pearance of the corresponding gene product
is comparable to that in the SCN. Moreover,
the homozygous inactivation of one or both
mCry genes—known to accelerate, retard, or
even abolish the biological clock in the SCN
(18, 20, 23)—affects the peripheral oscillator
to a similar extent. Thus, the peripheral os-
cillator in immortalized cultured fibroblasts
constitutes a bona fide in vitro model for the
molecular oscillator in the SCN, and could
potentially allow the use of skin fibroblasts as
a means of identifying clock gene defects in
patients with circadian disorders.

Although peripheral clocks in the intact
mouse possess some degree of autonomy, as
is evident from the uncoupling of entrainment
of peripheral and master clocks by glucocor-
ticoid administration or restricted feeding (6—
8), they differ from the master clock in the
SCN in one important aspect. Unlike in cul-
tured SCN slices, rhythmic clock gene ex-
pression in cultured peripheral organs/tissues
and fibroblasts is dampened after a number of
days (9). Because, as we have shown, the
molecular makeup of the core oscillator of
master and peripheral clocks is identical, the
mechanism that allows the master clock to
keep on ticking remains to be identified.
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Forecasting Agriculturally
Driven Global Environmental
Change
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During the next 50 years, which is likely to be the final period of rapid agri-
cultural expansion, demand for food by a wealthier and 50% larger global
population will be a major driver of global environmental change. Should past
dependences of the global environmental impacts of agriculture on human
population and consumption continue, 10° hectares of natural ecosystems
would be converted to agriculture by 2050. This would be accompanied by 2.4-
to 2.7-fold increases in nitrogen- and phosphorus-driven eutrophication of
terrestrial, freshwater, and near-shore marine ecosystems, and comparable
increases in pesticide use. This eutrophication and habitat destruction would
cause unprecedented ecosystem simplification, loss of ecosystem services, and
species extinctions. Significant scientific advances and regulatory, technolog-
ical, and policy changes are needed to control the environmental impacts of

agricultural expansion.

During the first 35 years of the Green Revolu-
tion, global grain production doubled, greatly
reducing food shortages, but at high environ-
mental cost (/-5). In addition to its effects on
greenhouse gases (I, 6, 7), agriculture affects
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ecosystems by the use and release of limiting
resources that influence ecosystem functioning
(nitrogen, phosphorus, and water), release of
pesticides, and conversion of natural ecosys-
tems to agriculture. These sources of global
change may rival climate change in environ-
mental and societal impacts (2, §). Population
size and per capita consumption are assumed to
be the two greatest drivers of global environ-
mental change. Humans currently appropriate
more than a third of the production of terrestrial
ecosystems and about half of usable freshwa-
ters, have doubled terrestrial nitrogen supply
and phosphorus liberation, have manufactured
and released globally significant quantities of
pesticides, and have initiated a major extinction
event (2—4, 8-10). Global population, which
increased 3.7-fold during the 20th century, to 6
billion people (/1), is forecast to increase to 7.5
billion by the year 2020 and to about 9 billion
by 2050 (12). Constant-dollar global per capita
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gross domestic product (GDP) increased 4.6-
fold in the 20th century (/3) and is projected to
be 1.3 times current levels by 2020 and 2.4
times current levels by 2050 (14, 15). How
might projected increases in population and
wealth influence the global environment? The
prospects of climate change are widely recog-
nized (/6). Here, we explore the nonclimatic
global environmental impacts of agricultural
expansion during the coming 20 to 50 years.
We use past global trends and their dependence
on global population and GDP to empirically
forecast the potential global environmental im-
pacts of agriculture. Like economic forecasting,
ecological forecasting is notoriously difficult
and imprecise. Our forecasts are not predic-
tions, but rather are estimates of environmental
impacts should agriculture continue on the tra-

Fig. 1. (A) Trends in annual
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jectories of the past 35 or more years. Because
these trajectories include in them the impacts of
past technological developments, changes in
consumer choices, and environmental regula-
tions, our forecasts implicitly assume similar
technological, regulatory, and behavioral
changes in the future. Shifts in these could
cause major deviations from our forecasts.

We use univariate and multiple regressions
to forecast future global trends for each of seven
environmental variables related to agriculture
(Table 1). Because of the exponential nature of
past global population and economic growth, we
had anticipated exponential temporal trends for
these variables. Surprisingly, each was a linear,
and almost equally strong, function of time,
population, and GDP (Fig. 1 and Table 1). We
thus use linear fits in our forecasts, while rec-

—

ognizing that substantial changes in future pop-
ulation and economic growth, agricultural poli-
cies, climate, and other factors would affect our
results. Detailed regional forecasts and forecasts
based on mechanistic models that couple re-
gional economies, agriculture, and the environ-
ment are also needed and would complement
our simpler global approach.

Four forecasts were made for each variable:
by a linear fit to its temporal trend (Fig. 1),
extrapolated to the years 2020 and 2050; by the
fitted dependence of each variable on population
size (13, 17, 18), combined with the global
population size projected (/2) for 2020 and
2050; by the linear dependence of each variable
on GDP (13, 17), combined with global GDP
projections (14, 15) for 2020 and 2050; and by
multiple regression fitting each variable to year,

-]
o

rates of application of ni-
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(Table 1).

Table 1. Univariate and multivariate forecasts for years 2020 and 2050, based on
trends observed in the past 35 to 40 years and their dependence on population
and GDP. Parentheses show R? values for each regression. Levels of significance:

0.0 L . L L s L L L
1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990

2
1
0
9
8
7
6
8
4
3
2
1
0
1

Year

**p < 0.0001; *P < 0.01;

L
960 1965 1970 1975 1980 1985 1990 1995 2000

Year

NS, P > 0.05. The value in 2000 is based on temporal

extrapolation from the latest available data, generally 1998. Mean projections are
means of the three univariate and the one multivariate projection.

Fertilizer (10° MT) Pesticide
Irrigated land Imported Crop land Pasture land
(108 ha) Produced porte (10° ha) (10° ha)
N P 6 (10° 1996
(10°MT) Us.S$)
Value in 2000 87.0 343 280 3.75 11.8 1.54 3.47
Mean projections
Forecast 2020 135 476 367 6.55 18,5 1.66 3.67
Forecast 2050 236 83.7 529 10.1 322 1.89 4.01
Individual projections for 2050
Univariate
By year 186 62.0 465 7.33 25.8 1.79 3.90
(0.986**) (0.927**) (0.998**) (0.946%) (0.957*%) (0.976**) (0.977*%)
By population 166 56.2 417 8.02 222 173 3.79
(0.980**) (0.910**) (0.996**) (0.990%) (0.951**) (0.974*) (0.979**)
By GDP 343 98.3 761 18.1 488 2.20 4.59
(0.964*) (0.904**) (0.992**) (0.995%) (0.955*%) (0.973*%) (0.977*%)
Multivariate 249 118 473 7.06 320 1.83 3.75
(0.989**) (0.979*%) (0.998*%) (0.994Ns) (0.960**) (0.977*%) (0.982*)
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population, and per capita GDP, combined with
projected values for these in 2020 and 2050. We
present all four forecasts for 2050 to illustrate
similarity and variability, and mean forecasts for
2020 and 2050 (Table 1). The averages for 2020
allow a mid-course evaluation of the 50-year
forecasts.

The doubling of global food production dur-
ing the past 35 years was accompanied by large
increases in global nitrogen (N) and phosphorus
(P) fertilization and irrigation [Fig. 1A and (5)].
If past trends in N and P fertilization (18, 19)
and irrigation (/8) and their dependence on
population and GDP continue, our mean fore-
cast is for global N fertilization to be 1.6-fold
times present amounts by 2020 and 2.7 times
present values by 2050 (Table 1). By 2050, N
fertilization alone would annually add 236 X
10 MT of N to terrestrial ecosystems (20),
compared with 140 X 10° MT from all natural
sources (2). Individual forecasts for N fertiliza-
tion in 2050 range from a 1.9-fold increase
based on its dependence on population to a
3.9-fold increase based on GDP. P fertilization
is forecast to be 1.4 times current amounts in
2020 and 2.4 times current amounts in 2050. P
estimates for 2050 range from 1.6-fold to 3.4-
fold increases (20). Irrigated area (/8), a mea-
sure of agricultural demand for water, is forecast
to be 1.3 times the current area in 2020 and 1.9
times as great in 2050.

Humans annually already release as much N
and P to terrestrial ecosystems as all natural
sources (2, 3). The large projected increases in
N, P, and irrigation water [Table 1 and (20)]
would have significant environmental impacts.
Irrigation increases salt and nutrient loading to
downstream aquatic ecosystems, can cause
salinization of soils, and has impacts on streams
and rivers because of damming and removal of
water (2/). In many areas, there is insufficient
water for projected demands (21, 22). N and P
leakage from agricultural systems causes major
environmental problems (2, 3, 8, 23). About half
of fertilizer N and P is captured in harvested
crops (23-25) and, after consumption, enters
human and livestock waste streams. About 70%
of harvested crops are fed to livestock in devel-
oped countries (23), but few livestock wastes are
treated for N and P removal. Thus, much N and
P from fertilizer and animal wastes enters sur-
face and groundwater (3, 25), and N also is
volatilized to the atmosphere as ammonia and
deposited regionally (23-25).

The major environmental consequence of P
addition is eutrophication of surface waters, par-
ticularly freshwater lakes and streams (3). For
N, consequences include eutrophication of estu-
aries and coastal seas, loss of biodiversity and
changes in species compositions in terrestrial
and aquatic ecosystems, groundwater pollution
with nitrate and nitrite, increases in the green-
house gas N,O, increases in NO, and resulting
tropospheric smog and ozone, and acidification
of soils and sensitive freshwaters (2, 8, 23, 25,
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26). Eutrophication is the biggest pollution
problem in most coastal waters (23), and, with
overfishing and aquaculture (27), is a major
threat to marine biodiversity. Agricultural nutri-
ent pollution has led to increased blooms of
toxic algae in many coastal systems and to the
large hypoxic (“dead”) zone in the Gulf of Mex-
ico (24, 28). In total, projected increases in N
and P fertilization and irrigation would cause
significant losses of biodiversity, as well as
marked changes in the composition and func-
tioning of both terrestrial and aquatic ecosys-
tems (2, 3, 8, 23, 25, 26, 28).

Although society benefits from pesticides,
some cause environmental degradation or affect
human health (29, 30). Some pesticides, de-
pending on persistence and volatility, disperse
globally (29), bioaccumulate in food chains (37)
and have impacts on human health and the
health of other species far from points of release
and many years after release. If past patterns
continue, global pesticide production (30),
which has increased for 40 years (Fig. 1C),
would be 1.7 times that at present by 2020 and
2.7 times the present amount by 2050 (Table 1).
Projections for 2050 range from 1.9- to 4.8-fold
increases. World trade in pesticides (/8), anoth-
er estimate of trends in pesticide use, would be
1.6 times present levels by 2020 and 2.7 times
present levels by 2050 (Fig. 1D and Table 1).
Should trends continue, by 2050, humans and
other organisms in natural and managed ecosys-
tems would be exposed to markedly elevated
levels of pesticides.

Land use and habitat conversion are, in es-
sence, a zero-sum game: land converted to ag-
riculture to meet global food demand comes
from forests, grasslands, and other natural hab-
itats. Increases in agricultural land, a major
quantified cause of global habitat destruction,
are a conservative estimate of losses of native
ecosystems. Global trends for pastureland [Fig.
1B and (18)] suggest a net increase of 2.0 X 10®
hectares of pasture by 2020 and of 5.4 X 108
hectares by 2050 (Table 1). If past trends (Fig.
1B) continue, global cropland (/8) would in-
crease by a net of 1.2 X 108 hectares by 2020
and of 3.5 X 10® hectares by 2050 (Table 1).
The combined total represents an average global
agricultural land base in 2050 that would be
18% larger than at present. These are net global
changes. Because analyses like those of Table 1,
but for developed countries, project a net with-
drawal of 1.4 X 108 ha of land from agriculture
by 2050, the net loss of natural ecosystems to
cropland and pasture in developing countries by
2050 would be 10° ha, about half of all poten-
tially suitable remaining land (22, 32).

The conversion of 10° hectares of land to
agriculture would represent the worldwide loss
of natural ecosystems larger than the United
States. Because of regional availabilities of suit-
able land, this expansion of agricultural land is
expected to occur predominately in Latin Amer-
ica and sub-Saharan central Africa (/, 22). It

could lead to the loss of about a third of remain-
ing tropical and temperate forests, savannas, and
grasslands and of the services, including carbon
storage (33), provided by these ecosystems. Ad-
ditional natural habitat would be lost worldwide
to urban and suburban development, to road-
ways, and to the rotation of low-quality lands
through agriculture. Species extinction is an ir-
reversible impact of habitat destruction. Interac-
tions between climate change, species invasions,
and habitat fragmentation could cause further
diversity losses, because many species may be
unable to migrate through fragmented habitats
to reach regions with suitable climates and soils
34).

Just as demand for energy is the major cause
of increasing atmospheric greenhouse gases, de-
mand for agricultural products may be the major
driver of future nonclimatic global change. Our
forecasts have high variance, but even the low-
est projections are cause for concemn. The pro-
jected 50% increase in global population and
demand for diets richer in meat by a wealthier
world are projected to double global food de-
mand by 2050 (22), creating an environmental
challenge that may rival, and significantly inter-
act with, climatic change. The actual impacts of
agricultural expansion will depend on how large
the expansion actually is and on how it is
achieved. Our projections of global environ-
mental impacts assume a continuation of past
practices, i.e., mainly of agricultural intensifica-
tion by means of fertilization, irrigation, pesti-
cide application, and crop breeding. We implic-
itly assume that the increasing yields of the
Green Revolution can continue unabated for 50
more years. If this does not occur, perhaps be-
cause of water shortages, evolution of resistant
pests and pathogens, emergence of new pests
and pathogens, or diminishing returns from fer-
tilization and selection for higher-yielding vari-
eties (1, 18, 35, 36), the projected food demand
would be met only if the agricultural land base
increased more than we have projected, i.e., by
an extensification of agriculture. Alternatively,
food demand could be lowered if the trend
toward diets richer in meat were reversed or if
global population stabilized at a lower than pro-
jected level.

The Green Revolution greatly reduced world
hunger. Comparable advances in agricultural
production are needed during the coming 50
years to assure a sufficient, secure, and equitable
global food supply (1), but these advances must
follow new trajectories if the problems we have
identified are to be minimized. An environmen-
tally sustainable revolution (/), a greener revo-
lution, is needed. It must be based on the total
costs and benefits of agriculture, including agri-
culture-dependent gains and losses in values of
such ecosystem goods and services as potable
water, biodiversity, carbon storage, pest control,
pollination, fisheries, and recreation (37, 38).

Existing knowledge, if widely used, could
significantly reduce the environmental impacts
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of agriculture and increase productivity. Inte-
grated pest management, application of site-
and time-appropriate amounts of agricultural
chemicals and water, use of cover crops on
fallow lands and buffer strips between cultivat-
ed fields and drainage areas, and appropriate
deployment of more productive crops can in-
crease yields while reducing water, fertilizer,
and pesticide use and movement to nonagricul-
tural habitats (6, 7, 21, 23, 35, 39—41). Treat-
ment of animal wastes is necessary, especially
in developed countries, where more than a third
of fertilizer N passes through livestock (23).
Currently, animal wastes receive little or no
treatment and are a major source of surface
water pollution and terrestrial N deposition (23,
28). Preservation and restoration of wetlands
and riparian zones can remove N by denitrifi-
cation before it reaches watercourses and can
trap P in soils.

Comprehensive land-use planning could
mitigate some effects of agricultural expansion.
Some agricultural impacts could be ameliorated
if the 1.4 X 108 hectares projected for removal
from agriculture in developed nations were re-
stored to provide ecosystem services (37), such
as carbon storage, preservation of biodiversity,
and production of potable water. Alternatively,
if kept in agriculture, this land could save a
comparable area of natural ecosystems in devel-
oping nations from destruction if food so pro-
duced could meet demands of developing na-
tions. The capability of the remaining natural
lands to supply ecosystem services and to pre-
serve biodiversity could be increased by plan-
ning the pattern and location of agricultural
development so as to save biodiversity hot
spots; to minimize fragmentation; to maximize
the range of ecosystem types preserved; and to
preserve wetlands and riparian zones that pro-
tect surface waters from inputs of nutrients,
pesticides, eroded soil and pathogens. Such ac-
tions would continue a global trend of setting
land aside as nature reserves and national parks
(42). Cumulatively worldwide, an area roughly
the size of the Indian subcontinent is designated
for conservation of biodiversity. Many pre-
serves, though, are inadequately protected, and
some may be sustainably protected only if in-
corporated into local economies (43).

Even the best available technologies, fully
deployed, cannot prevent many of the forecasted
problems. Major international programs are
needed to develop new technologies and poli-
cies for ecologically sustainable agriculture. Re-
gion-appropriate education, incentives, and le-
gal restrictions will be required to encourage
adoption. The research needs are diverse. We
must seek, by breeding and biotechnology,
gains in the fundamental efficiency of crop N, P,
and water use (21, 35, 36). Advances in preci-
sion agriculture that decrease N and P inputs are
needed, as are methods that manage soil organic
matter and microbial communities to reduce
nutrient leaching and to optimize soil fertility (6,
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35). Methods are needed to efficiently close the
nutrient cycle from soil to crop to livestock and
back to agricultural soil, and to prevent the
occurrence and the spread to humans of live-
stock pathogens. Ways to better control crop
pathogens and pests are needed, such as by
greater use of natural enemies, crop diversity
(40), and biotechnology, if deployed so as to
reduce evolution of pest resistance. Methods to
forecast quantitatively the impact on ecosystem
functioning of loss of habitat, loss of biodiver-
sity, changes in species composition, and in-
creased nutrient inputs need development. Be-
cause most agricultural expansion will occur in
developing countries, the discovery and adop-
tion of appropriate practices likely would re-
quire aid from developed countries, including
International Monetary Fund and World Bank
loans, or debt forgiveness. Moreover, regional
differences in food demand and in the potential
of extensification versus intensification to meet
these needs (21, 22, 32, 35, 44) means that,
although the problems are global, solutions must
be local, regional, and global.

If global population stabilizes at 8.5 to 10
billion people, the next 50 years may be the final
episode of rapid global agricultural expansion.
During this period, agriculture has the potential
to have massive, irreversible environmental im-
pacts. The minimization of these impacts, while
providing sufficient and equitably distributed
food, will be a great challenge. Although there
are likely to be mechanisms and policies that
can reduce, or perhaps reverse, many of the
trends that we have identified, these solu-
tions will not be achieved unless far more re-
sources are dedicated to their discovery and
implementation.
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