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The environmental significance of nitrogen
emissions from agriculture

Nitrogen losses from agricultural fields affect the qual-
ity of both water and air. In relation to water qual-
ity the main concerns are the nitrate concentration
in groundwater and total N concentration in surface
waters. Nitrate concentrations above 50 mg 1! make
water not appropriate for drinking because it can
preduce methaemoglobinaemia in infants (Fraser and
Chilves, 1981); another health problem associated to
high nitrate concentration in drinking water is stom-
ach cancer (Joossens and Geboers, 1981) although the

gvidence is not conclusive (Addiscott et ai, 1991).

Eutrophication or nutrient enrichment of sur-
face waters, mainly in nitrogen and phosphorus, is
an important environmental problem in many areas
because it produces excessive algal growth that can
cause death of fish by creating anoxia conditions when
the algae die and bacteria decompose them using the
dissolved oxygen; also, algal growth is a nuisance
for the recreational uses of these waters, In addi-
tion, eutrophication changes the proportion of aquatic
organisms: macrophytes decrease and algae prolifer-
ate; some of the latter are toxic to fish and mammals
and can cause taints in drinking water (O’Riordan and
Bentham, 1993).

The main gaseous nitrogen compounds produced in
agricultural soils that have atmospheric relevance are
the nitrogen oxides and ammonia. Nitrous oxide (N,Q)
and nitric oxide (NO) are produced in the denitrifica-
tion reaction, mostly a microbial mediated process, and
also in the nitrification reactions.

Nitrous oxide has, indirectly, a negative effect on
the stratospheric ozone layer since there it can be con-
verted (o nitric oxide that, in turn, reacts with ozone.

The concentration of N2O in the atmosphere was
310 ppbv in 1990 and its rate of increase has been esti-

mated in 0.25% yr~!. Although N,O absorbs infrared
radiation, its contribution to global warming has been
estimated to be only 6% (Houghton et al., 1990). NO
and NO; (nitrogen dioxide) are also involved in acid
rain (Fowler et al., 1982).

Atmospheric ammonia plays a key role in atmo-
spheric acidity and therefore in the *acid rain' prob-
lem; it has been estimated that NH; emissions to the
atmosphere are capable of neutralizing about 70% of
the acid originally present in acid rain in large parts of
Europe (EMEP/CEC, 1984). More complex effects of
NHj; on atmospheric chemistry are discussed in Der-
went et al., 1988).

- Direct toxic effects of ammonia in plants, main-
1y conifers, have been observed especially when high
NH; concentrations are combined with low tempera-
tures (Roelofs and Houdijk, 1990).

Ammonia in the atmosphere is rapidly dissolved in
the water microdroplets and converted to NH;" with
SOE"’. Ci~ and NO; as the main counterions. Land
deposition of NH3/NH,} from the atmosphere may pro-
vide about 10-20 kg N ha~! yr~! (Derwent et al,
1988), although values of 35-40kg N ha~! yr~! have
been reported (Goulding, 1990).

The contribution of fertilizers to total NH; emis-
sions from agricultural systems (including livestock
operations) is small; in a study in UK. this contri-
bution was estimated to be about 5%, in comparison
to about 33% from land spreading of livestock wastes
(Jarvis and Pain, 1990).

The nitrogen cycle in agricultural soils

To understand the effect of agricultural practices on
nitrogen losses to the environment it is necessary to
know the various processes that interact in the trans-
port and transformation of N in soils, also known as
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Fig. 1. The nitrogen cycle in soil for an arable field. The quantity
of N in each pool (kg ha—?) or in each process (kg ha=! yr=") is
proportional to the size of the square (after Powlson, 1993)

the ‘nitrogen cycle’. Two recent reviews of this cycle
are in Powlson (1993) and Vinten and Smith (1993).
On a global scale the N cycle has been discussed by
Jenkinson (1990).

Some important points to consider in the N cycle
in agricultural soils are:

-1} In most.soils, organic.matter contains about 95%

or more of the total N. This implies that the amount |

of organic N in the first 50 cm of soil ranges from
6000 to 8000kg ha~!.

2) Smali changes in the organic N pool by mineraliza-
tion or immobilization result in significant amounts
of mineral N in comparison to N fertilizer inputs.

3) The main processes of N loss from soil are nitrate
leaching, denitrification and ammonia volatiliza-
tion,

4) Plant growth has an important role in the N cycle
since it can be the main sink of soil N and also
affects the soil water balance that, in turn, influ-
ences directly nitrate leaching.

Fig. I shows adiagram of the N cycle for an arable fieid
in U.K. that could be representative of many arable
fields from northern-west Europe (Powlsen, 1993). In
this example, the main unknown values correspond to
nitrate leaching and gaseous losses, that are difficult to
measure {Powlson, 1993),

Next, the effects of agricultural practices on the
main processes in the N cycle will be discussed.

Nitrate leaching

This is one of the main leaks of the N cycle in soils,
Its importance depends on type of crop, cultivation
practices, soil and climate, Recent reviews on nitrate
leaching are those by Smith et al. (1990), Addiscott ez
al. (1991), Vinten and Smith (1993), Parkinson (1993),
Powlson (1993) and Shepherd et al. (1993).

Fertilizer effects

Three main aspects will be considered: fertilizer rate,
chemical form, and timing.

Fertilizer rate
The general relationship between fertilizer rate and
nitrate leaching potential is presented in Fig. 2. In this
figure, residual nitrogen is that nitrate remaining in soil
at the end of the cropping period (harvest time); this
nitrate can be leached by the winter rains. Fig. 2 shows
that residual nitrate increases rapidly when fertilizer
rates are above those that give maximum yield and N
uptake by the plant. Similar evidence to that in Fig. 2
has been obtained by others (Bock and Hergert, 1991;
Chaney, 1990; Pratt, 1984).

The assumption that the residual nitrate in soil after

harvest is related to nitrate leaching induced by rain

during the following months is supported by the results
of Bergstrtbm and Brink (1986). In some cases, the
observed increment in the residual mineral N at harvest
with N fertilizer application rate is not as high as that
in Fig. 2 (Neeteson, 1995).

SRR Nt

Chemical form

There are not many studies on the effect of the chemi-
cal form of N in fertilizer on nitrate leaching, probably
because the more reduced forms of N (ureic, ammo-
nium) are converted to nitrate in the soil quite rapidly,
depending on climate and soil factors. In temperate
climates, transformation of urea or ammnonium fer-
tilizers to nitrate is fast enough to prevent observing
any difference in nitrate leaching, except when some
important rain or irrigation occur shortly after fertilizer
application.

Dilz (198R) reviewed the effect of timing and N
source type on the N-use efficiency for several impor-
tant crops in the Netherlands and concluded that calci-
um ammoniumn urea was, in general, superior to urea,
and that splitting of applications tended to increase
N-use efficiency and/or reduce nitrate leaching. Baud-
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Fig. 2. Yield and N uptake by a maize crop, and residual nitrate in
soil (0~240 cm) at harvest in relation to fertilizer application (after
Broadbent and Carlton, 1978).

er and Montgomery (1979} reported greater leaching
losses when fertilizing with nitrate than with NHJ or
urea.

. - The use-ofnitrification inhibitors such as nitrapyrin
and dicyandiamide (DCD) can delay nitrification of
urea and ammonium fertilizers and reduce nitrate
leaching (Owens, 1987; Serna et al., 1994).

Timing

This is an important factor for two main reasons: 1) it
can increase nitrate leaching if the N fertilizer appli-
cation is before the rain season and, 2) it can great-
ly influence N utilization by the crop and, indirectly,
nitrate leaching. Juergens-Schwind (1989) reviewed
the evidence on the advantages of split N applications
to match crop needs in cereals, in relation to nitrate
accumnulation in soil and, therefore, nitrate leaching
potential.

Varshney et al, (1993) found that a single appli-
cation of 175 kg N ha~! to maize resulted in a high-
er amount of residual nitrate than three applications
totalling 125 kg N ha~!, and no difference in yield
between these two treatments was observed.

Organic manures

The production of organic manures has increased in
the last decades considerably (Wadman et al., 1987)
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and its inappropriate use on agricultural land can cause
important nitrate leaching problems due to (Prins and
Wadman, 1990):

—the large amounts of manure applied to land on
farms with a high manure/land ratio (i.e. pig and
poultry farms).

— the variable N content of manures (average values
in U.K. are given by Archer (1991)).

- the uncertainties in mineral N content and miner-
alization rate of the organic N.

—the uneven distribution at land spreading.

—the time of application.

The effectiveness of N in manure in comparison to
that in fertilizer is variable but ranges about 30 to 60%
(Smith and Chambers, 1992; Wadman and Neeteson,
1992). Typical values for the fraction of total N in
manures that is available for the plant in the season of
application are 25% for farmyard manure and 60% for
pig slurry (Davies and Archer, 1990).

Nitrate leaching can be one of the main losses from
the soil when large amounts of N are applied with shurry
or poultry manure, mostly if applied to good drainage
soils in autumn {Smith and Chambers, 1993).

Factors that affect the efficiency of manure applica-
tion and, indirectly, nitrate leaching are: type of appli-

..cation (surface or injected,.and delay in.incorporation

to,soil when surface applied), time of application in
relation to the rain season, and dry matter content of
slurry (Smith and Chambers, 1992).

Irrigation

Irrigation influences nitrate leaching because it deter-
mines the amount of water flowing down below the root
zone. Experimental evidence relating nitrate leaching
to the amount of drainage or deep percolation is given
by Pratt (1984) and shows that nitrate leaching increas-
es with drainage. The effects of water management on
nitrate leaching have been reviewed by Ferguson et
al. (1990). In a study on irrigated maize, Ritter et
al. (1991) found that nitrate leaching was related to
drainage volume and that it occurred mainly during
the fall and winter months, when most drainage took
place; leaching losses during the growing season var-
ied from 34 kg N ha~! for the less irrigated treatment
(about 50% of maximum crop evapotranspiration) to
139 kg N ha~! for the well irrigated treatment.

The importance of fall and winter rains for nitrate
leaching prompted Smith et al. (1990) to propose that
irrigation should be managed to obtain a soil water
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deficit at harvest as high as possible (without reducing
yield), since this would reduce drainage in the follow-
ing rainy months.

Cover crops

Cover crops are legumes, cereals or other crops grown
to protect the soil from erosion, to improve soil physi-
cal properties, to reduce insects and pathogens through
increasing biodiversity, and to reduce groundwater pol-
lution by nutrients or pesticides. These crops are not
grown for harvest but to fill periods of time when cash
crops would leave the ground bare (Lal et al., 1991).

In a review on the effects of cover crops on nitrate
leaching, Meisinger er al. (1991) concluded that these
crops can reduce the mass of N leached and the nitrate
concentration of the leachate by 20-80% in compari-
son with no cover crop, and that grasses (mainly rye)
and brassicas (i.e. mustard, rape, radish) are two to
three times more efficient than legumes. However,
there are reports showing no effects of cover crops
on nitrate leaching (Vinten et al., 1991).

Green manure cover crops contain adequate N to
be mineralized shortly after incorporation to soil; the
amount of available N that these crops can provide
to the following crops ranges about 20-100 kg ha™!
(Smith et al., 1990).

+ Crop-residues management

Crop residues contain variable amounts of N that
should be taken into account when planning the fer-
tilization rates. A review of the N content of plant
residues was made by Meisinger and Randall (1991).
Residues of non-leguminous crops do not usually con-
tribute significantly to N supply for the following crops
because of their low N content and high C/N ratio.
Straw incorporation to soil reduced leaching up to 30—
40% (Jarvis et al., 1989) but the long term use of
this practice to reduce nitrate leaching has been ques-
tioned (Powlson et al., 1987; Catt et al., 1992). Bre-
mer and van Kessel (1992) studied the lentil and wheat
residues as a source of N for subsequent crops and
found that only the lentil green manure provided a sig-
nificant amount of N (40% of its N content). Similarly,
Smith and Sharpley (1993) found that mineralization of
sorghum and wheat residues provided less than 18 kg
N ha~! whereas alfalfaresidues gave 55 kg Nha~!.
Residues with less than 1.0-1.2% N usually immo-
bilize mineral N (Smith et al., 1990; Vigil and Kissel,

1991); this reduces the potential for nitrate leaching
but can create temporary N deficiency.

Tillage

Tillage can affect nitrate leaching because it can mod-
ify the soil water balance and soil mineralization rate.
Vinten and Smith (1993) suggested that the main effect
of tillage on nitrate leaching is that it promotes soil
aeration and, therefore, increases mineralization and
decreases denitrification. Vinten eral. (1991) measured
higher nitrate leaching losses from plots that had been
cultivated (chisel ploughed and subsoiled) than from
plots left in stubble over the winter. Similarly, Goss
(1990) found that shallow cultivation or direct drilling
reduced leaching losses compared to ploughing. Other
researchers have observed small differences in nitrate
leaching between conventional tillage and no-till treat-
ments (Ritter et al., 1993).

Denitrification

This is the major biological process by which the nitro-
gen cycle is completed and fixed N7 is returned to the
atmosphere as NO, N,O and N;. Reviews on N loss-
es from soil by denitrification have been published
(Aulakh et al., 1992; Smith and Arah, 1990). Mea-

-sured denitrification-losses range from 5 to 50% of the

applied N (Nieder et al., 1989),

Denitrification requires the presence of nitrate
metabolizable carbon compounds, and anaerobic con-
ditions. In some cases, anaerobic conditions can cccur
inside soil aggregates even when the bulk soil oxygen
content is adequate. Denitrification rates increase with
temperature up to 40 °C or higher, and the optimum pH
range is 6 to 8. From the environmental point of view,
the relevant value is not the absolute denitrification
rate but the N2O production. The ratio of N;O to N
in the gaseous products of denitrification depends on
soil water content, amount of available C, and nitrate
concentration (Weier et al., 1993). Nitrous oxide can
also be produced in the nitrification process, and there
are different opinions about the relative importance of
these two processes in the production of N2O: some
scientists think that denitrification is a more impor-
tant source (Wild, 1993), whereas others argue that
the relative importance of these pathways may depend
on soil conditions, so that, in wet soils, denitrifica-
tion would be more important but, in well aireated
seils, nitrification would be the main source (Smith




and Arah, 1990). Recent evidence for this latter view
was obtained by Hutchinson et al. (1993), who found
that, in soils with water potentials ranging from —10
to —1000 kPa (implying good aeration), denitrifica-
tion made no significant contribution to nitrogen oxide
emissions that were attributed to a chemoautotrophic
NH{ oxidation by nitrifying microorganisms.

N20 emissions from soils are weakly related to
nitrogen fertilizer application rates (Eichner, 1990).
Denitrification losses of 20—40 kg N ha™! yr~! were
measured in vegetable fields recetving large amounts of
fertilizer N and frequently irrigated (Ryden and Lund,
1980). In another field experiment, farmyard manure
application resulted in N losses by denitrification about
six times those of the untreated control (Webster and
Goulding, 1989).

Tillage also can influence denitrification. Aulakh
et al, (1992) concluded that denitrification losses from
conventional fallow fields are two to seven times high-
er than from conventional cropped fields, and that,
generally, conventional cultivated cropped soils have
lower denitrification losses than reduced or no-till soil
management.

Straw incorporation to soil stimulates denitrifica-
tion by supplying high energy material to the denitri-
fying microorganisms and by increasing soil moisture
(Ball, 1990).

Ammonia volatilization

Ammonia volatilization can be an important loss of N
to the atmosphere in calcareous soils where high pH
conditions are frequent. N losses by NHj volatilization
when using urea can be very high; losses up to 80%
of the N applied as urea have been reported (Fenn and

e —————
Hossner, 1985; Gould et al., 1986). The more effective

way to reduce NH3 emissions after urea application is
by injecting it into the soil (Stevens and Laughlin,
1989). Surface application of an urea solution did not
reduce volatilization losses in comparison to prilled
urea (Watson et al., 1992). NH; volatilization losses of
up to 35% of the applied N have been observed after
urea application to rice in flooded soils (Buresh et al,
1993).

Ammonia losses can be very important when
adding organic wastes and manures 10 the soil. The
kind of machinery used in the field influences the
volatilization losses during the application of slurry
to land but, the more important losses occur after
the application (Phillips er al., 1990). Up to 70% of

the total loss can occur within the first 24 hr (Jarvis
and Pain, 1990). The main factors involved in NH;
losses after land application of slurry are soil mois-
ture and total solids content of the slurry (Smith and
Chambers, 1992). Some of the proposed methods to
decrease NH; volatilization include: slurry dilution
(Sommer and Olsen, 1991), soil incorporation imme-
diately after application (Bless et al., 1991), removal
of slurry solids by filtration, acidification, and dilution
with water (Stevens et al., 1992),

Nitrogen losses in runoff water

Nitrogen in runoff can be in organic form, associated
with the eroded soil, or in soluble form, mostly nitrate.
Therefore, all practices that affect soil erosion will
have an impact on N losses in runoff. These losses
are small, in general, and can be lower than the N
input in precipitation (Keeney, 1983). Important losses,
however, may occur when a major runoff event takes
place shortly after surface application of N fertilizer
(Smith er al,, 1950).

Tillage is one of the agricultural practices that has
a major influence on N losses in runoff. In a six year
study to compare no-till and conventional chisel-till
soil management in relation to runoff, Chichester and

-2 Richardson-(1992) found that N:losses in-Tunoff were,

on average, 4 and 8 kg ha~! yr~!, for no-till and
conventional till, respectively. Sharpley et al. (1991)
measured N in runoff in sorghum watersheds during
five years for conventional tillage, reduced tillage, and
no-till, and found losses of 7.3, 1.0 and 0.8 kg N ha™!
yr~ ¥, respectively.

Conclusions

It is difficult to predict in a given situation the appro-
priate agricultural practices to reduce N losses, with-
out decreasing yield, because of the complex interac-
tions of the processes involved in the N cycle in soil.
To integrate all these phenomena many models have
been developed, (i.e. Addiscott et al., 1991; Groot et
al., 1991; Hutson and Wagenet, 1991; Shaffer et al,
1991) but their practical application is still rare due
1o different reasons including the high number of data
they require, and their limited testing. However, this
is a field of active research and good advances in the
robustness of these models and in their user ‘friend-
lines™ are to be expected. In the mean time, the judi-
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cious application of the more general knowledge of the
different aspects of the nitrogen cycle in soils should
help in making possible a profitable agriculture with a
low degradation of the environment.
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