues,
and two anonymous referees, for discussions of the ideas
included in this paper.
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2004 Differential response of selected taxa to landscape
context and agricultural intensification. Landscape
Urban Plann. 67, 195–204. (doi:10.1016/S0169-2046
(03)00039-2)

Carpenter, S. R., Caraco, N. F., Correll, D. L., Howarth,

R. W., Sharpley, A. N. & Smith, V. H. 1998 Nonpoint
pollution of surface waters with phosphorus and nitrogen.
Ecol. Appl. 8, 559–568.

Carson, R. 1962 Silent spring, 1991 edn. Harmondsworth,
UK: Penguin.

Chamberlain, D. E., Fuller, R. J., Bunce, R. G. H.,

Duckworth, J. C. & Shrubb, M. 2000 Changes in the
abundance of farmland birds in relation to the timing
of agricultural intensification in England and Wales.

J. Appl. Ecol. 37, 771–788. (doi:10.1046/j.1365-2664.
2000.00548.x)

Commission of the European Communities 2000 Indicators
for the integration of environmental concerns into the common
agricultural policy. COM (2000)20 final. Brussels, Belgium:
EC.

Correll, D. L. 2005 Principles of planning and establishment
of buffer zones. Ecol. Eng. 24, 433–439. (doi:10.1016/
j.ecoleng.2005.01.007)

Culver, D., Caplan, P. & Batchelor, G. S. 1956 Studies of
human exposure during aerosol application of malthion
and chlorthion. Am. Med. Assoc. Arch. Ind. Health 13,

37–50.
Dalton, H. & Brand-Hardy, R. 2003 Nitrogen: the essential

public enemy. J. Appl. Ecol. 40, 771–781. (doi:10.1046/

j.1365-2664.2003.00849.x)
Dauber, J., Hirsch, M., Simmering, D., Waldhardt, R.,

Otte, A. & Wolters, V. 2003 Landscape structure as an

indicator of biodiversity: matrix effects on species
richness. Agr. Ecosyst. Environ. 98, 321–329. (doi:10.
1016/S0167-8809(03)00092-6)

Davis, M. A., Grime, J. P. & Thompson, K. 2000 Fluctuating

resources in plant communities: a general theory of
invasibility. J. Ecol. 88, 528–534. (doi:10.1046/j.1365-

2745.2000.00473.x)
Phil. Trans. R. Soc. B (2008)
Defra 2004 Quality of life counts. Indicators for a strategy for
sustainable development for the United Kingdom. 2004
Update updating the baseline assessments made in 1999.
London, UK: Department for Environment, Food and
Rural Affairs.

Defra 2005 Sustainable development indicators in your pocket
2005. London, UK: Department for Environment, Food
and Rural Affairs.

Donald, P. F., Green, R. E. & Heath, M. F. 2001 Agricultural
intensification and the collapse of Europe’s farmland bird
populations. Proc. R. Soc. B 268, 25–29. (doi:10.1098/
rspb.2000.1325)

Duckworth, J. C., Firbank, L. G., Stuart, R. C. & Yamamoto,
S. 2003 Landscape changes in British lowland woodlands
over the last century in relation to game management.
Landscape Res. 28, 171–182. (doi:10.1080/014263903
2000070184)

Ekboir, J. M. 2002 Research and technology policies in
innovation systems: zero tillage in Brazil. Res. Policy 4,
573–586.

Ellenberg, H. 1988 Vegetation ecology of central Europe, 1st
English edn. Cambridge, UK: Cambridge University
Press.

Fernandez-Cornejo, J. & McBride, W. D. 2002 Adoption of
bioengineered crops, p. 61. Washington, DC: USDA.

Firbank, L. 2005 Striking the balance between agricultural
production and biodiversity. Ann. Appl. Biol. 146,
163–175. (doi:10.1111/j.1744-7348.2005.040078.x)

Firbank, L., Critchley, C. N. R., Fowbert, J. W., Fuller, R. J.,
Gladders, P., Green, D. B., Henderson, I. & Hill, M. O.
2003a Agronomic and ecological costs and benefits of set-
aside in England. Agr. Ecosyst. Environ. 95, 73–85.
(doi:10.1016/S0167-8809(02)00169-X)

Firbank, L. G. et al. 2003b Assessing stock and change in land
cover and biodiversity: countryside survey 2000.
J. Environ. Manage. 67, 207–218. (doi:10.1016/S0301-
4797(02)00174-3)

Firbank, L. G. et al. 2003c The implications of spring-sown
genetically modified herbicide-tolerant crops for farmland
biodiversity: a commentary on the farm scale evaluations of
spring sown crops. London, UK: Department for Environ-
ment, Food and Rural Affairs.

Firbank, L., Lonsdale, M. & Poppy, G. 2005 Reassessing the
environmental risks of GM crops. Nat. Biotechnol. 23,
1475–1476. (doi:10.1038/nbt1205-1475)

Fuller, R. J. et al. 2005 Benefits of organic farming vary
among taxa. Biol. Lett. 1, 431–434. (doi:10.1098/rsbl.
2005.0357)

Godwin, R. J., Wood, G. A., Taylor, J. C., Knight, S. M. &
Welsh, J. P. 2003 Precision farming of cereal crops: a
review of a six year experiment to develop management
guidelines. Biosyst. Eng. 84, 375–391. (doi:10.1016/
S1537-5110(03)00031-X)

Green, R. E., Cornell, S. J., Scharlemann, J. P. W. &
Balmford, A. 2005 Farming and the fate of wild nature.
Science 307, 550–555. (doi:10.1126/science.1106049)

Gregory, R. D., van Strien, A., Vorisek, P., Meyling, A. W. G.,
Noble, D. G., Foppen, R. P. B. & Gibbons, D. W. 2005
Developing indicators for European birds. Phil. Trans. R.
Soc. B 360, 269–288. (doi:10.1098/rstb.2004.1602)

Haines-Young, R., Barr, C. J., Firbank, L. G., Furse, M.,
Howard, D. C., McGowan, G., Petit, S., Smart, S. M. &
Watkins, J. W. 2003 Changing landscapes, habitats and
vegetation diversity across Great Britain. J. Environ.
Manage. 67, 267–281. (doi:10.1016/S0301-4797(02)
00179-2)

Hanski, I. 1999 Metapopulation ecology. Oxford, UK: Oxford
University Press.

Haysom, K. A., McCracken, D. I., Foster, G. N. &
Sotherton, N. W. 2004 Developing grassland conservation

http://dx.doi.org/doi:10.1038/2241249a0
http://dx.doi.org/doi:10.1016/S0169-5347(03)00011-9
http://dx.doi.org/doi:10.1016/S0169-5347(03)00011-9
http://dx.doi.org/doi:10.1016/j.biocon.2005.11.020
http://dx.doi.org/doi:10.1006/jema.1996.0034
http://dx.doi.org/doi:10.1016/S0169-2046(03)00039-2
http://dx.doi.org/doi:10.1016/S0169-2046(03)00039-2
http://dx.doi.org/doi:10.1046/j.1365-2664.2000.00548.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2000.00548.x
http://dx.doi.org/doi:10.1016/j.ecoleng.2005.01.007
http://dx.doi.org/doi:10.1016/j.ecoleng.2005.01.007
http://dx.doi.org/doi:10.1046/j.1365-2664.2003.00849.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2003.00849.x
http://dx.doi.org/doi:10.1016/S0167-8809(03)00092-6
http://dx.doi.org/doi:10.1016/S0167-8809(03)00092-6
http://dx.doi.org/doi:10.1046/j.1365-2745.2000.00473.x
http://dx.doi.org/doi:10.1046/j.1365-2745.2000.00473.x
http://dx.doi.org/doi:10.1098/rspb.2000.1325
http://dx.doi.org/doi:10.1098/rspb.2000.1325
http://dx.doi.org/doi:10.1080/0142639032000070184
http://dx.doi.org/doi:10.1080/0142639032000070184
http://dx.doi.org/doi:10.1111/j.1744-7348.2005.040078.x
http://dx.doi.org/doi:10.1016/S0167-8809(02)00169-X
http://dx.doi.org/doi:10.1016/S0301-4797(02)00174-3
http://dx.doi.org/doi:10.1016/S0301-4797(02)00174-3
http://dx.doi.org/doi:10.1038/nbt1205-1475
http://dx.doi.org/doi:10.1098/rsbl.2005.0357
http://dx.doi.org/doi:10.1098/rsbl.2005.0357
http://dx.doi.org/doi:10.1016/S1537-5110(03)00031-X
http://dx.doi.org/doi:10.1016/S1537-5110(03)00031-X
http://dx.doi.org/doi:10.1126/science.1106049
http://dx.doi.org/doi:10.1098/rstb.2004.1602
http://dx.doi.org/doi:10.1016/S0301-4797(02)00179-2
http://dx.doi.org/doi:10.1016/S0301-4797(02)00179-2


786 L. G. Firbank et al. Impacts of agricultural intensification
headlands: response of carabid assemblage to different

cutting regimes in a silage field edge. Agr. Ecosyst. Environ.

102, 263–277. (doi:10.1016/j.agee.2003.09.014)

Heathwaite, A. L., Johnes, P. J. & Peters, N. E. 1996 Trends

in nutrients and water quality. Hydrol. Process. 10,

263–293. (doi:10.1002/(SICI)1099-1085(199602)10:2

!263::AID-HYP441O3.0.CO;2-K)

Heikkinen, R. K., Luoto, M., Virkakala, R. & Rainio, K. 2004

Effects of habitat cover, landscape structure and spatial

variables on the abundance of birds in an agricultural-

forest mosaic. J. Appl. Ecol. 41, 824–835. (doi:10.1111/

j.0021-8901.2004.00938.x)

Heywood, V. H. & Watson, C. (eds) 1995 Global biodiversity
assessment. United Nations Environment Program.

Cambridge, UK: Cambridge University Press.

Hill, M. O., Roy, D. B., Mountford, J. O. & Bunce, R. G. H.

2000 Extending Ellenberg’s indicator values to a new area:

an algorithmic approach. J. Appl. Ecol. 37, 3–15. (doi:10.

1046/j.1365-2664.2000.00466.x)

Hjorth Caspersen, O. & Fritzboger, B. 2002 Long-term

landscape dynamics—a 300 years case study from

Denmark. Geografisk Tidsskrift Dan. J. Geogr. 3, 13–27.

Holl, A., Andersen, E., Rygnestad, H., Dalgaard, T.,

Johansson, T. D., Sorensen, E. M. & Nilsson, K. 2002

Scenario analysis for cultural landscape development—a

Danish, interdisciplinary research project. Geografisk
Tidsskrift Dan. J. Geogr. 3, 1–12.

Howard, D. C., Watkins, J. W., Clarke, R. T., Barnett, C. L. &

Stark, G. J. 2003 Estimating the extent and change in

broad habitats in Great Britain. J. Environ. Manage. 67,

219–227. (doi:10.1016/S0301-4797(02)00175-5)

Imhoff, M. L., Bounoua, L., Ricketts, T., Loucks, C.,

Harriss, R. & Lawrence, W. T. 2004 Global patterns in

human consumption of net primary production. Nature

429, 870–873. (doi:10.1038/nature02619)

Jenkins, M. 2003 Prospects for biodiversity. Science 302,

1175–1177. (doi:10.1126/science.1088666)

Kivinen, S., Luoto, M., Kuussaari, M. & Helenius, J. 2006

Multi-species richness of boreal agricultural landscapes:

effects of climate, biotope, soil and geographic location.

J. Biogeogr. 33, 862–875. (doi:10.1111/j.1365-2699.2006.

01433.x)

Kleijn, D. & Sutherland, W. J. 2003 How effective are agri-

environment schemes in conserving and promoting

biodiversity? J. Appl. Ecol. 40, 947–969. (doi:10.1111/

j.1365-2664.2003.00868.x)

Krebs, J. R., Wilson, J. D., Bradbury, R. B. & Siriwardena,

G. M. 1999 The second silent spring? Nature 400,

611–612. (doi:10.1038/23127)

Leopold, A. C., Andrus, R., Finkeldey, A. & Knowles, D.

2001 Attempting restoration of wet tropical forests in

Costa Rica. Forest Ecol. Manage. 142, 243–249. (doi:10.

1016/S0378-1127(00)00354-6)

Lepers, E., Lambin, E. F., Janetos, A. C., DeFries, R.,

Achard, F., Ramankutty, N. & Scholes, R. J. 2005 A

synthesis of information on rapid land-cover change for

the period 1981–2000. BioScience 55, 115–124. (doi:10.

1641/0006-3568(2005)055[0115:ASOIOR]2.0.CO;2)

MAFF 2000 Towards sustainable agriculture: a pilot set of

indicators. London, UK: MAFF Publications.

Matson, P. A., Parton, W. J., Power, A. G. & Swift, M. J. 1997

Agricultural intensification and ecosystem properties.

Science 277, 504–508. (doi:10.1126/science.277.5325.

504)

Matteson, P. C. 2000 Insect pest management in tropical

Asian irrigated rice. Ann. Rev. Entomol. 45, 549–574.

(doi:10.1146/annurev.ento.45.1.549)

McNeely, J. A. & Scherr, S. J. 2003 Ecoagriculture. Washington,

DC: Island Press.
Phil. Trans. R. Soc. B (2008)
Millennium Ecosystem Assessment 2005a Ecosystems and

human well-being: biodiversity synthesis. Washington, DC:

World Resources Institute.

Millennium Ecosystem Assessment 2005b Synthesis report.

Washington, DC: Island Press.

Moorcroft, D., Whittingham, M. J., Bradbury, R. B. &

Wilson, J. D. 2002 The selection of stubble fields by

wintering granivorous birds reflect vegetation cover and

food abundance. J. Appl. Ecol. 39, 535–547. (doi:10.1046/

j.1365-2664.2002.00730.x)

NEGTAP 2001 National expert group on transboundary air

pollution: acidification, eutrophication and ground level

ozone in the UK. 1st report. DETR, London, UK.

Newton, I. & Wyllie, I. 1992 Recovery of a sparrowhawk

population in relation to declining pesticide contamin-

ation. J. Appl. Ecol. 29, 476–484. (doi:10.2307/2404515)

OECD 1993 OECD core set of indicators for environmental

performance reviews, p. 39. Paris, France: OECD.

Opdam, P., Verboom, J. & Pouwels, R. 2003 Landscape

cohesion: an index for the conservation potential of

landscapes for biodiversity. Landscape Ecol. 18, 113–126.

(doi:10.1023/A:1024429715253)

Petit, S. & Burel, F. 1998 Effets of landscape dynamics on the

metapopulation of a ground beetle (Coleoptera, Carabi-

dae) in a hedgerow network. Agr. Ecosyst. Environ. 69,

243–252. (doi:10.1016/S0167-8809(98)00111-X)

Petit, S., Firbank, L., Wyatt, B. & Howard, D. 2001

MIRABEL: models for integrated review and assessment

of biodiversity in European landscapes. Ambio 30, 81–88.

(doi:10.1639/0044-7447(2001)030[0081:MMFIRA]2.0.

CO;2)

Petit, S., Howard, D. C., Smart, S. M. & Firbank, L. G. 2002

Biodiversity in British ecosystems: the changing regional

landscape context. In The BCPC Conference—Pests &

Diseases Brighton, 18–21 November 2002, Hilton Metropole

Hotel, UK, pp. 957–956. Hampshire, UK: British Crop

Protection Council.

Petit, S., Chamberlain, D., Haysom, K., Pywell, R., Vickery,

J., Warman, L., Allen, D. & Firbank, L. 2003a Know-

ledge-based models for predicting species occurrence in

arable conditions. Ecography 26, 626–640. (doi:10.1034/

j.1600-0587.2003.03545.x)

Petit, S., Stuart, R. C., Gillespie, M. K. & Barr, C. J. 2003b

Field boundaries in Great Britain: stock and change

between 1984, 1990 and 1998. J. Environ. Manage. 67,

229–238. (doi:10.1016/S0301-4797(02)00176-7)

Petit, S., Griffiths, L., Smart, S. S., Smith, G. M., Stuart,

R. C. & Wright, S. M. 2004 Effects of area and isolation of

woodland patches on herbaceous plant species richness

across Great Britain. Landscape Ecol. 19, 463–471.

(doi:10.1023/B:LAND.0000036141.30359.53)

Philip, R. B. 2001 Ecosystems and human health: toxicology and
environmental hazards, 2nd edn. Boca Raton, FL: CRC

Press.

Rackham, O. 1986 The history of the countryside. London, UK:

J. M. Dent & Sons.

Rounsevell, M. D. A. et al. 2006 A coherent set of future land

use change scenarios for Europe. Agr. Ecosyst. Environ.
114.

Roy, D. B. et al. 2003 Invertebrates and vegetation of field

margins adjacent to crops subject to contrasting herbicide

regimes in the farm scale evaluations of genetically

modified herbicide-tolerant crops. Phil. Trans. R. Soc. B

358, 1879–1898. (doi:10.1098/rstb.2003.1404)

Schaffers, A. P. 2000 Soil, biomass and management of semi-

natural vegetation. Plant Ecol. 158, 229–246. (doi:10.

1023/A:1015576520936)

Shrubb, M. 2003 Birds, scythes and combines. Cambridge,

UK: Cambridge University Press.

http://dx.doi.org/doi:10.1016/j.agee.2003.09.014
http://dx.doi.org/doi:10.1002/(SICI)1099-1085(199602)10:2%3C263::AID-HYP441%3E3.0.CO;2-K
http://dx.doi.org/doi:10.1002/(SICI)1099-1085(199602)10:2%3C263::AID-HYP441%3E3.0.CO;2-K
http://dx.doi.org/doi:10.1111/j.0021-8901.2004.00938.x
http://dx.doi.org/doi:10.1111/j.0021-8901.2004.00938.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2000.00466.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2000.00466.x
http://dx.doi.org/doi:10.1016/S0301-4797(02)00175-5
http://dx.doi.org/doi:10.1038/nature02619
http://dx.doi.org/doi:10.1126/science.1088666
http://dx.doi.org/doi:10.1111/j.1365-2699.2006.01433.x
http://dx.doi.org/doi:10.1111/j.1365-2699.2006.01433.x
http://dx.doi.org/doi:10.1111/j.1365-2664.2003.00868.x
http://dx.doi.org/doi:10.1111/j.1365-2664.2003.00868.x
http://dx.doi.org/doi:10.1038/23127
http://dx.doi.org/doi:10.1016/S0378-1127(00)00354-6
http://dx.doi.org/doi:10.1016/S0378-1127(00)00354-6
http://dx.doi.org/doi:10.1641/0006-3568(2005)055%5B0115:ASOIOR%5D2.0.CO;2
http://dx.doi.org/doi:10.1641/0006-3568(2005)055%5B0115:ASOIOR%5D2.0.CO;2
http://dx.doi.org/doi:10.1126/science.277.5325.504
http://dx.doi.org/doi:10.1126/science.277.5325.504
http://dx.doi.org/doi:10.1146/annurev.ento.45.1.549
http://dx.doi.org/doi:10.1046/j.1365-2664.2002.00730.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2002.00730.x
http://dx.doi.org/doi:10.2307/2404515
http://dx.doi.org/doi:10.1023/A:1024429715253
http://dx.doi.org/doi:10.1016/S0167-8809(98)00111-X
http://dx.doi.org/doi:10.1639/0044-7447(2001)030%5B0081:MMFIRA%5D2.0.CO;2
http://dx.doi.org/doi:10.1639/0044-7447(2001)030%5B0081:MMFIRA%5D2.0.CO;2
http://dx.doi.org/doi:10.1034/j.1600-0587.2003.03545.x
http://dx.doi.org/doi:10.1034/j.1600-0587.2003.03545.x
http://dx.doi.org/doi:10.1016/S0301-4797(02)00176-7
http://dx.doi.org/doi:10.1023/B:LAND.0000036141.30359.53
http://dx.doi.org/doi:10.1098/rstb.2003.1404
http://dx.doi.org/doi:10.1023/A:1015576520936
http://dx.doi.org/doi:10.1023/A:1015576520936


Impacts of agricultural intensification L. G. Firbank et al. 787
Singer, J. D. 1998 Using SAS PROC MIXED to fit multi-
level models, hierarchical models and individual growth
models. J. Educ. Behav. Stat. 24, 323–355. (doi:10.2307/
1165280)

Smart, S. M., Clarke, R. C., van de Poll, H. M., Robertson,
E. J., Shield, E. R., Bunce, R. G. H. & Maskell, L. C.
2003a National-scale vegetation change across Britain; an
analysis of sample-based surveillance data from the
countryside surveys of 1990 and 1998. J. Environ.
Manage. 67, 239–254. (doi:10.1016/S0301-4797(02)
00177-9)

Smart, S. M., Robertson, J. C., Shield, E. J. & van der Poll,
H. M. 2003b Locating eutrophication effects across British
vegetation between 1990 and 1998. Global Change Biol. 9,
1763–1774. (doi:10.1046/j.1365-2486.2003.00707.x)

Smart, S. M., Bunce, R. G. H., Marrs, R., LeDuc, M.,
Firbank, L. G., Maskell, L. C., Scott, W. A., Thompson,
K. & Walker, K. J. 2005 Large-scale changes in the
abundance of common higher plant species across Britain
between 1978, 1990 and 1998 as a consequence of human
activity: tests of hypothesised changes in trait represen-
tation. Biol. Conserv. 124, 355–371. (doi:10.1016/
j.biocon.2004.12.013)

Smith, R. I., Fowler, D., Sutton, M. A., Flechard, C. &
Coyle, M. 2000 Regional estimation of pollutant gas dry
deposition in the UK: model description, sensitivity
analysis and outputs. Atmos. Environ. 34, 3757–3777.
(doi:10.1016/S1352-2310(99)00517-8)

Sotherton, N. W. 1991 Conservation headlands: a practical
combination of intensive cereal farming and conservation.
In The ecology of temperate cereal fields (eds L. G. Firbank,
N. Carter, J. F. Darbyshire & G. R. Potts), pp. 373–397.
Oxford, UK: Blackwell Scientific Publications.
Phil. Trans. R. Soc. B (2008)
Thomas, C. D. et al. 2004 Extinction risk from climate
change. Nature 427, 145–148. (doi:10.1038/nature02121)

Tilman, D. et al. 2001 Forecasting agriculturally driven global
environmental change. Science 292, 281–284. (doi:10.
1126/science.1057544)

Tucker, G. M. & Evans, M. I. 1997 Habitats for birds in
Europe: a conservation strategy for the wider environment.
BirdLife conservation series, vol. 6. Cambridge, UK: Birdlife
International.

Vickery, J. A., Tallowin, J. R., Feber, R. E., Asteraki, E. J.,
Atkinson, P. W., Fuller, R. J. & Brown, V. K. 2001 The
management of lowland neutral grasslands in Britain:
effects of agricultural practices on birds and their food
resources. J. Appl. Ecol. 38, 647–664. (doi:10.1046/
j.1365-2664.2001.00626.x)

Vitousek, P. M. 1994 Beyond global warming—ecology and
global change. Ecology 75, 1861–1876. (doi:10.2307/
1941591)

Vos, C. C., Verboom, J., Opdam, P. F. M. & Ter Braak,
C. J. F. 2001 Towards ecologically scales landscape
indices. Am. Nat. 157, 24–41. (doi:10.1086/317004)

Wilson, A. M. & Fuller, R. J. 2002 Bird populations and
environmental change. Countryside survey 2000 module
5 BTO research report, no. 263. British Trust for
Ornithology, Thetford, UK.

Winters, A. L., Minchin, F. R., Davies, Z., Kingston-Smith,
A. H., Theodorou, M. K., Griffith, G. & Merry, R. J. 2004
Effects of manipulating the protein content of white clover
on silage quality. Anim. Feed Sci. Technol. 116, 319–331.
(doi:10.1016/j.anifeedsci.2004.07.002)

Wright, I. A. et al. 1999 A protocol for building the ELPEN
livestock policy decision support system, p. 37. Aberdeen, UK:
MLURI.

http://dx.doi.org/doi:10.2307/1165280
http://dx.doi.org/doi:10.2307/1165280
http://dx.doi.org/doi:10.1016/S0301-4797(02)00177-9
http://dx.doi.org/doi:10.1016/S0301-4797(02)00177-9
http://dx.doi.org/doi:10.1046/j.1365-2486.2003.00707.x
http://dx.doi.org/doi:10.1016/j.biocon.2004.12.013
http://dx.doi.org/doi:10.1016/j.biocon.2004.12.013
http://dx.doi.org/doi:10.1016/S1352-2310(99)00517-8
http://dx.doi.org/doi:10.1038/nature02121
http://dx.doi.org/doi:10.1126/science.1057544
http://dx.doi.org/doi:10.1126/science.1057544
http://dx.doi.org/doi:10.1046/j.1365-2664.2001.00626.x
http://dx.doi.org/doi:10.1046/j.1365-2664.2001.00626.x
http://dx.doi.org/doi:10.2307/1941591
http://dx.doi.org/doi:10.2307/1941591
http://dx.doi.org/doi:10.1086/317004
http://dx.doi.org/doi:10.1016/j.anifeedsci.2004.07.002

	Assessing the impacts of agricultural intensification on biodiversity: a British perspective
	Introduction
	The pressures of agricultural intensification on biodiversity
	Transformation between agricultural and non-agricultural habitats
	Transformation of agricultural landscapes
	Changes to crop management

	Assessing the pressures on biodiversity
	Transformation of agricultural landscapes
	Indicators of landscape structure
	Indicators of biodiversity
	Results
	Changes to crop management
	Indicator of nutrient inputs
	Indicator of eutrophication
	Results
	Characterizing farmed landscapes in terms of agricultural pressures and biodiversity states

	Discussion
	Can impacts of agriculture on biodiversity be assessed in only three dimensions?
	Implications for maintaining biodiversity within agricultural landscapes
	Conclusion

	This work was funded by Defra. We thank many colleagues, and two anonymous referees, for discussions of the ideas included in this paper.
	References


