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Abstract

This paper discusses the influence of N resources (fertilizer, legume, soil) on sustainable agriculture in temper-
ate/boreal ecosystems (exemplified by the Canadian prairies), and in the humid, subhumid and semi-arid tropic
(exemplified by southeast Asia and central and south America). A sustainable agricultural system is one that is
economically viable, provides safe, nutritious food, and. conserves or enhances the environment. Consequently,
we discuss the impact of N on crop yields, nitrogen use efficiency (NUE), food quality, environmental quality and
on socioeconomic factors. Considerably more long-term research has been conducted in the temperate regions,
consequently this was where most information was available. However, the principles governing the behaviour of
N are very similar in all ecosystems. It is mainly the rates of nutrient cycling and the socioeconomic constraints
that differ. Legumes and N fertilizers, used in a responsible manner, will increase crop production, provide quality
food, increase net returns, reduce risk of monetary loss, improve soil quality, and reduce N loss via leaching and
gaseous means. The key to sustainable management of N is to synchronize N supply with N use by the crop.
Because societies in most temperate ecosystems are more affluent they are better positioned to encourage adoption
of management techniques that promote sustainability. In contrast, most producers in the tropics are, subsistence
farmers; consequently, their immediate goal is economic survival, not preservation of the environment.

Introduction small, subsistence-type farming systems (e.g. Africa,

Southeast Asia, South America, Caribbean). We use

Sustainable land management, sustainable agriculture
and sustainable cropping systems all command con-
siderable attention in all developed and in many devel-
oping countries. Here we discuss a microcosm of this
large problem, namely, how N (sometimes in com-
bination with P) influences sustainable crop manage-
ment, concentrating on the general principles applica-
ble to most ecosystems. We present this information
in two parts: (a) agroecosystems in developed coun-
tries in temperate/boreal climates where large commer-
cialized production predominates [e.g. Canada, USA,
Europe and most of the Organization of Econom-
ic Cooperation and Development (OECD) member
states], and (b) developing countries, mainly located in
humid, sub-humid, and semi-arid. tropics and subtrop-
ics, where agriculture is predominantly conducted on

the Canadian prairies for (a), and primarily Southeast
Asia for (b).

Temperate/boreal ecosystems with large
commercialized production systems - the
Canadian prairies

Background

Only 7% (67 million ha) of Canada’s land area is arable
while another 6% is suitable for grazing [12]. Of the
arable land, 79% (53 million ha) is located in the three
prairie provinces of Alberta, Saskatchewan, and Man-
itoba (Fig. 1). Long, cold winters; short, hot summers;
low, variable precipitation; characterize the climate
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Fig. 1. Prairie Provinces of Canada, showing major soil zones.

and dictate cropping practices. Prairie soils are young
and inherently fertile. Thus, crops mainly require N
and P fertilizer, in limited cases S, but rarely K. Farms
are large (most exceed 4.5 km?) and highly mecha-
nized to allow timely operations in the 4-month grow-
ing season (May—September). Cereals [mainly hard
red spring wheat (Triticum aestivum L.)) predominate,
but mixed farming (grain and livestock) is common
on the more humid Gray and Dark Gray Luvisolic soil
zones (Alfisols) in the northerly areas, while oilseeds
and pulses are significant components of crop rotations
on Black Chernozems (Udic Borolls). Monoculture
wheat with varying degree of summerfallow (land left
bare to conserve water, control weeds, or reduce inci-
dence of disease) predominates in the more arid south-
ern areas where Brown and Dark Brown Chernozems
(Aridic and Typic Borolls) predominate. Summerfal-
low is significant even in the more humid areas. Low
precipitation causes low yields (most < 3.5 tha™! and
many only 1.75 t ha~!) requiring low fertilizer inputs.
Severe climate helps to control some pests, thereby
reducing pesticide requirements. Irrigation is not com-
mon except in Alberta where just over 0.4 million ha of
land is irrigated. Cereals occupy 50% and hay occupies
25% of the irrigated land [12].

Sustainable agriculture production - The problem

According to Agriculture and Agri-Food Canada, Sus-
tainable Agriculture refers to “agrifood systems that
are economically viable, provide safe nutritious food,
and allows conservation or enhancement of soil, air
and water.” On the Canadian prairies, low fertilizer
and pesticide use plus low precipitation minimize con-
cerns for air and water pollution. However, soil degra-
dation (soil organic matter loss, salinization, erosion)
and especially economics, are major concerns.

The native grassland soils of the prairies were very
stable but, when cultivated, lower plant biomass inputs,
higher rates of organic matter decomposition, and sus-
ceptibility to erosion, made loss of organic matter and
fertility inevitable. Furthermore, frequent summerfal-
lowing to conserve water and reduce risk of crop failure
hastened soil degradation and increased salinity. Thus,
use of improper summerfallow techniques resulted in
severe erosion in the dry, windy 1930s (‘Dirty Thir-
ties’). Since then, research has led to implementation
of several conservation techniques (e.g. stubble mulch
tillage, strip cropping, contour farming, use of tree
shelterbelts, grass waterways, use of proper crop rota-
tions) and these have helped to abate the problem.
However, prairie soils which seldom required N fer-
tilizer in the 1940s and 1950s, now often requite this
nutrient even after a year of summerfallow because



the inherent fertility of the soil has been substantially
depleted [66],

Despite the obvious positive contributions of fer-
tilizers in maintaining food production (and as shown
later, maintaining soil quality), 75% of Canadians sur-
veyed in 1989 said that they were concerned about
fertilizer use [12]. Thus, there is an urgent need to
critically assess the true impact of fertilizers (in this
case N) on the components of sustainable production
systems.

Impact of N on yields and economics

Many studies have been conducted on the Canadian
prairies that examine the influence of fertilizers on
yield, nutritional quality and economics. Most of these
studies were summarized in two recent reviews [23,
66]; thus, only a few pertinent highlights will be dis-
cussed in this paper. Studies typically show positive
yield responses of all crops to N in all soil zones
if moisture is non-limiting and if available N is not
already over-abundant [66].

Nitrogen use efficiency

Sustainable crop production requires improved nitro-
gen use efficiency (NUE). Many factors influence
NUE, with perhaps the main factor, weather, being
unpredictable. However, historical weather records
allow us to estimate the probabilities of obtaining
average, or above- or below- average weather con-
ditions, and we can use these to guide our manage-
ment decisions. In the semiarid climate of southwest-
ern Saskatchewan, yield, and therefore NUE response
to N, was shown to be directly influenced by available
water (Fig. 2). In this 9 year continuous no-till spring
wheat study, the N-supplying capacity of the soil was
improved by the combined effect of fertilizing, increas-
ing cropping frequency, and reducing tillage, so that
NUE was directly related to soil available N, but it was
inversely related to rate of fertilizer N (27]. Factors that
will affect NUE are placement of N (banding superior
to broadcasting), timing of application (spring appli-
cation near seeding time superior to fall application),
and N source (ammonium nitrate generally superior to
urea which may volatilize easily) [27,75]. But, with
all these options, the farmer is required to balance the
improved NUE against the extra cost (e.g., for banding
> broadcasting; ammonium nitrate more costly than
urea; fertilizer cheaper when bought in fall than in
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Fig. 2. Yield increase over zero N yields of spring wheat as estimated
for some soil water, soil and fertilizer N situations in a 9-year no-till
continuous wheat experiment conducted on a Brown Chernozem at
Swift Current, Saskatchewan [27].

spring), and they must consider the convenience in
terms of distribution of labour [85].
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Long-term yield trends

A crop rotation study on a thin Black Chernozem at
Indian Head, Saskatchewan [16], demonstrates how
fertilizers may influence long-term yield trends. Treat-
ments compared were stubble-crop wheat in fertil-
ized (N and P) and unfertilized fallow-wheat-wheat
and continuous wheat systems, and unfertilized sweet-
clover (Melilotus officinalis 1..) green manure-wheat-
wheat and fallow-wheat-wheat-hay-hay-hay systems.
Hay was a mixture of alfalfa (Medicago sativa L.) and
bromegrass (Bromus inermis Leyss). In the first 20
years of this study (1958-1977), N and P fertilizers
were low because they were applied based on gener-
al recommendations for the crop and soil, but from
1978 a soil test was used as the criterion for fertilizer
requirements and the N rates were tripled (on average)
compared to rates in the first 20 years.

The benefit of N and P fertilizer in improving yields
was readily apparent from the beginning of this study
and, after the N rate was increased in 1978, the yield
response to fertilizer was even more apparent (Fig.
3). The average rate of increase in yield of fertilized
monoculture wheat grown on stubble was 30-33 kg
ha~!yr~! (Table 1). The widening difference between
fertilized and unfertilized systems over time was part-
ly due to the higher rates of N applied after 1977,
and partly because yields on the unfertilized plots had
gradually declined, reflecting a decline in fertility of
the soil (Table 1).

The rate of decline in yields of the unfertilized treat-
ments was much greater in the fallow-wheat-wheat
system (—28 kg ha~! yr™!) than in continuous wheat
(=11 kg ha=! yr~1), probably reflecting greater ero-
sion in the fallow-containing system [45]. Further evi-
dence of the decline in fertility of the unfertilized soil
was seen in the lower soil organic matter content and
N-supplying power of the fallow-containing system
compared to the continuous wheat (Table 1).

Sweetclover green manure increased yields of
wheat grown on stubble compared to unfertilized
fallow-wheat-wheat (Fig. 3), probably a result of N
fixation, as evidenced by a 57% higher N-supplying
power in the soil under green manure (Table 1). Even
so, the yield of wheat grown on stubble in the green
manure system has declined by 26 kgha™! yr~!, much
like that of the unfertilized fallow-wheat-wheat. This
negative yield trend in the green manure system was
partly because legumes do not supply P (Table 1).
These results suggest that, on a yield basis, the fertil-

ized system is more sustainable than the green manure
system.

Yields of wheat grown on stubble in the 6-yr hay-
containing system was much higher than those of
stubble-wheat in the fertilized fallow-wheat-wheat sys-
tem in the first 20 years of study (Fig. 3). This was
partly due to less erosion [45], and partly because of
the high N-supplying power of soil in the 6-yr rotation
(Table 1). However, because the hay crop provides no
P (Table 1), and because hay is harvested two in every
six years, the 6-yr rotation also did not maintain wheat
yields at as high a level as those obtained for the fer-
tilized fallow-wheat-wheat system after the fertilizer
rates were based on soil tests.

Although the benefits of N cannot be separated
from that of P in this study, the results, clearly show
that proper fertilization is required if we are to achieve
sustainable crop production. Further, where legumes
are used, adequate P must also be applied.

Economics

A prime consideration in achieving sustainability
is having an economically viable operation. Much
research has been conducted to assess the influence
of fertilizers and legumes on the economic viability of
crop rotation systems on the Canadian prairies [23].
The optimal system will depend, inter alia, entirely on
the cost of fertilizer and price obtained for produce and
often on Government policies and subsidies.

Under arid conditions (e.g., Brown soil zone), use
of N and P fertilizers is profitable for continuous wheat
in most economic situations, and fertilizer use often
minimized losses (Fig. 4) [84]. However, for fallow-
containing wheat rotations, itis only when wheat prices
are high, or fertilizer costs low, that applying both N
and P fertilizers results in higher net incomes than for
rotations to which only N or P is applied.

In the sub-humid, thin Black Chernozemic soil
at Indian Head, Saskatchewan, the economic bene-
fit from fertilization is generally significant, particu-
larly for the more intensive cropping systems [84].
Proper fertilization amplifies net income in years of
favourable weather, and reduces economic losses in
years of unfavourable growing conditions. Prior to
1977, when the fertilizer rates used in the Indian Head
study were lower than economic optimums, net returns
for legume-containing systems were superior to those
of fertilized or unfertilized fallow-wheat-wheat (Table
2). But, after fertilizer rates were increased, the dif-
ferential between fertilized and unfertilized monocul-
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Table 1. Average annual rate of change in yield trends over 34 yr and organic N, available P
and potential nitrogen-supplying power of soil at Indian Head, Saskatchewan in 1987 [16]

Rotation and Average yield ~ Organic  Potential nitrogen-  Available-P
fertilizer increase® N supplying power®  in 0-1.2 m¢
treatment? (kgha=!yr~1) (tha~!)  (kgha~!wk™1) (kg ha~1)
F-W-(W) -28 3.00 28 37
F-W-(W) (N+P) +30 3.24 38 55
Cont (W) -11 3.17 36 31
Cont (W) (N+P) +33 3.46 55 42
GM-W-(W) -26 3.37 4 26
F-W-(W)-H-H-H -5 3.58 43 24
LSD(P<0.10) - 031 8 13

F = fallow, W = wheat, Cont = continuous, GM = sweetclover green manure, H = alfalfa-
bromegrass hay and () denotes rotation phase sampled.

b Average slope of yield trends lines over time.

“The initial potential rate of N mineralization (i.e. Ng x K).
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Fig. 3. Yield trends of hard red spring wheat grown on stubble in a fallow-wheat-wheat rotation on a thin Black Chernozem at Indian Head,
Saskatchewan, showing the influence of sweetclover green manure, legume-grass hay crops, and of fertilizer. All points are 5-year running
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Table 2. Annual net incomes® for rotations during two fertility periods? [24]

Nand P 1960-77 1978-84
Rotation Sequence  Fertilized Mean Min Max Mean Min Max
(-$ha=h
F-w No 10 -100 122 -12 —80 103
F-wW Yes 17 -110 122 3 —80 122
F-W-W No -5 -128 155 -25 ~115 85
F-W-w Yes 15 —128 155 17 =73 142
GM-W-W No 42 —128 180 22 —45 97
F-W-W-H-H-H No 22 —-110 152 32 —45 103
Cont. W No -57 -160 175 —-99 248 75
Cont. W Yes —-10 —-178 243 17 -240 233

#Base assumptions: Wheat = $147/t; hay = $67/t; fertilizer N = $0.57/kg; P,0s = $0.60/t; labour

= $10/hr; interest = 11%.

PFertilized according to general recommendations for the region in period 1960-77, but accord-
ing to soil tests in 1978-84; the latter period required much higher rates of N.

ture wheat widened in favour of the fertilized systems
while net returns decreased relative to the first period.
The hay-containing system still performed well in this
second period. Thus, these economic trends appeared
to mimic the long-term yield trends discussed earlier
(Table 1 and Fig. 3).

Where soils are very fertile, such as on the thick
Black Chernozem at Melfort, Saskatchewan, the eco-
nomic benefit from fertilization may be much lower
than in a less fertile soil where the driving variables
are equally good (e.g., Indian Head) (Fig. 4). Thus,
the influence of fertilizer on net returns depends on the
likelihood of gaining significant enough crop response
to overcome added cost of inputs, and this will depend
on the inherent fertility of the soil, the weather condi-
tions, and the rates of fertilizer used.

Impact of N on environmental quality

Earlier we showed that adequate fertilization is
required to maintain the fertility of soil, otherwise it
will degrade, thereby leading to lower crop production.
Even the inclusion of legume systems, though they
reduce the rate of degradation, may not be sufficient
to maintain crop production at a level equivalent to
when proper fertilization practices are employed. Let
us now consider how some soil characteristics may be
influenced by fertilizers and legumes over time.

Impact on soil quality

Although prairie soils have experienced considerable
degradation due to poor soil management, most soils
still have adequate quantities of organic matter to sus-
tain acceptable crop production [22]. The rate of loss
of organic matter from prairie soils was rapid in the
first 20 years after the grassland was broken, but then
decreased and organic matter levels have begun to
approach a steady state in reasonably managed soils
[22, 59].

What influence have fertilizers had on the quantity
of organic matter in soils? Long-term studies carried
out in the various soil zones in western Canada have
shown that, without fertilization, soil organic matter
levels will not increase and will likely continue to
decline, particularly where summerfallow occupies a
significant component of the rotation [20]. However,
proper fertilization can either reduce the rate of loss
in organic matter or, where summerfallow is kept to a
minimum, it may increase the soil organic matter con-
tent modestly (Table 1 and [20]). If the organic matter
level is already high, however, it is unlikely that fertil-
izers will increase the level very much [14].

Like fertilizers, legumes, whether used as green
manure, hay, or pulse crops, can increase the soil
organic matter content if used for a long enough period
(Table 1 and [20]). In fact, any management practice
thatresults in an increase in the amount of crop residues
(especially roots) returned to the land will have a pos-
itive influence on soil organic matter content, unless
organic matter is already high [13,14].
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wheat) [84].

Because crop residue production is directly refated
to crop production, there will generally be a direct
relationship between the maintenance of soil organic
matter levels and economic performance. The export
of grain or other produce from the land takes with it
large amounts of N, P, K and S [11]. If these nutrients
are not replaced (e.g., by additions of fertilizers) soil
organic matter and the fertility of the soil will gradually
decline. This has been well documented for N in a
long-term rotation study at Swift Current (Fig. 5).
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Table 3. Influence of grain legume on trend in fertilizer N require-
ments for spring wheat in two continuously cropped systems
receiving N and P based on soil tests over a 12-yr period at Swift
Current, Saskatchewan [26]

N fertilizer applied to rotation phase
indicated by () (kg ha—1)

Year Cont (W) W-(Len)® Cont(W) minus W-(Len)
1979 39 50 —11
1980 61 61 4}
1981 33 28 5
1982 27 27 0
1983 20 21 —~1
1984 44 11 33
1985 11 5 6
1986 11 5

1987 41 3 38
1988 56 4 52
1989 9 2 7
1990 17 0 17

2Prior to commencement of this experiment this land was cropped
continuously to spring wheat fertilized with N and P for 12 yr.
YThe comparison was made between Cont W and the lentil phase
of W-Len because the N requirements of the lentil was dictated
by the wheat phase of the rotation.

Not only is the amount of organic matter influenced
by fertilizers, legumes, or reduced inputs, so too is the
quality of the soil organic matter. For example, the
number of microbes and their activity in the soil are
directly related to fertilizer rates and to the amount of
legume inputs into soil [26,54]. Here, too, the impact
of fertilizer interacts with cropping frequency (Table
1).

Because fertilizers (and legumes) increase the N-
supplying power of soils, their regular use, year after
year, can lead to significant improvement in the fer-
tility of the soil. This may then reduce the fertilizer
requirements of such land in future years (Table 3).

As stated earlier, fertilization will have a positive
effect on crop residues [18]; in turn, this will have a
direct effect on soil aggregation (Fig. 6). The latter
will influence soil structure, erodibility, soil workabil-
ity, and water infiltration. Thus, the adoption of prop-
er fertilization practices is imperative for maintaining
soil in good physical condition for crop production.
Legumes (green manure, and particularly grass-alfalfa
hay crops) are very effective in promoting good soil
aggregation [18].
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Fig. 6. Relationship between water stable aggregates and crop
residues for various treatments in a long-term crop rotation experi-
ment at Indian Head, Saskatchewan [18].

Impact on water quality

High nitrate content in drinking water can be a health
hazard, causing methaemoglobinaemia. Although the
climate of the Canadian prairies is semiarid, thus result-
ing in severe moisture deficits on aregular basis, nitrate

leaching can take place, especially in the more humid
regions, such as in the Black and Grey Luvisolic soil
zones [17,30]. This is particularly true where summer-
fallow constitutes a significant component of the crop
rotation, because this allows storage of water, thereby
priming the soil for ‘leakage’. Further, in the summer-
fallow period mineralization and nitrification predom-
inates and, without much plant uptake of N, nitrate can
be easily leached during early, wet springs (Fig. 7, and
[6]).

If fertilizers are applied based on soil test criteria,
then nitrate leaching is minimized, especially when
continuous cropping is also practiced (Fig. 7) [17]. In
contrast, over-fertilization, which may result from use
of general fertilization criteria for a crop and soil (Fig.
8), as well as under-fertilization [25], can sometimes
lead to large amounts of nitrate being leached. Nor
is the use of legumes less likely to result in nitrate
leaching than will mineral fertilizers (Fig. 9). This is
because legumes increase the N-supplying power of
soils (Table 1) and, when they are plowed down, the
mineralized/nitrified N can be easily leached, especial-
ly if summerfallowing is a component of the rotation.
Thus, the key to reducing nitrate leaching is to reduce
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wheat rotations after 34 years at Indian Head, Saskatchewan. The
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fallow frequency and to apply fertilizer based on soil
tests. Too much, or too little fertilizer, may lead to
nitrate leaching beyond the root zone of annual crops
[15,25]. Nonetheless, to date there has been no evi-
dence to suggest that the use of fertilizers or legumes
have resulted in nitrate pollution of ground waters on
the Canadian prairies [47,48]. In the few cases where
high concentrations of nitrates have been detected in
ground water on the prairies, these were associated
with farmsteads, or were located in the vicinity of
towns and villages where human and animal wastes
were concentrated. [30].

Impact on air quality

When we think of air quality with regard to the impact
of N fertilizers, "greenhouse gases", such as CO, and
the oxides of nitrogen, come to mind. Although the
influence of N fertilizers and legumes on evolution of
CO; from soil (C mineralization or respiration) has
been much studied on disturbed soil in the laborato-
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ry, few such studies have been conducted in situ on
the Canadian prairies. Nitrogen fertilization has been
shown to reduce CO; respiration [56,57], probably due
to the negative impact of fertilizers on microbial activ-
ity resulting from the lowered pH accompanying N
addition [56]. However, incubation studies with dis-
turbed soil from long-term rotations in Saskatchewan,
usually show increased CO, respiration from soils
having a history of regular fertilizer addition (as was
observed for N mineralization as well) [13].

The main N-containing greenhouse N gas is nitrous
oxide (N,O). The chief processes responsible for N,O
production in soils are denitrification and nitrification,
with the former being the main mechanism involved
[68]. Under anaerobic conditions, nitrate or other
oxides of N serve as alternative terminal electron
acceptors to Oy for denitrifying bacteria. Thus, the
presence of oxides of N is a prerequisite for N,O pro-
duction by this process. It is not surprising therefore
that the application of N fertilizers can result in dra-
matic increases in N,O emissions in the field [31,38].
Annual losses of N as N;O from fertilized field soil
can be as high as 40 kg ha~! [67] compared to that
from unfertilized soils being < 2 kg ha~—! [68]. Based
on a summary of 104 field experiments conducted in
temperate climates, it was reported that all but one
showed evidence of fertilizer-derived N,O emissions
[38]. Further, N,O emissions generally increased with
increasing rate of N. Anhydrous ammonia appeared
to cause considerably higher NoO emissions than oth-
er common fertilizers, though the reason for this is
uncertain [38]. Most of the N;O emission occurred
soon after the fertilizer was applied. Little information
of this type has been published in western Canada,
although overwinter loss of N from fall-applied fertil-
izer has been attributed to denitrification [58]. Deni-
trification was observed to increase in a Blaine Lake
soil in Saskatchewan after fertilization, but the extent
of the N emission was not specified [79].

Legumes, like N fertilizers, have been shown to
contribute to increased N, O emissions [38]. Denitrifi-
cation was increased significantly by clover plowdown
at two sites in Saskatchewan [2]; however, the added
easily- decomposable organic matter was felt to be a
factor in the enhanced denitrification.

In Saskatchewan, significant emission of NoO was
found to accompany the nitrification of ammonia fer-
tilizers under acrobic conditions [3]. However, the
amount of N,O emitted by this mechanism is much
less than that lost via denitrification. Further, several
recent reports suggest that NO, not N»O, is the dom-
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inant N gas produced during nitrification in aerated
soils [78].

Nitric oxide, which is the dominant component of
the so-called NOx, has no direct effect on the earth’s
radiation balance, but it is very active chemically and

plays a critical role in its interaction with such oxidants
as ozone [31]. Because NOy is eventually oxidized
to nitric acid it will also contribute to acid precipita-
tion.



Nitrification is believed to be the major source of
NO in soils with moisture content in the available range
[49]. In such soils, NO evolution was an order of mag-
nitude greater than N, O evolution. Because nitrifica-
tion is a common occurrence in prairie soils whenever
ammonium fertilizers are applied, one can assume that
most ammonia-based fertilizers do contribute to evo-
lution of NOx to some extent. However, the amount
of N fertilizers used on the Canadian prairies is small
compared to the more humid regions of Canada, the
USA, or Europe; therefore, our contribution to the evo-
lution of these noxious gases is, presumably, relatively
small.

Tropics - Predominantly subsistence farming
Background

Nitrogen fertilizer use in the tropics has increased more
slowly than in more developed countries in Europe
and North America. Nitrogen is mainly used on low-
land rice (Oryza sativa) and on the high value crops,
such as sugarcane (Saccharum officinalis 1..), cotton
(Gossypium hirsutum) and irrigated wheat. Historical-
ly, fertilizer use was encouraged by artificially low
cost of fertilizer, but subsidies have tended to decrease
with time. Because of the prevalence of subsistence
farming, economics is the main concern and environ-
mental questions are incidental. Because of limited
resources, there has been minimal long-term research
on N cycling in soils of the tropics [46]. In fact, tropi-
cal agriculture has mainly relied on results of research
from temperate regions. This seems reasonable since
the principles involved apply in all climates, varying
only in degree as dictated by climate, especially pre-
cipitation and temperature [4,5].

Sustainable agriculture production - The problem

The definition of sustainable agriculture used earlier
for the developed countries is applicable to the tropics.
As stated earlier, economics is the main concern and,
as shown later, many farmers cannot afford to buy fer-
tilizers, while wastes such as cow manure may be more
valuable as an energy source or for industrial purposes
(India) than for building soil organic matter. The sec-
ond part of this paper will deal more with nitrogen use
efficiency than on environmental impact of N.
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Impact of N on yields and economics

Many experiments have been conducted on N man-
agement of crops in the tropics. Most have been aimed
at evaluating N fertilizers and have been directed to
lowland rice, the most important crop. In recent years,
there has been an increase in the research effort direct-
ed at the use of green manures and other organic inputs
for both lowland rice and upland crops. Generally,
the responses to N have paralleled those obtained in
temperate climates. Field experiments in Puerto Rico,
Brazil and Ghana showed that the response of maize
(Zea mays L.) to N was remarkably similar to that
obtained on similar soils in the USA [46]. Further,
apparent N recovery in the above-ground crop (mea-
sured by difference method) was almost identical for
tropical and temperate locations, with mean recovery
ranging from 60-120 kg ha~! being 56% [46]. On the
Canadian prairies mean recoveries of fertilizer N for
cereals is 53% [29].

Nitrogen use efficiency

Lowland Rice

Asia uses 39% of the world’s N fertilizer and about
60% of this is used on lowland rice [33]; thus, most
research has been conducted on this crop. Research,
together with favourable fertilizer prices has ensured
widespread use of N fertilizer on lowland rice. Howev-
er, whereas farmers have been quick to adopt practices
aimed at optimizing yields, there is still a problem with
respect to NUE by rice. Generally, less than 40% of
N applied to rice is used by the crop [33]. Loss has
been mainly through ammonia volatilization, although
leaching and denitrification also contribute to ineffi-
cient utilization. Because of the nature of these pro-
cesses, attempts to reduce losses and improve NUE
have focused on water management. In the case of
ammonia volatilization, loss is closely related to con-
centration of ammonium in the floodwater. Estimates
of total losses of N as ammonia are between 36~44%
[40]. This loss was reduced to 22% by use of urease
inhibitors [40], but the cost is prohibitive [10]. Two
approaches to reducing loss by reducing floodwater
concentration of ammonia have been (a) to drain the
floodwater and apply the fertilizer to the soil surface,
and (b) to place the fertilizer below the soil surface.
It was confirmed that losses were less when fertilizer
was applied to the drained soil surface than when it was
broadcast on the floodwater [32]. It was shown that uti-
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lization efficiency could be raised to more than 60% by
placing the fertilizer below the surface of the soil (deep
point placement) [34]. Banding it was also effective,
but combinations of various split applications, includ-
ing that favoured by the farmers, gave the poorest effi-
ciency. The latter observation was confirmed by others
[50,72]. For example, lowland rice took up 25-34%
of urea applied as split application, but 50-61% from
deep placed urea supergranules [72].

Reviewing a series of experiments in Indonesia,
Myers [62] concluded that there were technical solu-
tions to increasing NUE of lowland rice. Various split
applications for example, resulted in improved NUE
(Table 4). Placement of fertilizer below the soil surface
also consistently gave high yield and NUE. However,
generally the improved technology merely improved
N concentration in the grain rather than grain yield.
In the absence of any price incentives for grain pro-
tein, farmers are justifiably unwilling to adopt these
technologies. One byproduct of this research is a clear
indication of the need for accompanying study of eco-
nomic and social factors. In the Philippines, similar
research led to revised recommendations on N place-
ment which were similarly rejected by farmers.

Upland crops

Because most farmers in the tropics are subsistence
farmers, many cannot afford to buy fertilizer; conse-
quently, upland crops receive less fertilizer than low-
land crops. Fertilizers are mainly used on higher value
crops, such as sugarcane and cotton, or in special sit-
uations, such as on irrigated wheat in Zambia; little is
used on crops such as corn. Response of these crops to
N is widespread (46,55); however, because precipita-
tion is uncertain, farmers need to be aware of the risk
of receiving no response from inputs.

Upland crops in the humid tropics are grown on
substantial areas where the land is either acidic or often
sloping or steep. The high precipitation results in con-
siderable loss of N by denitrification, leaching and
runoff. The major crops include cassava, rice, corn
and some pulse; such as peanut. Nitrogen deficiency is
general, especially in the aridic soils, and deficiencies
of nutrients such as P, K, Ca, Mg, B and others is com-
mon. Thus, responses to N may be limited unless these
other deficiencies are also addressed. Although NUE
here, as in the temperate climates, is directly relat-
ed to crop production (N uptake) and thus precipita-
tion, excessive precipitation will reduce N availability.
Thus, NUE was found to be lowest where rainfall was
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Fig. 10.  Fertilizer N uptake in relation to available water and

method of application (ebanded, obroadcast/mixed) (From Myers
and Hibberd, unpubl. data).

highest [74]. For upland rice grown in Sumatra in the
rainy season (900-1300 mm) NUE was 9-18% while
for corn grown in the dry season (410-840 mm) NUE
was 32-40%.

In the subhumid and semiarid tropics where there
are substantial areas of Vertisols and soils are less
acid, restriction to upland crop response to N is main-
ly due to water deficiency. Here we find interactions
between water and available soil N and crop response
to fertilizer N similar to that reported for temperate
climates [27,63,76,77). As soil fertility declines and
available water increases, the frequency and magnitude
of response of cereals to N usually increases. Because
extremes of water supply are part of the normal cli-
matic variation in subtropical and tropical regions, this
demonstrates the risk of using N fertilizer. Under rain-
fed conditions in India, sorghum took up 29-56% of N
applied as urea on a Vertisol where the seasonal rainfall
was 695 mm [60]. In an Alfisol, 47-64% crop recovery
of N was observed where 830 mm rain was received,
compared with 54-67% when 610 mm was received
[61]. With these weather-related risks with which to
contend, it is not surprising that subsistence farmers
hesitate to spend scarce cash on fertilizers. Myers and
Hibbard (unpubl. data) found that crop recovery of
applied N by sorghum on a Vertisol ranged from 0-
60% depending on the amount of water available for
use by the crop (Fig. 10).

Sugarcane and cotton, two major upland crops of
the subhumid and semiarid tropics, are usually grown
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Table 4. Percentage utilization and net uptake of fertilizer applied to flooded rice at different times and

different rates determined by 1N [1]

Time of Fertilizer applied (kg N ha—1)
application
25 50 75
Uptake Recovery Uptake Recovery Uptake Recovery

(kg Nha™!) (%) (kg Nha™1) (%) (kg N ha=!) (%)
Transplanting 6.2 25 13.0 26 - -
21 dat. 51 21 94 19 13.5 18
btn 21 d.a.t., PI 5.3 21 11.8 24 17.5 23
7d.b.Pl 8.5 34 - - - -
PI - - 20.8 42 29.2 39
FL - - - - 227 30

d.a.t. - days after transplanting, PI - primordial initiation, d.b. - days before, FL - flag leaf emergence.

under irrigation and both crops generally make poor
use of N. In the case of sugarcane, N is often lost by
volatilization when urea is broadcast onto the trash on
the soil surface [41]. In this environment the Australian
sugarcane grower is prepared to accept these losses
and apply additional N rather than undergo increased
expenses in placing the N below the soil surface. How-
ever, if irrigation can be scheduled efficiently, it should
be possible to increase N uptake and minimize N losses
[19]. Care must be taken when using furrow irrigation
to ensure that N is not pushed into the tops of ridges
where it will be unavailable when the soil dries out
[81]. This problem can be circumvented by placing the
N deeper in the soil.

In summary, crop response to N, and N use efficien-
cy, are very similar for similar types of crops in tropics
and temperate climates [46]. Further, the same factors
influence efficiency. Thus. greatest efficiency of N use
is obtained when N is placed (e.g., in a band) rather
than broadcast, when N is applied to the plant near to
seeding time (not long before it’s required), and when
N availability is in synchrony with N requirements by
the crop. The influence of N source on N use efficien-
cy is less clear because workers in Puerto Rico and
Brazil reported that, in contrast to expectations, maize
used urea-N more efficiently than sulfur-coated urea
or lime-coated ammonium nitrate in well-drained acid
soils [46].

Green manures and crop residues

The use of organic amendments in tropical soils can
provide several benefits, the main one being to sup-

ply nutrients. However, they can also be effective in
assisting in weed control, reducing erosion, reducing
soil temperature, conserving water and increasing soil
aggregation and thereby improving soil structure. The
major nutrient supplied is N and the effectiveness of
this role is variable. In the developing countries where
economic margins are so nebulous at times, produc-
ers will not apply any new technique unless they are
sure it is going to lead to almost immediate direct eco-
nomic benefits; that is, they will rarely institute some
new management in order to reap some possible future
advantage per se.

In Australia, rapid acceptance of trash retention for
sugarcane production was due to reduction in produc-
tion costs associated with reduced tillage, not due to
perceived improvements in the soil organic matter or N
cycling. In the 1920s and 1930s, the West Indies Sug-
ar Co. at Frome, in Westmoreland, Jamaica, started
applying organic manures such as bagasse, bagassed-
under-compost, filterpress mud, and fly-pen manure
(bedding from pens of cows that transport the cane), to
the cane fields. Previously only N, P and K fertilizers
had been applied. The organic manures (plus N, P, K as
determined by tissue testing), resulted in tremendous
yield increases and markedly prolonged the produc-
tive life of the ratoon cane fields (Fig. 11). At the same
time, this allowed the sugar factory to recapture space
which had been used to store these byproducts and it
reduced the practice of contaminating rivers with tox-
ic dunder. In Indonesia, farmer acceptance of green
manuring was partly due to the perceived N inputs,
but also because farmers found that seeds of the green
manure crop could be used for food (R. Sutanto and



120 ] Without Organic
Manuring

After Organic

Average Index
of Relative Fertilit

Plant 1st 2nd 3rd
Cane Ratoon
1004
——————— hY
\\
80 \\ \
“'o N
- pS
© 604 AN
0 \
g -5 \
0 g 40 AN
Mo A
g--a-’l - After Organic Manurin \\
f 204 El g \
=== Without Organic Manuring
0 T T T
Plant 1st 2nd 3xd
Cane Ratoon

Fig. 11. Influence of organic manuring with sugarcane waste prod-
ucts on yields (top) and on ratooning powers (bottom) of sugarcane
fields at Frome Estate, West Indies Sugar Co., Jamaica [51].

A: Supriyo, personal communication). In Vietnam and
the Philippines, farmers accept leguminous hedgerows
because they provide soil erosion control rather than
for the N inputs that farmers cannot see. Nevertheless,
there are increasing numbers of examples of substantial
fertilizer substitutions provided by leguminous inputs
in tropical environments.

Several workers have demonstrated that, in the
humid tropics, green manures can be a very effec-
tive fertilizer substitute [36,65]. For example, 47 to
49% of the N in Sesbania rostrata or Aeschynomene
afraspera was taken up by lowland rice in the wet
season, compared with 23-71% uptake from urea fer-
tilizer [36]. In the dry season, 40-42% was taken up
from legume N, compared with 31-54% from urea.
For upland crops grown on an Ultisol in Sumatra, N in
cowpea residues was found to be more available than
N applied as urea [74]. For upland rice, green manure
was found to be equivalent to 66 kg N ha™! of fer-
tilizer, and residues left after harvest were equivalent
to 70 kg N ha~! [53]. Also, for upland crops there is

interest in the degree to which prunings from hedgerow
species in alley-cropping systems can substitute for N
fertilizer. Maize was found to only obtain 9% of the
N contained in Leucaena prunings whereas 43% of
fertilizer N was taken up [82,83]. Applying Leucaena
prunings containing 300 kg N ha~! was found to be
equivalent to applying 64 kg N ha~! of fertilizer [71].
Variable results with these materials have prompted
an interest in gaining an understanding of the pro-
cesses and this has led to the idea that effectiveness
of organic inputs depends on weather-related factors
(moisture and temperature) and quality-related factors
(chemical and physical). Thus, rapid release of N from
organic inputs has occurred mostly in humid condi-
tions. Research into the importance of quality factors
has centred on three components — N concentration
(for C:N ratio), lignin concentration and polyphenol
content.

There is concern that some high quality crop
residues or green manures may release N too rapidly so
that losses of N may occur. The concept of synchrony
of supply of N with the crop’s demand has result-
ed. Thus, an organic material of the right quality may
release N at approximately the same rate as required by
the crop (Fig. 12). If this happened, there should be less
opportunity for N loss by denitrification or leaching.
The principle of synchrony has been described in detail
and evaluated recently [64]. Some other organic inputs
which would supply some N to crops are of potential
importance in the tropics. Included are the waste prod-
ucts from milling of palm oil,, municipal wastes, etc.
So far, these products have been little researched.

Socioeconomic factors

In the tropics, most farmers either do not have the cash
or the access to credit to invest in fertilizer; or, the
prices for farm products are too low to make fertiliz-
er use attractive. In some countries there are, or have
been, subsidies on certain fertilizer products which
have encouraged the use, and occasionally overuse, of
fertilizer. As these subsidies have been removed, there
has been a reduction in the profitability of fertilizing.
There is a contrast between farmer attitude to N fer-
tilizing in developing versus developed countries. For
example, sugarcane growers in Thailand tend to apply
less than the recommended rates of fertilizer where-
as their Australian counterparts tend to apply more
than recommended rates (P Pramanee, pers. commun. ).
This is probably due to a different risk factor — the
Australian farmer is managing the risk of losing yield
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Fig. 12. Hypothetical patterns of nutrient availability in four treatments of an experiment to test the synchrony principle [64].

because of higher than usual N losses, whereas the Thai
farmer is managing the risk of not getting the maximum
return per unit of investment. Such attitudes create
different opportunities for environmental impact. For
example, the Australian approach would increase the
likelihood of negative environmental impacts through
N moving from the field into waters, whereas the Thai
farmer’s system, which is more conservative, could
lead to soil degradation. There are other ways that eco-
nomics may force farmers to use strategies with poten-
tially poor environmental impact. Where deep point
placement of N for lowland rice was recommended
to farmers in the Philippines the recommendation was
sound in agronomic and environmental terms, because
the N was used more effectively by the rice than was
N applied according to farmers’ practice; however,
farmers refused to adopt the improved practice because
of the labour cost and inconvenience [42]. They pre-
ferred to add a larger amount of N and accept the
poorer utilization efficiency. Fujisaka et al., [42] con-
cluded that the farmers were correct in rejecting the
official recommendation. There are examples of legis-
lation affecting nutrient management, as in the case of
rubber replanting schemes in Malaysia. Here, farmers

must sow legume ground covers between the rows of
trees to control erosion and to supply N to the system.
Unfortunately, such legislation does not ensure suc-
cess of the legume ground cover, consequently there
are many cases where the cost of seed and sowing is
wasted because of careless management. Of course,
similar situations occur in developed countries as well
[12].

Impact of N on environmental quality

There are few long-term trials in the tropics (except
some on lowland systems at the International Rice
Research Institute) to allow systematic monitoring of
the influence of N on environmental quality.

Impact on soil quality

Although organic matter and organic N have been
measured on numerous occasions, there appears to
be lack of agreement on the amounts of organic mat-
ter in tropical soils compared to temperate soils. For
example, while some [5] suggest that organic mat-
ter is low in tropical soils, others (9) say that many



292

well-drained tropical soils have greater organic matter
content than do comparable temperate soils. Sixteen
randomly selected soils among four major soil orders
in the USA, Brazil and Zaire showed no difference
in organic matter [69,70]. In a review paper, Grave
[46] reported that organic N in Oxisols and Ultisols
in Brazil, Puerto Rico and Zaire ranged from 0.07 to
0.3% in the plow layer while in temperate soils the
range was 0.08 to 0.4%.

Some lowland rice systems have been in existence
for so long that it might be assumed that the organic
matter is in equilibrium so that fertilizer either has no
impact on soil quality or that it merely helps to maintain
quality. In a 7-yr fertilizer study conducted in Brazil,
it was reported that the concentration of soil organic
nitrogen in the surface soil of unfertilized plots did
not change significantly during the experiment, even
though 384 kg of N was removed in above-ground
dry matter [46]. Apparently, the amount of organic
nitrogen mineralized was sufficiently small, relative to
experimental error, that changes in soil organic N were
undetectable. Annual fertilization did not influence soil
organic C either. Mean concentration of soil organic N
(0.124%) in fertilized treatments (sampled in 1975 and
1976) was similar to that in check plots.

As in temperate soils, moisture and temperature are
the main factors influencing N mineralization, Because
temperature is well above freezing all year, N miner-
alization can occur all year. Consequently, if water
is available, the amount of N mineralized annually
should be greater in a tropical soil than in a temper-
ate soil [52]. As well, when a soil is disturbed so that
the organic matter level changes towards a new steady
state, this rate of change should be more rapid in the
tropical system [46]. It is known that N mineralization
can occur even in dry soils and nitrate will accumu-
late in dry seasons [73], then at the onset of rainy
reasons, large flushes of N mineralization can occur
[7.8]. Such flushes are much greater under conditions
of alternate wetting and drying than when moisture is
steady [7]. This was also observed in temperate cli-
mates [11]. Thus, minor droughts during rainy seasons
will enhance mineralization. In the 7-yr study conduct-
ed in Puerto Rico, Brazil and Ghana, net N mineral-
ization during a growing season for maize was found
to be very similar to that produced in New York and
Nebraska, being typically about 60 to 80 kg N ha~!
[46].

Ammonium-containing fertilizer is known to acidi-
fy soils. However, in flooded rice where highest N rates
are used persistently, the system seems to be buffered

against acid conditions, provided it is maintained in the
flooded condition where N is primarily in the ammo-
nium form. In upland systems, N fertilizer use is gen-
erally low in the tropics thus soil acidification from
fertilizer should be minimal, except in certain high
input systems such as sugarcane and cotton., Similar-
ly, legumes in the tropics may not be fixing sufficient
N to provide a positive N balance,, consequently their
impact on soil acidification and maintenance of soil
organic matter may be less dramatic than in temperate
climates.

Impact on water quality

Conditions in well-drained tropical soils are conducive
to N loss through leaching, which occurs most rapidly
in soils of coarse, sandy texture during the rainy season
[39], when rainfall often exceeds evapotranspiration.
High correlations between rainfall and N movement
have been reported in tropical soils of Australia [80],
and in West African Ultisols [28]. Leaching losses of
65 percent of applied N have also been reported in
Costa Rican alluvial soils planted to maize [43].

In the tropics, as in other environments, the key
to reducing the possible negative impact of N on the
environment is to synchronize N availability with crop
requirements. Nitrate will move with water thereby
entering ground water and streams. The potential for
perturbation of watersheds from nitrate addition is par-
ticularly significant in the tropics. The N/P ratios in
Central American lakes were observed to be lower
than in temperate zones by a factor as great as 5 [35].
This suggests that nitrogen deficiency may be general
in the tropics and that eutrophication may result from
increased nitrogen addition. Thus, proper timing and
level of fertilization will reduce potential environmen-
tal damage.

Because of its mode of culture, lowland rice must
impact on water quality downstream. As well, water
quality could be important in respect of waterways
downstreamn of heavily fertilized sugarcane. In the
tropics this could impact on reefs. However, only the
more wealthy amongst thé farmer community can be
expected to modify their system to address this prob-
lem.

Impact on air quality
The significance of N loss by denitrification in tropi-

cal soils is not well documented. Denitrification losses
from cultivated, grassland, and forest soils was stud-



ied in Ghana and N losses found to be insignificant
at field capacity [44]. Significant losses occurred only
in waterlogged conditions. Significant denitrification
losses were reported for waterlogged surface soils in
Puerto Rico, but here glucose had been added to pro-
vide adequate supply of energy [37]. Losses from sam-
ples of surface and subsurface soils at field capacity
were found to be insignificant [37]. Thus, it appears
that denitrification loss in humid tropical soils is not
likely to be large under field conditions.

It is known that the rice system is a major producer
of methane. It must also be responsible for production
of some N;O. While this must be a matter of concern,
there can be no expectation that low-income farmers
will modify their practices to reduce environmental
problems unless there is some other rewarding reason
for doing so.

Conclusions

We have clearly demonstrated that, when fertilizers
are used responsibly, they will increase crop produc-
tion, contribute to economic survival, and maintain
or improve the physical, biochemical, and biological
quality of soils in the temperate/boreal climates. Under
such circumstances, fertilizers will not have signifi-
cant detrimental effect on soil, water, or air quality.
On the contrary, failure to apply adequate fertilizer
may be uneconomical and may eventually lead to soil
degradation. The inclusion of legumes, such as green
manure, and hay crops, in cereal- based crop rotations
will improve yields, economics, and soil quality for
some time; however, because legumes do not supply
P, cereal yields in such systems may gradually decline
and such systems may eventually become unsustain-
able.

In tropical climates, most of the same principles
observed for the behaviour of N in temperate climates
are applicable. The main differences are that much less
N fertilizer is used because most producers are subsis-
tence farmers who can rarely afford to buy fertilizer
and only lowland rice and higher value upland crops
such as sugarcane, cotton and irrigated wheat are like-
ly to receive much fertilizer. Legumes are rarely used
Just to provide extra N, they must provide other bene-
fits such as erosion control. Even when used, legumes
often provide less N than they remove. Despite low use
of fertilizer N for upland crops in the tropics, the humid
conditions, year-round high temperatures, steep terrain
in many instances, and flushes in N mineralization that
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occur when dry soils are wetted, will likely result in
sizeable N losses through leaching, runoff and deni-
trification, and eventually cause soil degradation. In
contrast to temperate climates, however, only limited
research on these factors has been conducted because
of limited resources of most tropical countries.

While governments in developed countries, locat-
ed mainly in temperate and boreal climates, are able
to use incentives and/or deterrents to entice farmers to
adopt and implement measures that will promote sus-
tainable crop management, in most tropical countries
subsistence farming predominates and economics will
be the main motivator, thus compliance regarding envi-
ronmental issues will depend mainly on the incentives
that are offered.
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