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he improvement of crop varieties through plant
breeding has greatly increased yields over the
past few decades. This in turn has reduced the
area of land that would otherwise have been
dedicated to agriculture as a result of an
increasing world population®. But these new crop varieties
have been accompanied by changes in agronomic practice,
which have included increased use of fertilizers, pesticides
and irrigation. Many of these changes have been to the
detriment of wildlife?. Change has therefore brought both
benefits and costs, and the future of food is linked
inextricably with the future of the environment.

In this context, biotechnology offers new possibilities for
the twenty-first century. Will the introduction of genetically
modified (GM) crops exacerbate current trends or offer new
avenues for environmental management? The debate presents
regulators and scientists with a significant challenge — how
to define and assess impact against a backdrop of constantly
shifting land-management practices and resultant biodiversi-
ty. The approaches being developed in response to this
debate are of generic value. Ecological science has much to
offer in providing objective evidence of potential impacts of
land-management practices. With sufficient resources,
future changes in land management could be directed towards
specific environmental goals. Solutions, however, will require
anintegration of science, policy and regulation.

One important issue is the proportion of wildlife that is
dependent upon the management of agricultural land. In the
United Statesand Canada, large areas are dominated by farm-
ing, but large areas are also set aside for recreation and
conservation. In contrast, in Europe, agriculture and the
countryside are intimately intertwined, with around 70% of
land area classified as agricultural land (Fig. 1). Europeans
effectively live inside their national parks. This may explain
somedifferencesin perspective towards the role of agriculture
in delivering wildlife, and why the potential introduction of
GM plants has raised some complex issues in Europe.

Risk assessment of GM plants has been divided tradi-
tionally into direct and indirect impacts. Direct impacts
arise from the presence of the transgenic plant itself, or the
consequences of transfer of the transgene into wild relatives.
Indirect impacts arise from the management practices
associated with the transgenic crop. Ecological theory has
animportantrole to play in assessing such impacts.

The potential direct impacts of a GM plant include any
changes in ecological fitness which may make the crop plant
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or any crop plant/wild relative hybrids more invasive (see
ref. 3 for a definition of ecological fitness). Invasive species
represent one of the greatest threats to biodiversity*®. Most
non-native species are harmless, but a few become invasive
and detrimental to indigenous ecosystems. Japanese
knotweed (Fallopia) and rhododendron (Rhododendron
ponticum) are notable examples in the United Kingdom,
while yellow star thistle (Centaureasolstitalis) and European
purple loosestrife (Lythrum salicaria) are particularly
disruptive examples in the United States. Most of these
invasive species originate from horticulture, and so far there
is no evidence that any GM crop plant is significantly more
invasive than its conventional counterpart’.

Nevertheless, the possibility exists that certain trans-
genic plants could pose a direct threat through enhanced
ecological fitness. In particular, transgenes that confer
enduring resistance to pathogens could cause ecological
release in wild relatives if populations are regulated by those
same pathogens. Indeed, the ethos behind biological
control relies on this principle, in that it assumes that some
plants become weeds because they have escaped their
natural enemies, and seeks to reduce populations by the
introduction of asuitable pathogen or herbivore. Wild plant
populations contain a variety of resistance genes that have
evolved in response to the presence of pathogens. But
genetic modification greatly widens the pool of potential
resistance genes, allowing the use of new pathogen-
resistance mechanisms. The use of viral coat protein genesto
provide resistance against the same viral strains is a case in
point®. Such resistance mechanisms may prove to be more
enduring than those produced by conventional plant
breeding. Although this is good news for agriculture, the
potential for causing ecological release in wild populations
should be considered.

Attempting to predict which plants will prove to be
invasive in advance of their release still involves a great deal
of uncertainty, and there is nothing to compare with
addressing this issue through focussed field experiments,
comparing ecological fitness between transgenics and their
conventional counterparts®®®. The design can involve
manipulation to greatly widen the range of ecological con-
ditions, and should be conducted over several years to
encompass a range of abiotic conditions. This direct
approach can draw on ecological theory to focus on those
genotypes most likely to invade, and on those habitats that
are most likely to be vulnerable to invasion™. This should
provide agood indication of potentially invasive plants, but
as with all such predictions, there will always remain a
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Figure 1 Land use by agriculture

and other uses. a, Land use for the
United Kingdom in 2000. The total
area classified as agricultural land is
70%, including both cropland and
grassland/rough grazing. Source:

ref. 50. b, Principal uses of land in the
United States in 1997. Source: ref. 51.
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degree of uncertainty. The uncertainty we are prepared to accept in
the introduction of GM crop plants should not be out of all propor-
tion to thatwe accept for conventional crop plants, letalone imported
exotics®. The approaches developed to answer such questions for GM
plants could be profitably applied to imported plant species.

The much more challenging question is how do we assess the poten-
tial impacts of changing agricultural practice? This article will focus
on GMHT (genetically modified, herbicide tolerant) crops as a case
study, for which any impacts are most likely to be through changesin
the efficiency of weed management.

GMHT crops are resistant to broad-spectrum herbicides such as
glyphosate or glufosinate. Consequently, these herbicides may be
applied after crop germination without harming the GM crop itself.
But because these herbicides have a broad range of action, their use
may reduce weed and invertebrate populations, on which birds and
other wildlife depend. If herbicide application is instead delayed
until later in the growing season, just before the point where weed
populationswould start to compete with the crop, agreater diversity
and biomass of in-field vegetation would occur early in the season,
during nesting time for many birds. However, fewer plants may
survive to set seed after herbicide application, so this may reduce the
abundance and diversity of seedlings the following year.

ACRE, the UK government’s Advisory Committee on Releases to
the Environment, has developed guidelines on how to assess the
indirectimpacts ofa GM crop*. They require acomparison between
the management of the GM crop and the equivalent non-GM crop,
with an assessment of the potential impact on key indicator species
typical of arable farmland. Such comparisons can be meaningfully
made only through large-scale field experiments, and in fact these
guidelines build on the experience of the farm-scale evaluations
(FSEs), setupin the United Kingdom in 1999. The FSEs are designed
to investigate the potential indirect impacts of four GMHT crops
(spring and winter oilseed rape, maize and sugar beet). They are
funded by the UK government, executed by aconsortium of research
institutes, and overseen by an independent scientific steering
committee™. The design of these trials is outlined in Box 1, and the
firstset of results will be published in 2003.

These ecological experiments have provoked considerable
interest from the public, and initially were presented as providing
the final word in the risk assessment of these particular crops™. It is
now more widely recognized that they will inform the debate, but
that our options are considerably more complex than a simple pass
or fail for this technology™. The trials will provide valuable data on
the impact of the management of both GM and conventional crops
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on key indicator species, and large-scale manipulative experiments
represent the most directand reliable method of obtaining thisinfor-
mation. In this context, the trials are pioneering in their attempt to
link a proposed change in land management with potential changes
in biodiversity (number of species), prior to itsintroduction.

Such trials should become a cornerstone of our strategy if we aim
to use ecological science to inform future agricultural and environ-
mental strategy. Butaswith many good experiments, they will raise as
many issues as they solve. The interpretation of the data is unlikely to
be clear and straightforward — biodiversity indicators may be
enhanced during certain parts of the year, and reduced at other times.
Some species will become more abundant, while others will be
reduced. Do we value some species over others (skylarks over earth-
worms for example)? And how do we extrapolate from changes in
abundance of weeds and invertebrates at different times of year to
potential changes in bird and mammal populations?

Mathematical models provide one means of scaling up our
predictions, both spatially and temporally. Watkinson et al.*® provide
an elegant example of this, with a model that extrapolates from data
onweed numbers in conventional and GMHT crops, to calculate the
impact of herbicide use on farmland bird numbers. Such models may
be used to investigate the potential impacts of arange of management
scenarios, and could aid the design of management guidelines™. Data
could then be gathered in such a way that could test any predictions,
in the early stages of commercialization. The long-term monitoring
that would be required post-commercialization under European
Union legislation could be designed for precisely this purpose.

There hasbeensome debate in the literature about how to manage the
world’s ecosystems as capital assets, which is highly pertinent to
the debate on the future of agriculture'™*®. In looking forward to the
coming decades, we can continue to develop the more proactive
approach of the FSEs to consider land-use change more broadly. The
first step would be to specify our goals. For example, do we intend to
farm for biodiversity as well as food? This requires decisions to be
made about which species or habitats we wish to preserve within the
agro-ecosystem (as opposed to nature reserves)™, and the extent to
which we are prepared to pay for the ‘non-food’ component of agri-
culture®. Clearly these biodiversity goals need to be integrated with
the goal of affordable, safely produced, high-quality food.

Perhaps most important, agro-ecosystem biodiversity is only one
piece of the jigsaw. In organic and many conventional systems, weeds
are controlled by ploughing before planting the crop. GMHT crops
could support a reduction in tillage through direct drilling into a
weedy field, which may be beneficial to soil organisms. The glyphosate

NATURE | VOL 418 |8 AUGUST 2002 | www.nature.com/nature




Box 1
The farm-scale evaluations
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The farm-scale evaluations are a series of
experiments conducted over three years to
determine the potential impact of GMHT
(genetically modified, herbicide tolerant)
crops on the agro-ecosystem.

The null hypothesis

There are no statistically significant differences
in the abundance and diversity of farmland
wildlife associated with the management of
GMHT crops compared with the
management of equivalent non-GM crops.

A number of sensitive indicator species
have been chosen to represent ‘wildlife’
from the following groups: all plants, soil
surface active arthropods, plant arthropods
and gastropods, bees, butterflies and the
soil seed bank. The emphasis is very much
on species at the lower end of the food
chain, as treatments applied at the field
scale are unlikely to have much impact on
mobile species such as birds and
mammals, and with the anticipation that
knock-on effects to larger organisms that
rely on these species for food can be
deduced through models™>*®.

The design
Preliminary data suggested that a split-field
design would be more powerful and

appropriate than a paired-field design.
Consequently, each experimental field
(ranging in size from 3-12 hectares) is
divided into two, and the GMHT crop is
grown in one half (chosen at random), with
an equivalent conventional crop grown in
the other half. This minimizes any
differences in biodiversity at the start of the
experiment.

The management of the GM crop
follows guidelines laid down by SCIMAC
(Supply Chain Initiative on Modified Arable
Crops), an industry body that advises on
cost-effective weed control in the GM
crop (subsequently audited by the
scientists).

Sampling takes place throughout the
year in the crop, headland and field margins.
Power analysis is used to determine the size
of the experiment (the number of farms
needed to participate), to ensure with high
probability that a 50% change in abundance
of any one of the common species would be
detected.

By the close of the experiment, around
60 farms will have taken part across the
United Kingdom for each of the four crops,
chosen to represent the range of regional
geographical differences and current
farming methods.

The funding and management

These trials are funded by the UK
government, undertaken by a consortium of
research institutes, and overseen by an
independent scientific steering committee.
The results will be available in 2003. For
more information see:
Owww.defra.gov.uk/environment/fse/
index.html/.

or glufosinate herbicides used with these crops are less persistent than
many conventional herbicides such as atrazine, and may lead to a
reduction in the costs of removing agrochemicals from watercourses.
Moving from herbicide-tolerant to insect-protected GM varieties, the
potential to reduce pesticide use is even greater®. Fewer herbicide or
pesticide treatments will also mean reduced consumption of fossil
fuels driving agricultural machinery and a significant reduction in
atmospheric carbon dioxide emissions?. A true comparison of envi-
ronmental impact would require all externalities to be included?,
encompassing ecological, social and economic considerations.

The second step is to evaluate all possible routes to achieve our
goals. Thisshould include all ways in which GM crops could be man-
aged to minimize environmental impact, as well as all alternative
agricultural systems. In the context of GM crops, the FSEs are
designed to answer the question ‘What will be the potential impact of
the management of GMHT crops on key biodiversity indicators,
compared with the equivalent conventional herbicide-tolerant
crop?’ This question informs us about impact in the context of
current agricultural practice. However, an equally valid question
might be ‘In what ways can GMHT crops be managed to maximize
biodiversity without reducing yield?’ Other field trials are currently
addressing some of these issues in the United Kingdom®, and
illustrate the importance of the framing of the question.

Itwould be illogical to focus on one particular technology, such as
GMcrops, ifouraimistodeliver wildlifeaswell asfood. The potential
existsto reduce pesticide use inavariety of ways, includingenhancing
beneficial insectsand birds, inducing the plant’s own innate defences
against pests or diseases through chemical signals, using pheromone
traps to interfere with mate-finding, and resorting to chemicals only
when specific thresholds are reached. The philosophy of integrated
pest management has been evident for the past few decades, and is
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promoted through a variety of organizations (for example, the UK
charity Linking Environment And Farming or LEAF*), but needs to
become mainstream policy to maximize its contribution to sustain-
able change. Technological advances such as precision agriculture, in
which fertilizer applications rates are adjusted across fields according
to crop needs, could contribute to this process®.

Thethird step would be an evaluation of the status quo. Onesignal
isclear—biodiversityisindecline. Thisisaglobal trend, and many of
these changes may be ascribed to agriculture (forexample, changesin
the floral diversity of grasslands and arable field margins resulting
from overgrazing or fertilizer input®?, loss of critical habitats
through eutrophication and conversion to agriculture®, and loss of
species diversity within the agro-ecosystem through changes in man-
agement®). Restoration ecology is the science of restoring species
diversity through focused management strategies, and considerable
success has been achieved in the restoration of some habitats, such as
species-rich grasslands. Yet not all such losses may be restored.
Abiotic constraints (for example, the degree of eutrophication and
acidification) and biotic constraints (for example, an impoverished
seed bank) may make restoration unfeasible?’.

Farmland birds rely on seeds and invertebrates, and so are
considered good indicators of farmland biodiversity more widely™,
but there are practical difficulties in studying biodiversity changes for
such species at higher trophic levels. Being highly mobile, they
respond to land-use changes at much greater spatial scales. Neverthe-
less, taking Europe as an example, correlative studies illustrate that
conservationally valued farmland birds are in decline, and this seems
to be associated with an intensification of agriculture in the latter part
of the 20th century®®. One hypothesis is that declines may be
associated with changes in frequency of those arable plants that are
important food resources for farmland birds*®. Countryside
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surveys, conducted across the United Kingdom over the past 25 years
support this hypothesis, concluding that arable field centres are a
much poorer source of food plants for farmland birds now than they
werein 1978%%,

Such simple temporal correlations may be misleading, and more
detailed knowledge of the life history of a bird species is required to
link cause and effect. Ecological studies have provided this in some
cases. The switch from growing spring- to autumn-sown crops
deprives many species of feeding sites in stubble fields overwin-
ter®*!, Grass margins around arable fields and weedy winter
stubbles, enhanced with countryside stewardship schemes, have
greatly benefited the threatened cirl bunting®. Skylarks breed more
successfully inspring cerealsand set-aside than in winter cereals, asa
result of the impact of vegetation height during the latter part of the
breeding season®.

There is clearly an ecological cost to remaining with the status
quo, and there are considerable pressures for changes in agricultural
policy to address these costs*. The fourth and final step will be to
direct changes in land use towards our environmental goals. This
will require both financial incentives, and up-to-date information
on the best options available. Both government and environmental
organizations favour shifts in subsidies towards environmental
targets®. However, resources are needed for research to find the
optimal solutions that address the local conditions, and for
government-sponsored extension agents to communicate the best
available options to the farmer as they come on-line.

The challenge is to produce the food we need for the future
while minimizing the environmental impact. This future vision of
agriculture involves the farmer as a steward of the countryside®. If
we putaside the ideological boundaries that are often set up between
different agricultural systems (organic, conventional and GM), the
objectivity of ecological science can be used to pick the best elements
of all systems. It is equally vital that stewardship schemes are
designed with scientific input if goals are to be reached™**’. Current-
ly about e1.7 billion (3US1.7 billion) are spent annually in Europe
on agri-environment schemes, yet there are very little data on the
effectiveness of these programmes. Long-term monitoring of key
elements of biodiversity should be carefully designed, with the
validation of these schemes in mind. Without long-term data we
cannot direct subsidies to the most effective schemes, detect trends,
orassess future changesin biodiversity.

We should promote an experimental approach to elucidate the
consequences of specific changes in land management. The FSEs
provide a good example of a ‘proactive experiment’, a product of
science-based risk-assessment protocols, the aim of which is to
ensure that any future change is in a better direction. This will be
most effectively developed in the future if we throw off the con-
straints of our focus on GM technology, and use the approach to
address other land-management issues. Such experiments need to
be designed and resourced at the appropriate scale, so that we can
adequately address these major practical questions®. a
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