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Agricultural lntensification and 
- 

Ecosystem Properties 
P. A. Matson," W. J. Parton, A. G. Power, M. J. Swift 

Expansion and intensification of cultivation are among the predominant global changes 
of this century, lntensification of agriculture by use of high-yielding crop varieties, fer- 
tilization, irrigation, and pesticides has contributed substantially to the tremendous 
increases in food production overthe past 50 years. Land conversion and intensification, 
however, also alter the biotic interactions and patterns of resource availability in eco- 
systems and can have serious local, regional, and global environmental consequences. 
The use of ecologically based management strategies can increase the sustainability of 
agricultural production while reducing off-site consequences. 

Expansion of agricultural land is widely 
recognized as one of the most significant 
human alterations to the global environ- 
ment. The total area of cultlr ated land 
worldwide tncreased 466% from 1700 to 
1980 (1) .  Whereas the rate of expansion 

has slowed in the last three decades, y~elds 
(food produced per area of land) have in- 
creased dramatically ( 2 ,  3) and have out- 
paced global humin population growth. 
This remarkable scientific and technologi- 

u 

cal achievement is based largely on inten- 
sification of management on land already 
under agriculture, accomplished through 
the use of high-yielding crop varieties, 
chemical fertilizers and pesticides, irriga- 
tion, and mechanization. In the developing 
countries, this intensification fell under the 
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general heading of "the Green Revolution," 
which began in the 1960s with the transfer 
and dissemination of high-yielding seed (3). 
Intensification and rise in crop yields have 
been evident in both develoued and less- 
developed countries, and are demonstrated 
by the long-term yield pattern for corn and 
wheat in eastern Colorado (Fig. I ) ,  where 
irrigated corn yields have increased by 400 
to 5C0% since 1940, and wheat yields have 
increased up to 100%. 

Concerns have developed, however, 
over the long-term sustainability and envi- 
ronmental conseouences of the intensifica- 
tion of agricultural systems. It is now clear 
that aericultural intensification can have 

0 

negati\7e local consequences, such as in- 
creased erosion, lower soil fertilitv, and re- 
duced biodiversity; negative regional conse- 
quences, such as pollution of ground water 
and eutrophication of rivers and lakes; and 
negative global consequences, including 
impacts on atmospheric constituents and 
climate. Concerns about the ability to 
maintain long-term intensive agriculture 
are also growing. In India, for instance, the 
intensive rice-wheat systems of the Puniab 
are beginning to show signs of serious de- 

cline associated with loss of soil quality and 
increased plant health problems (4);  the 
growth in yields from intensive paddy rice 
in Asia is also in question (5). 

At the same time that environmental 
concerns are increasing, so are concerns 
about feeding a rapidly growing human pop- 
ulation and reducing hunger. Demographers 
predict that the population will grow to 
between 8 billion and 10 billion in the 21st 
century. Meanwhile. some 800 million neo- 
ple are' malnourished today. Although k.1- 
nutrition and hunger are currentlv more 
related to poverty a h  inequitable fAod ac- 
cess than to inadequate food production per 
se, many regions of the world, particularly 
varts of Africa, are not self-sufficient in 
food production (6). Thus, agricultural in- 
tensification remains a major target of re- 
search and development. Reconciliation of 
these two needs-increased world food pro- 
duction with greater protection of the en- 
vironment for the future-is subsumed un- 
der the umbrella of "sustainable develop- 
ment" and presents a major challenge for 
science in the 21st century. Understanding 
how ecosystems are altered by intensive 
agriculture, and developing new strategies 
that take advantage of ecological interac- 
tions within agricultural systems (7), are 
crucial to the continuance of high-produc- 
tivity agriculture in the future. 

Biological Consequences of 
Agricultural lntensification 

One key feature of agricultural intensifica- 
tion has been increasing soecialization in 

u .  

the production process, resulting in reduc- 
tion in the number of croo or livestock 
species, or both, that are maintained, often 
leading to rnonoculture (Fig. 2) .  The corn- - - .  
position of the plant community, as deter- 
mined bv the farmer, may be described as 
the "pla1,ned diversity" of'crop systems; ul- 
timately, this crop diversity is critical not 
only in terms of production but because it is 
an important determinant of the total 
biodiversity. It influences the composition 
and abundance of the associated biota such 
as those of the uest colnwlex and the soil 
invertebrates and microorganisms, which in 
turn affect plant and soil processes (8). In 
the following sections, we discuss the role of 
these biological components of the system 
and the ways they are altered by cultivation. 

The pest complex. In both agricultural 
and natural ecosystems, herbivorous insects 
and microbial pathogens can have signifi- 
cant impacts on plant productivity. The 
reduction in plant species richness that ac- 
companies agricultural intensification leads 
to changes in the colnlnunlty composition 
of the pest complex-herbivorous insects, 
their natural enemies (predators and para- 
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sites). and the microbial communitv attack- - Wheat (irrigated) - Wheat (dry) - Corn (irrigated) - Corn (dry) 
'- 

ing crops (9). The low planned diiersity of 
monocultural agricultural systems typically 
results in greater crop losses from an insect 
pest complex that is less diverse but more 
abundant ( 1 0,  1 1 ). The trend for higher 
insect pest densities in monocultures is es- 
pecially strong for specialist herbivores with 
a narrow host range. Lower insect pest den- 
sities in more diversified croD svstems result . , 
partly from changes in host-finding and 
insect movement. but mav also result from 
the higher predation rates, higher parasit- 
ism rates, and higher ratios of natural ene- 
mies to herbivores that are characteristic of 
polycultures (1 0 ,  12). 

The diversity of crop species in an agro- 
ecosystem has a much less predictable effect 
on microbial pathogens than on insects. Mi- 

Year 

Fig. 1. Changes in grain yield for dryland and irrigated winter wheat and corn for Weld County in 
northeastern Colorado (annual state agricultural statistics). 

pesticide resistance has become a ubiqui- of the soil community have been shown to 
be markedly different in agricultural systems 
from those in the natural ecosystems from 
which they are derived (1 9). In comparisons 
of tropical forest and agricultural systems, 
Lavelle and Pashanasi (20) reported that 
taxonomic diversity and population abun- 
dance of the macrofauna in the agricultural 
systems they studied were typically less than 
half that in primary forest; similar changes 
are evident across a wide range of tropical 
ecosystems (21 ). However, the trend is not 
absolute; the abundance and biomass of the 
fauna in tropical pastures, for example, are 
often enhanced. These soil fauna communi- 
ties are usually dominated by a single or 
small number of species, highly adapted to 
the changed environment. 

croclimatic conditions play an important 
role in the development and severity of plant 

tous problem, as have the environmental 
and human health threats associated with 

disease, and crop diversification can either 
encourage or inhibit pathogen growth, de- 

pesticide transfers to water and air (see later 
section). Although integrated pest manage- 
ment (IPM), which advocates the use of 
host plant resistance, biological control, 
and cultural controls along with pesticides, 
has been promoted for decades and has had 
some notable successes (17), it has been 
widely adopted in relatively few crops and 
has yet to significantly affect the amount of 
pesticides used worldwide. This limited ac- 
ceptance stems in part from economically 

pending on the particular requirements of 
the organism. Whereas fungal pathogens can 
be lower in polycultures (13), the opposite 
effect is also seen. Generalizations are diffi- 
cult because the effects of intercropping de- 
pend on a variety of dispersal processes, in- 
fection efficiencv. and the rate of disease r ,  

progress (14). For viruses, the situation is 
somewhat clearer. The maioritv of viruses . , 
that are transmitted by insects tend to be 
found at lower incidence in ~olvcultures, due 

attractive pricing and policies that encour- 
aee the use of ~esticides and the fact that . , 

to the effects of plant species diversity on 
their insect vectors (1 5). 

In contrast to the variable effects of crop 
species diversity on pathogens, the genetic 
diversity of crops can significantly reduce 

- 
implementation of IPM requires knowl- 
edge-intensive management. 

Soil biota. In natural ecosystems, soil nu- 
trient cycling, soil structure, and other prop- 
erties are substantially regulated by the ac- 
tivity of a highly diverse soil community of 
microbes and invertebrate animals ( 1 8). The 

- 
The changes in the soil community un- 

der agriculture can be attributed to a variety 
of causes (22). The initial conversion from 
natural forest, entailing as it does the re- 
moval and/or burning of a large plant bio- 
mass and subsequent tillage, is a major per- 

pathogen impacts on crop productivity. Both 
multiline cultivars and varietal mixtures 
have been used effectively to retard the 
spread and evolution of fungal pathogens in 
small grains. There is some evidence that 
they may also be useful for the control of 
plant viruses (16). Typically, these mixtures 
include both resistant and susceptible crop 
genotypes. The reduction in pathogen spread 
is greater than would be expected on the 
basis of the proportion of resistant genotypes 
in the mixtures, and therefore appears to be 
because of the effects of diversity, per se, on 
the ability of pathogens to disperse. Al- 
though genetically diverse grain crops are 
now in widespread use in many parts of the 
world, there is great potential for using mul- 
tilines and mixtures in other crops. 

In the recent era of agricultural intensi- 
fication, the potential for using crop diver- 
sity to manage insect and microbial pests 
has not been extensively exploited. Cur- 
rently, pest management is primarily ac- 
complished through the use of pesticides, 
and 5 million tons of pesticide are applied 
annually to crops worldwide. As a result, 

composition, abundance, and activity levels 

~ig.2CropcYversstyredllctionsspartoftheMensi- 
k a w ~  prooess. (A) A tradtkd pollfadtweof make, 
beans, and squash in M e x h  (B) A make rrmmxl- 
ture in Nicaragua. WOS by A. Pawerj I 
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ti~rbation of the soil environment with im- such losses rnav occur within 5 vears after ~lished through Green Revolution technol- 
mediate effects on soil biota. The composi- 
tion and activitv of the soil biota is also 

conversion. ~osses of soil C, however, can 
be counteracted somewhat bv increased cron 

" 
ogles. For example, the national food self- 
sufficiencv attained in India in the last sev- 

strongly influenced by the physical environ- 
ment at the soil surface, typically reflected 
in amplified diurnal and seasonal extremes 
of temperature and moisture (23). The sub- 
stantial decrease in the quantity and the 
change in chemical cornposition of organic 
inputs to the soil in agricultural systems are 
also significant factors in changing the 
competitive balance between different or- 
ganisms (24). 

Although it is clear that cultivation 
leads to major changes in the soil biotic 
community, the significance of these 

residue, as is evident in the ;rend for soil k 
levels in U.S. agriculture (Fig. 3). 

Whereas the trend of organic matter loss 
is clear, the rate and amount of loss de~ends 

era1 decabes arose substantially from the 
growth of rice and wheat under irrieation in - " 

the semi-arid plains of the Punjab. Contin- 
ued increases in agricultural oroduction will 

on a number of factors, including climate 
and soil tvoe as well as numerous factors 

" 

require sustained or increased supply of ir- 
rigation water. Even now, however, over- , L 

directly influenced by cropping systems, such 
as the amount of organic inputs, crop cover- 
age of the soil, tillage practice, and length 
and type of fallow. For example, Metherell et 
al. 128) have demonstrated that soil C losses 

pumping is a serious concern in inany re- 
gions, old reservoirs are losing capacity due 
to siltation, and new ones become difficult 
or impractical to site (33). Moreover, scar- 
citv of water can be exnected to increase as ~, 

associated with the winter wheat-fallow ro- 
tation were 50% lower for no-till cornnared 

cokpetitlon for withd&iwals increases with 
human population growth and develop- 

to conventional tillage. No-till does not al- 
wavs increase total soil C to a denth of 20 

changes to agroecosystem functions is less 
well established (25). Some functions, par- 
ticularly within the nitrogen (N)  cycle, are 
carried out by very specific organisms. Oth- 
ers, such as decomposition and nutrient 
mineralization, are mediated bv the inter- 

ment. In addition to being an important 
user of a limited water supply, irrigated ag- 
ricultural lands in arid and semiarid regions 
are being continuously degraded by saliniza- 
tion and waterlogging. In developing coun- 
tries, approximately 15 million ha have ex- 
perienced reduced yields due to salt build- 
up and waterlogging (3). 

Similarly, intensive high-yield agricul- 
ture is denendent on addition of fertilizers. 

cm, but most studies indicate that soil C in 
the tow 5 cm is increased 129). Because of 
the iI;teracting nature of ' these controls, 
models of soil oreanic rnatter change and 

actions within a diverse comrnlnity of or- 
ganisms. From studies of keystone organisms 
such as termites, earthworms, N-fixing bac- 
teria, mycorrhizal fungi, and nematodes, it 
is evident that reduction in diversity of soil 
biota under agricultural practice may pro- 
foundly alter the biological regulation of 
decorn~osition and nutrient availabilitv in 

" - 
eqi~ilibriu~n under disturbance and manage- 
ment such as CENTURY (30) and ROTH- 
AMSTED (3 1 ) have been developed and are 
now being applied worldwide to evaluate the 

especially synthetic N produced through a 
fossil fuel-consuming industrial orocess 

consequences of various types of manage- 
ment. It is evident that rnanv of the man- 
agement strategies that fall uAder the "sus- 
tainable aericulture" rubric, including low- 

- 
that converts abundant at~nospheric N to 
available forms and, secondarilv, P, which is 

the soh. These biological functions have 
been largely substituted in intensive agri- 
culture by the use of fertilizers and mecha- 
nized tillage. Management practices can, 
however, be designed to maximize the pres- 
ence and function of soil biota. For exam- 
ple, switching from extensive to reduced 
tillage reduces the severity of physical ef- 
fects at the soil surface as well as increasing 

" " 

or no-till cultivation, use of cover crops, 
green manure, animal manure, and use of 
inore high-yielding varieties, will increase 
soil organic lnatter levels over those typical 
of intensive management of the recent past, 

inined from P-rich deposits i i  rock. As a 
result of this dependence, vast quantities of 
fertilizer are produced and applied each year 
(Fig. 4). By 1990, 80 million metric tons of 
N were ~roduced in industrial N fixation 
each year, and another 40 million tons were 
fixed by crop plants carrying out biological 
N fixation; together, these hurnan-con- 
trolled inputs were equivalent to annual N 

with a concomitant increase in soil fertility 
and water-holding capacity. 111 addition, 
these management strategies rnay also reduce 
the role of soils as sources and Increase their 
role as sinks for carbon dioxide. 

Water and nutrients. In manv terrestrial 
organic inputs through crop residue reten- 
tion. This practice results in significant 

inputs via natural processes (34). 
Whereas the same suite of nutrient cv- 

ecosystems, water or nutrients, especially N 
and phosphorus (P), limit growth of plants. 
Plants have evolved strategies that allow 
them to nersist under these limitations. Not 

cling processes that operate in unmanaged 
ecosystelns also operate in agricultural sys- 

changes in the cornposition and structure of 
the soil food web (24). 

tems, the relative importance and inagni- 
tudes of individual orocesses varv. In unman- Changes in Natural Resources 

surprisingly, water and nutrients are also the 
main constraints to agricultural nroduction. 

aged ecosystems, mist of the nuirient supply 
results from the turnover of soil organic mat- Soil organic matter. The loss of soil organic 

matter with conversion of natural ecosys- 
tems to oermanent aericulture is one of the 

- 
The capacity to overcome these constraints in 
order to allow ontimum conditions for the 

" 

ter mediated by soil organisms. Inputs of N 
occur via atmospheric deposition or biolog- 
ical N fixation, and outputs via gas emis- 
sions, solution loss, and erosion; both inputs 
and outputs are relatively small compared to 
nutrients moving in the internal cycle. The 
cycle is altered profoundly in many agricul- 

" 

most intensively studied and best document- 
ed ecosystem consequences of agriculture 
(26). Soil organic rnatter is a critical com- 
ponent of both natural and managed ecosys- 
tems, providing the organic substrate for 

new hlgher yielding varieties of crops has been 
central to the production increases of the 
Green Revolution. Thus, the use of irrigation 
and fertilization has increased dramatically, 
especially since the late 1960s (Fig. 4). 

Most prime land for rain-fed cultivation 
is in use; the development of irrigated land 

nutrient release and playing a critical role in 
maintenance of soil structure and water- 

ti~ral systems due to the removal of nutrients 
at crow harvest. reduced nutrient release 

holding capacity, and reduction in erosion. 
Long-term studies of organic lnatter loss fol- 
lowing agricultural conversion have docu- 
mented the decreases in soil carbon (C) 
associated with cultivation (26, 27). In tern- 
perate zone agriculture, soil organic lnatter 
losses are most rapid during the first 25 years 
of cultivation, with losses of 50% of the 
original C typical (Fig. 3). In tropical soils, 

from oiganic maker, large additions of inor- 
ganic N that are immediatelv available for 

has increased at the rate of 2.2% per year 
between 1961 and 1973, with lower rates in 
the decades since then (3). At  a global 
scale, 40% of crop production now comes 
from the 16% of agricultural land that is 
irrigated, including much of the critical 
rice-growing areas (3, 32). Production from 
these systems accounts for a substantial por- 
tion of the increased average yields accom- 

ilant uptake, and increased ~dsses. As noted 
in earlier sections, soil oreanic lnatter and " 

the soil organisms that process it and ulti- 
mately release nutrients from it are substan- 
tially altered. Low nutrient supply is offset by 
fertilizer N,  some of which is consumed by 
crop plants, leading to increased production 
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and yield as well as improved grain or prod- 
uct quality. However, added N also can be 
lost from the svstern in the form of trace 
gases emitted to'the atmosphere or as nitrate 
leaching in solution from the soil to surface 

u 

or groundwater. These losses occur because 
of the oulsed nature of the additions of rel- 
atively mobile forms of N, which are often 
not synchronized to olant demand, and be- 
cause' the reduced content of soil organic 
matter and disruption of the soil biological 
community result in the inability of the soil 
microbial community to retain and mediate 
the transfer of the excess nutrients. A rea- 
sonable estimate is that from 40 to 60% (30, 
35) of the N that is applied is used by the 
plants; the rest is left in soil or lost. Conse- 
quently, as discussed below, N fertilizers have 
eilorinous real and potential environmental 
consequences at local, regional, and global 
scales, some of which feed back to negatively 
affect agricultural oroduction. - 

High nutrient inputs to agricultural sys- 
tems often have significant, positive effects 
on pathogen and insect pest populations. 
Res~onse to N concentration in croDs is 
particularly strong for Inany insects and fun- 
gal pathogens (36, 37). Because N fertiliza- 
tion often has its strongest effects on plant- 
soluble N 138)- sao-feedine insects like , ,  

aphids, leafhoppers, and plakthoppers are 
likely to show strong population increases 
in response to N fertilization. The high 
rates of N fertilization that accompanied 
the introduction of high-yielding varieties 
in rice throughout Southeast Asia consis- 
tently led to outbreaks of the brown plant- 
hopper, Nilaparvata lugens. Pest manage- 
ment manuals distributed by the Interna- 
tional Rice Research Institute in the Phil- 
ippines now instruct farmers to apply less N 
fertilizer and to avoid N pulses that lead to 
outbreaks (39). The negative impacts of 
such devastating pests on crop yields can 
outweigh any positive effect of additional N 
on crop production. 

Convenion to agriculture 
7500 from native vegetaton 
70001 - Hlstorlcal management - 

Conventional 
tillage 

I- 

3000 '1~00 '  1;iO' i&O' lk; l i 4 0 '  1;s; i i '30 '  1;i'O' i icSO'ii90 

Year 

Fig. 3. Slmuated total so11 C (for soil depth of 0 to 
20 cm) changes for the central U.S. corn belt (57). 
Ponts at which soil C was 53 and 61 % of concen- 
tration at conversion to agriculture (In 1907) are 
ndlcated. 

A range of crop pathogens, including 
fungi, bacteria, and viruses, also cause inore 
severe damage when N inputs are high (37). 
Moreover, the particular form of fertilizer N 
applied to a crop can have significant im- 
pacts on pathogen dynamics and disease 
severity. For example, soil-borne pathogens 
like Rhitoctonia and Fusarium appear to 
cause more damage when N is applied as 
ammonia than nitrate (40). Soil processes 
that affect the form of N available to plants 
inay also affect disease severity. In contrast, 
the response of insect pests to N fertiliza- 
tion does not appear to depend on the form 
of N applied (36). 

Interactions Between 
Agroecosystems and 
Surrounding Regions 

Although agroecosysterns are typically 
managed in isolation from other ecosystems 
within a region, the physical, ecological, 
and biogeoche~nical changes that take place 
within them have numerous consequences 
for adjacent, and even distant, ecosystems. 
Similarly, the neighboring systerns can in- 
fluence agroecosystems. For example, the 
position of an agroecosystem within a land- 
scape of diverse land uses can significailtly 
influence pest dynamics. In temperate sys- 
tems, it is well documented that hedgerows 
and woodlots, long recognized for their use- 
fulness in preventing erosion, call also har- 
bor natural enemies that provide significant 
pest control in adjacent agroecosystelns 
(41 ). Although similar data from tropical 
systems are rare, anecdotal information sug- 
gests that such natural areas can also sup- 
port natural enemies of crop pests ill the 
tropics (42). The structure and diversity of 
the agroecosysteln can also i~lfluellce the 
movement of wildlife between natural and 
agricultural systerns and affect their use of 
such systerns. Perennial, vegetationally di- 
verse agroecosystelns with complex struc- 
ture can provide important habitats for 
many birds that are typically found in iln- 
disturbed ecosystems. For example, inany 
traditional cacao and coffee systelns in the 

Year 

Fig. 4. Annual global N fertilizer consumpton IS 

shown for a 35-year perlod (58) (1 Tg = 1 Oi2 g). 

tropics (grown as polycultures with over- 
story and understory plants) have been 
demonstrated to be good habitats for mi- - 
grant and resident forest birds (43), and 
these birds may be important consumers of 
pest insects (44). 

A well-known effect of agricultural fer- 
tilization with N is leaching of nitrate 
from soils to water systerns, leading to 
increased concentrations of nitrate in 
drinking water and downstream surface 
water systems. Nitrate concentrations in 
the major rivers of the northeastern Unit- 
ed States have increased three- to tenfold 
since the early 1900s, an increase that is 
related to the use of fertilization as well as 
other human activities (45). Moreover, 
contamination of ground water is colnmon - 
in agricultural regions around the world. 
High nitrate concentrations in drinking 
water represent a human health concern, 
causing rnethernoglobinernia. Nitrate also 
influences the health of natural systems. 
Eutrophication of estuaries and other 
coastal marine environments can cause 
low- or no-oxvgen conditions in stratified , - 
waters, leading to loss of fish and shellfish 
resources and to bloo~ns of nuisance algae 
and organisms that are toxic to fish (45, 
46). Whereas N in runoff or leachine from " 

agricultural systems influences coastal ma- 
rine productivity, agricultural sources of P 
dominate the eutrophication process in 
many freshwater aquatic systems. Most of 
the P lost from agriculture is transported 
over the surface via runoff and erosion, 
but leaching of organically bound P rnay 
be an important pathway in some systerns. 

Fertilizer use also leads to increased 
emissions of gases that play critical roles in 
tropospheric and stratospheric chemistry 
and air pollution (47). For example, nitro- 
gen oxides (commonly known as NO,) are 
emitted from worldwide agricultural soils 
at estimated rates of uo to 25% of the 
global fossil fuel combustioil source (48). 
Once in the atmosphere, NO, is a critical 
regulator of tropospheric ozone, an iinpor- 
tant coinponent of smog; it affects human 
health as well as the health of agricultural 
crops and natural ecosystems. Chameides 
e t  al. (49) suggest that as much as 35% of 
cereal crops worldwide rnay be exposed to 
damaging levels of ozone. Furthermore, 
NO, and ammonia, also emitted from ag- 
ricultural systems, may be transported and 
deposited in gaseous or solution forms to 
downwind terrestrial and aauatic ecosvs- 
terns. This deposition consLitutes, in kf- 
fect, inadvertent fertilization, and can lead 
to acidification, eutrophication, shifts in 
species diversity, and effects on predator 
and parasite systems (50). Finally, fertil- 
ized agriculture is also a critical source of 
several greenhouse gases, including carbon 

.sciencemag.org SCIENCE VOL. 277 23 JULY 1997 507 



dioxide, nitrous oxide, and methane (34, 
47. 50). 

culture are multiple (54), but in this con- 
text sustainabilitv ma17 be defined as meet- 

regulates soil fertility, and plant demand 
19.  55). The scientific basis of that inte- 

As is the case with fertilizers, a signifi- 
cant fraction of pesticide that is applied to 
agricultural systems fails to reach the target 
Dests and instead moves into adjacent eco- 
systems via leaching or aerial drift, where it 
can have im~ortant  im~acts on the diversi- 
ty and abundance of nontarget species and 
can have complex effects on ecosystem pro- 
cesses and trophic interactions (51). Chlo- 
rinated hydrocarbons such as dichloro-di- 
phenyl-trichloroethane (DDT) can persist 
in the environment for decades after their 
use, while organophosphates and carbam- 
ates are short-lived but acutely toxic. Fur- 
thermore, many of the residues are hormone 
mimics or immunosuppressants that may 
have significant implications for public 
health. 

As noted earlier, irrigated agricultural 
lands in arid and semiarid regions are being 
degraded by saliilization and waterlogging; 
irrigation also influences the quality of 
water svstems outside of the aericultural 
system. irrigation return-flows typ;cally car- 
rv more salt and minerals than the surface 
or groundwater source that supplied it, due 
to eva~oration and coilcentration in the 
agricultural systems, potentially affecting 
do~vnstream agricultural and natural sys- 
tems. Irrigation withdrawals also can leave 
downstream systems so depleted in water 
that rinarian svstems and fish and wildlife 
populations are damaged (52). 

The high rates of water and wind erosion 
associated with cultivated agriculture (53) 
reduce the soil resources in a~ricultural - 
land, but also can lead to sedimentation in 
reservoirs and lakes that reduce the lifetime 
of water systems. High levels of suspended 
sediments can also reduce net primary pro- 
duction in freshwater and marine systems, 
ultimately affecting fish and aquatic inver- 
tebrates feeding and reproduction. Finally, 
wind erosion contributes significantlv to 
the aerosol content of th' atmosphere, 
which plays critical roles in climate as well 
as air pollution. 

Roads to Sustainable Agriculture 

The biological and environmental conse- 
quences of agricultural intensification are 
increasingly apparent and have become a 
focus of detailed study in Europe and North 
America. In these regions, where food self- 
sufficiency has been abundantly realized, 
legislation has been introduced to promote 
more sustainable means of production. Even 
in regions such as sub-Saharan Africa, 
where self-sufficiency in food production is 
still a distant target, a focus on sustainabil- 
ity is being applied to agricultural develop- 
ment. The dimensions of sustainable agri- 

, , 
ing current production goals without 
com~romisine the filtilre in terms of re- - 
source degradation or depletion. 

The challenge, therefore, is to realize - 
increased production while avoiding the 
more extreme of the effects detailed above. 
The developinent of more ecologically de- 
signed agriculti~ral systems that reintegrate 
features of traditional agricultural knowl- 
edge and add new ecological knowledge 
into the intensification Drocess can contrib- 
ute to meeting this challenge. The renewed 
interest in agroforestry, intercropping, and 
mixed arable-livestock systems is an indica- 
tion of the interest in ecologically designed 
systems. Moreover, integrated nutrient-or- 
ganic matter management and pest man- 
agement approaches are receiving increas- 
ing attention as pathways to sustainable 
high-production agriculture and reduction 
of off-site problems. Broad implementation 
of such strategies will require the contribu- 
tions and interactions of social as well as 
natural scientists, national and internation- 
al agricultural research institutions, indus- 
try, policymakers, and farmers. 

The use of inorganic, industrially pro- 
duced fertilizers has been one of the key 
factors in enabling the enormous increase 
in food production in the last five decades, 
yet the biological and environmental con- 
seauences of their use are substantial. Re- 
quirements for increased food production 
that the world faces, particularly in the 
tropical regions, cannot conceivably be 
[net without increased nutrient innuts. 
However, in order to avoid the accompa- 
nying acceleration of environmental deg- 
radation, the efficiency of use must be 
increased greatly. The capacity of the soil 
system to supply nutrients and retain ap- 
plied nutrients is undermined by practices 
that diminish the role of soil organisms 
and lead to depletion in soil organic mat- 
ter. One key to nutrient use efficiency lies 
in the spatial and temporal matching of 
nutrient resources and plant demand. The 
adoption of emerging technology that al- 
lows inputs to be applied differentially 
across fields to match crop demands ("pre- 
cision agriculture") provides a technolog- 
ical step toward increased efficiency that 
will be immediately useful in some regions. 
Strategies that help synchroi~ize nutrient 
release from organic matter and nutrient 
supply from inputs with plant demand re- 
quire less-advanced technology but are in- 
formation intensive. These will require 
better integration of industrial fertilizers, 
organic matter inputs (such as crop resi- 
dues, manure, and organic household and 
industrial wastes), organic matter stocks 
and turnover, the biotic community that 

gration, and the econolnic and social cost 
of such practices, must be much better 
understood and incorporated into imple- 
mentation practices (56). 

A second example of opportunity for 
improved biological management of agri- 
cultural systems lies in integrated methods 
for pest management. The integration of 
crop diversification, host resistance, nutri- 
ent management, and biological control has 
the potential to substantially reduce our 
reliance on pesticides, while still maintain- 
ing yields. The challenge is to improve our 
understanding of the interactions between 
these lnodifications in the cropping system, 
so that we can better predict and manage 
pest problems. It is clear, however, that by 
manipulating trophic levels above and be- 
low the pest, we can influence pest popula- 
tion dynamics and behavior in ways that 
reduce crop damage without the negative 
environmental consequences that often ac- 
company pesticide use. 

REFERENCES AND NOTES 

1. W. B. Meyer and B. L. Turner I ,  Annu. Rev. Ecol. 
Syst. 23, 39 (1 992). 

2. 0. B. Grigg, The World Food Problem (Blackwell, 
Oxford, 1993); R. L. Naylor, W. Falcon, E. Savaeta, 
Popul. Dev. Rev. 23, 41 (1 997). 

3. R. L. Naylor, Annu. Rev. Energy Enl~iron, 21, 99 
(I 996). 

4. K. K. M. Nambiar, So11 FeriiHty andcrop Productl~~lty 
UnderLong-Term Felilllzer Use m India (Indan Coun- 
c ~ l  of Agr~cutura Research, New Delh~, 1994) 

5. K. S. Cassmann eta / .  , In So11 Management: Experf- 
mental Basis for Sustainabillty and En~~lronmental 
Quality, Advances In Soil Science, R. La  and B. A. 
Steward, Eds. (Lew~s, Boca Raton, FL, 1995). pp. 
181-224; K. S. Cassmann, R, Ste~ner, A. E. John- 
ston, in Agricultural Sustalnabllity: Economic, Envi- 
ronmental and Sta tistlcal Considerations, V. Barnett. 
R. Payne, R. Steiner, Eds. (W~ley, Chichester, UK 
1995), pp. 231-244. 

6. United Natons Food and Agriculture Organization, 
Agriculture: Towards 2010 (FA0 Rome 1993). 

7. G. P. Robertson, n AgrlculturalEcology, L. Jackson, 
Ed. (Academ~c Press, New York in press). 

8. M. J. Swift and J. S, I. Ingram. Eds.. GCTE Repoli 
No. 13, (Global Change and Terrestra Ecosystems. 
Walingford, UK. 1996). 

9. A. G. Power and A. S. Flecker, in Biodiversity and 
Ecosystem Processes in Troplcal Forests, G. H. Or-  
ans, R. D~rzo J. H. Cushman, Eds. (Springer-Verlag, 
New York 19961, pp. 173-1 94. 

10. D. A. Andow Annu. Rev. Entomol. 36 561 (1 991). 
11. A. Tonhasca Jr, and D. N. Byrne, Ecol. Entomol. 19. 

239 (1 994). 
12. E. P. Russell, Environ. Entomol. 18 590 (1 989). 
13. M. A. Boudreau. PlantPathol. 42. I 6  (1993); - 

and C. C. Mundt, Phy?opathology 82. 1051 (1992). 
14. M. A. Boudreau and C. C. Mundt, Ecol. Appl 4.729 

(1 994). 
15. A. G. Power; in Agroecology: Researching the Eco- 

logical Basis for Sustainable Agrlculture, S. R. Gliess- 
man Ed. (Springer-Verlag, New York 1990) pp. 
47-69. 

16. . Ecology 72, 232 (1991). 
17. R. L. Naylor and P. R. Ehrlich, in Natures Sen/lces, 

G. C. Dally, Ed. (Island Press, Wash~ngton. DC, 
1997), pp. 151-1 74. 

18. P. S. Gler. Biodiversity Consen/. 5, 135 ( I  996). 
19. P. Lavele, C. Gilot, C. Fragoso, B. Pashanas~, in Soil 

Resilience and Sustainable Land Use, D. J. Green- 

3E VOL. 277 25 JULY 1997 \vww.sciencell 



land and I. Szabocs, Eds. (CAB Internatonal, Wall- 
lngford, UK, 1994), pp. 291-308. 

20. P. Lavelle and B. Pashanasi, Pedobiologia 33, 283 
(1 989). 

21. Tropical Sol Bology and Fertllity Programme, 51010- 
gy and Fertility of Troplcal Soils. TSBF Report 1997 
(TSBF, Narobi, Kenya, 1997); P. Lavelle, personal 
communcation. 

22. Special Issue on Soil Blodversity, Agricultural Inten- 
slfication, and Agroecosystem  unction, M. J. Sbvift, 
Ed.,Appl. So~lEcol. 6 (August 1997); M. H. Beare, G. 
Tian, V. M. Reddy, S. C. Srivastava, /bid., p. 87; C. E. 
Pankhurst, B. M. Doube, V. V. S. R. Gupta, P. R. 
Grace, Eds., Soil Biota: Management In Sustainable 
Farmlng Systems (CSIRO, Australla, 1994). 

23. B. R. Critchley et a/. , Pedobiologla 19,  425 (1 979); 
J. A, lngram and M. J. Svd~ft, in Research Methods 
for Cereal/Legume Intercropping, S. R. Waddngton, 
A. F. E. Palmer, 0. T. Odje, Eds. (CIMMYT, Mexlco 
City, 1989), pp. 200-214; G. Tlan, L. Brussaard, 
B. T. Kang, M. J. Swift, in Driven by Nature--Plant 
Lltter Quality and Decomposition, G. Cadisch and 
K. E. Giler, Eds. (CAB International, Walngford, UK, 
1997), pp. 125-134. 

24. M. H. Beare et a/., Ecol. Monogr. 62, 569 (1992). 
25. M. J. Svd~ft and J. M. Anderson, in Biodiversity and 

Ecosystem Function, E.-D. Schulze and H. A. 
Mooney, Eds. (Springer-Verlag, Berlin, 1993), pp. 
29-41 

26. E. A. Paul, K. Paustan, E. T. Elliott, C. V. Cole, Soil 
Organic Matter m Temperate Ecosystems (CRC 
Press, Nebv York, 19971, 

27. 1. C. Burke et a/. ,  SoiIScl. Soc. Am. J. 53, 800 (1 989). 
28. A. K. Methere et a/. ,  In Soil Management and the 

Greenhouse Effect, R. Lal, J. Kimble, E. Levne, B. A. 
Stewari. Eds. (Lev!is, Boca Raton, FL, 1995), pp. 
259-270. 

29. K. Paustian, G. P. Robertson, E. T. Elliott, in (28), pp. 
69-88. 

30. W. J. Parton and P. E. Rasmussen, Soil Sci. Soc. 
Am. J. 58, 530 (1 994). 

31 . D. S. Jenkinson, Pliilos. Trans. R. Soc, London Ser. 
B 329, 361 (1 990). 

32. S. Postel, in State of the World 1996, L. R. Brown, 
Ed. (Norton, New York, 1996), pp. 40-59. 

33. S. L. Postel, G. C. Dally, P. R. Ehrllch, Science 271, 
785 (1 996). 

34. P. M. Vitousek and P. A. Matson, in Biogeochem~stry 
ofGlobalChanoe: RadiativelvActive Trace Gases. R 
Oremand, ~ d . - ( ~ h a ~ m a n  &Hall, New York, 19931, 
pp. 193-208. 

35. K. Paustian, W. J. Parton, J. Persson, Soil SCI. 56, 
476 (1992). 

36. J. M. Scriber In Nltroaen in Croo Production. R. D. 
Hauck, Ed. (~mericanSociety df Agronomy, Madl- 
son, Wl, 1984), pp. 441-460. 

37. D. M. Huber, In CRC Handbook of Pest Manage- 
ment In Aqriculture, D. Pimentel, Ed. (CRC Press, 
Boca  ato on, FL, 1981), pp. 357-394. 

38. W. J. Mattson Jr., Annu. Rev, Ecol. Syst, 11,  11 9 
(1 980). 

39. W. H. Reissig et a/, , Illustrated Guide to Integrated 
Pest Management In Rice In Tropical Asia (Interna- 
tional Rice Research nstltute, Los Banos, Philip- 
ulnes. 1986). 

40, D. M. ~ u b e ;  and R. D. Watson, Annu. Rev. Phyto- 
pathol. 12,  139 (1 974). 

41. M. A. Altier and L. L. Schmidt, Aqric. Ecosyst. Envl- 
ron. 16, 29 (1 986); N. Boatman, held Margins: lnte- 
grating Agriculture and Consewatlon (Brltish Crop 
Protection Councll, Farnham, UK, 1994). 

42. A. G. Power, in Forest Patches in Tropical Land- 
scapes, J. Schelhas and R. Greenberg. Eds. (Island 
Press, Washngton, DC, 1996), pp. 91-1 10. 

43. C. S. Robbins etal. , Comparison of Neotropical Mi- 
grant Bird Populations Vinterlng in Tropical Forest, 
Isolated Fragments, and Agricultural Habits (Smith- 
sonlan Institution Press, Washington, DC, 1992); 
J. M. Wunderle Jr. and R. B. Waide. Condor95, 904 
(1993); R. Greenberg, n Forest Patches In Tropical 
Landscapes, J. Schelhas and R. Greenberg, Eds. 
(Island Press, Washington, DC, 1996), pp. 59-90. 

44. R. Greenberg and J. Salgado Ortiz, Auk 11 1 ,  672 
(1 994). 

45. R. W. Howarth, G. Blllen, D. Sbvaney, A. Townsend, 

Biogeochemistry 35, 75 (I 996). 
46. Natonal Research Council, Managing Wastewaterin 

Coastal Urban Areas (National Research Councll, 
Washngton, DC, 1993); S. W. Nixon, Opheba 41, 
199 (1 995). 

47. F. J. W~Iams,  G. L. Hutchinson, F. C. Fehsenfeld, 
Global Blogeochem. Cycles 6, 351 (1992); R. J. C -  
cerone and R. S. Oremand, ibid. 2, 299 (1988); S. J. 
H a ,  P. A. Matson, P. Roth, Annu. Rev. Energy En- 
wron. 21, 31 1 (1 996); P. A. Matson, C. Billow, S. Hall, 
J. Zachariesson, J. Geophys. Res. 101, 18533 
(1996); G. P. Roberison, In Agricultural Ecosystem 
Effects on Trace Gases and Global Climate Change, 
L. A. Harper, A. R. Mosler, J. M. Duxbury, D. E. 
Roston, Eds. (American Socety of Agronomy, Mad- 
\son, Wl, 19931, pp. 95-108. 

48. R. Demas. D. Serca, C. Jamberi, Nutrient Cyclingin 
Agroecosystems, In press; E. A. Davidson, W. 
Kingeree, Nutrient Cycling and Agroecosystems, in 
press. 

49. W. L. Chameldes, P. S. Kasibhatla, J. Yienger, H. 
Levy I ,  Sclence 264, 74 (1 994). 

50. P. M. Vitousek et a/., Ecol. Appl., in press; J. N. 
Galloway, W. H. Schlesinger, H. Levy I ,  A. Michaels, 
J. L. Schnoor, Global Biogeochem. Cycles 9 ,  235 
(1 995). 

51. D. Plmente and C. A. Edwards, Bioscience 32, 595 
(1 982); S. J. Rische, D. Pimentel, H. Grover, Ecology 
67, 505 (1986). 

52. S. Postel and S. Carpenter, In Natures Sewlces, 
G. C. Daily, Ed. (Island Press, Washlngton, DC, 
1997), pp. 195-214. 

53. P. Crosson, Science 269, 461 (1995); D. Pimentel, 
Ed., World Soil Erosion and Consen/ation (Cam- 
bridge Unlv. Press, Cambridge, 1993). 

54. J. K. Lynam and R. W. Herdt, Agric. Econ. 3, 381 
(1989); A. M. lzac and M. J. Sw~ft, Ecol. Econ. 11, 
105 (1994); B. Becker, Issues Agr~c. 10,  63 (I 997). 

55. P. L. Woomer and M. J. Svd~ft, Eds., The Biological 
Management of Tropical Soil Fertllity (Wiley, Chi- 
chester, UK, 1994). 

56. M. J. Swift, in The Role of Soil Biota In Sustainable 
Agriculture, L. Brussaard and R. Ferrera-Cerrato, 
Eds. (Advances in Agroecology, Lewis, MI, 1997). 

57. Fgure is modifed from A. S. Donlglan Jr, etal. [EPA 
Report. EPA/600/R-94-067 (1 994)l. 

58. FAOSTAT, statistics database, http://apps.fao.org/ 
59. We thank P. Vitousek, R. Nayor, R. Kelly, and G. 

Daily for extended discussions on these topics, G P. 
Robertson and two anonymous reviewers for 
thoughtful reviews of earlier drafts, and K. McElbvain 
and B. Techau for assistance wlth manuscript prep- 
aration. Partially supported by grants to W.J.P. 
(NASA-NAGW-2662. NSF-BSR-9011659, NIH-I - 
R01 -HD33554, and EPA-R824993-01-O), P.A.M. 
(NASA-NAGW-3869 and USDA-94-37101-04371, 
and A.G.P. (NSF-9407919 and USDA-95-33120- 
1877). 

The Management of Fisheries 
and Marine Ecosystems 

Louis W. Botsford, Juan Carlos Castilla, Charles H. Peterson 

The global marine fish catch is approaching its upper limit. The number of overfished 
populations, as well as the indirect effects of fisheries on marine ecosystems, indicate 
that management has failed to achieve a principal goal, sustainability. This failure is 
primarily due to continually increasing harvest rates in response to incessant sociopo- 
litical pressure for greater harvests and the intrinsic uncertainty in predicting the harvest 
that will cause population collapse. A more holistic approach incorporating interspecific 
interactions and physical environmental influences would contribute to greater sustain- 
ability by reducing the uncertainty in predictions. However, transforming the manage- 
ment process to reduce the influence of pressure for greater harvest holds more im- 
mediate promise. 

Fishing the oceans is a significant human 
enterprise. Fisheries provide direct employ- 
ment to about 200 million people (1 )  and 
account for 19% of the total human con- 
sumption of animal protein. Globally, first- 
sale fishery revenues produce about U.S.$70 
billion, and fishes represent important corn- 
rnodities in trade from developing coun- 
tries, showing net exports of about U.S.$13 
billion in 1993 (2) .  Recent assessments by 
the United Nations Food and Agriculture 
Organization (FAO) of the state of the 
world's fisheries indicate a leveling off of 
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landings in the 1990s, at about 100 million 
tons (3). Almost half of the individual fish 
stocks are fully exploited, and another 22% 
are overexploited (Fig. 1). Because of the 
complexity of marine ecosystems and the 
difficulty in sampling them, fishery scien- 
tists have only rarely taken an ecosystem 
approach to management. It has been pro- 
posed that this lack of ecosystem approach- 
es to fisheries management contributes to 
world overfishing and stock depletion (4). 
Despite multiple definitions of ecosystem 
management, there is widespread and grow- 
ing commitment by natural resource man- 
agement agencies to this approach. The 
Ecological Society of America advocates a 
definition that emphasizes the holistic con- 
sideration of interactions among compo- 
nents of the ecosystem to achieve sustain- 
ability through adaptive management (5). 
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