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Preface
On the occasion of His Majesty the King of
Sweden celebrating his 50th birthday in 1996
the three Scientific Academies and the Federation of Industries in Sweden celebrated the
event by starting a fund that the King decided to use for science technology and the environment, especially concerning renewable
resources. The soil biology group of the Department of Soil Sciences at the Swedish University of Agricultural Sciences (SLU) was
one of the first to get a grant from the fund
and as a result The Swedish Royal Academy
of Forestry and Agriculture (KSLA) in collaboration with The Swedish University of Agricultural Sciences invited prominent agricultural scientists to a seminar concerning Nitrogen Efficiency in Practical Agriculture. The
group consists of a couple of young scientists
working with soil biology problems from theoretical as well as practical points of view.
The aim of the seminar is in close harmony
with the objectives of the fund, as well as falling within the framework of SLU and KSLA.
The seminar not only concerned cost efficiency in the nitrogen effect on quantity and quality of the products, but also the effect on the
surrounding environment. The seminar was
of an international character as almost all of
the invited speakers were guests from foreign
countries. In that way we hope to create new
contacts and new impulses for the future. The
seminar also aimed at being a starting point
of a research project, Nitrogen Efficiency and
Nitrogen losses – improvements in practical
agriculture, initiated by the Foundation for
Swedish Research in Plant Nutrition, operating within the framework of KSLA.
Nitrogen efficiency in practical agriculture
is a topic of extreme importance, particular-

ly with regard to identification of where the
real problems are to be found. This is why, in
this seminar, it is so important to really use
available knowledge – to try to synthesise it
in a coherent fashion – which is also important in basic policy-making. It is not only for a
scientist to synthesise our knowledge for discussion without the scientists, but it is equally important to take that information and
reach out into society at large, be it at government level, municipal level or the individual
farmer. So what are the limitations to the
transfer of scientific knowledge to practical
solutions? Sometimes it is because the scientists have not formulated the first question
properly. They are interested in the involvement of science but not perhaps in solving a
particular problem. And we also speak in scientific jargon that is not easily understood by
policy-makers. We must understand the policy process as much as the policy-makers
must understand the scientific process. And,
of course, the end result should be incentives
for changes in the management at the individual farm, hopefully through good examples,
and more carrots than sticks.
So today we are faced with the question
of whether we can produce enough for the
growing population without negative environmental impacts. Can we assume that food is
really accessible to everybody – thereby providing food security? The mission statement
of the Swedish University of Agricultural Sciences was established by the Government
about four years ago after long strategy discussions within the university and involving
environmental actors. It states that we should
develop Man’s understanding in the sustainable use of biological natural resources. This
7
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is very different from the case 10 or 15 years
ago, when the question was to maximise production.
Today, in agriculture and in forestry, the
scientific community and the farmers talk
about equal ways of reaching production
goals as well as environmental conservation
goals. Thus, the sustainable approach must
go through what the university does – research, education, continuous environmental
assessment, or information exchange and
extension. At present, equal emphasis is not
given to production goals and environmental
goals.
The theme of today’s discussion is how efficiently one can use nitrogen that is present
in the soil, nitrogen that is built into the soil,
and nitrogen provided through the addition
of manure, organic matter or fertilisers. Of
key interest are global changes and changes
in the composition of the atmosphere. Additionally, we may touch upon the research that
is ongoing in Sweden into wetlands and the
establishment of wetlands as nitrogen sinks,
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primarily with the aim of getting the nitrogen
into the air rather than into the waterways,
together with the removal of N-rich residues
and careful irrigation.
This brings us back to the interrelationship
between basic and applied science, illustrating the importance of giving basic sciences an
equal weight. We must ensure that governments realise that the need to finance basic
science is an absolute necessity in providing
a platform for solving practical problems.
Today’s discussions may be held in the light
of the recently published Swedish Government’s Commission recommending that all
applied science should be moved and merged with basic science in the funding structure.
Finally, we may once again assert that
there is no applied science if there is no science to be applied.
Ingemar Öhrn
Thomas Rosswall
Jan Persson
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Some aspects of nitrogen use efficiency
in arable agriculture

A.E. JOHNSTON
Professor
IACR-Rothamsted, Harpenden
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Introduction
Today there is an essential need to use nitrogen (N) fertilizers to achieve both economic
yields at the farm level and to produce
enough food to feed the rapidly increasing
world population. It is equally important to
consider issues about the environmental impact that the excessive use of N may have.
Learning how to use N most efficiently will
help to reconcile these two different needs.
This paper considers some aspects of N use
efficiency in arable agriculture.

Historical background
Against the background of the widespread
use of N fertilizers in agriculture today it is
not easy to recall that even in the 1830s there
was still uncertainty about the source of N for
plants. It was known that plants acquired
their carbon, hydrogen and oxygen from carbon dioxide and water. Elements like phosphorus, potassium, calcium, magnesium, silicon and chlorine, the mineral elements,

found in plant ash were known to be taken up
from the soil. But whether the plant got its N
from the ammonia in the atmosphere or the
vast reserve of N2 gas in the atmosphere or
from the soil was a matter of conjecture.
J.B. Lawes, owner of the Rothamsted estate
near Harpenden, some 40 km north of London, had been an undergraduate at Oxford
before returning to Rothamsted in 1834.
While at Oxford, Lawes must have been influenced by Professor C.C. Daubeny whose researches at Oxford from the early 1820s onwards ended a very barren period in the development of agricultural science. Daubeny
stressed the need for experiments in agriculture and after he had returned to Rothamsted, Lawes made some experiments on small
plots in the field and in pots of soil in 1837 and
1838. He compared the effects of equal
weights of N supplied by different nitrogenous salts on the growth of cabbages and turnips (both used as animal feed). Lawes came
to three important conclusions, i) ammonium
phosphate ”to be one of the most powerful
manures known”, ii) ”applying ammonium
salts to a soil deficient in minerals is useless”,
9
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iii) ”on soils well supplied with minerals the
ammonia from the atmosphere will be insufficient to give good yields of agricultural
crops” (Lawes, 1842, 1843).
Points i) and ii) were probably among the
first to recognise interactions between nutrients. The soils at Rothamsted at that time
would have been very deficient in phosphorus (P). Current attempts to improve N use efficiency require that all nutrients must be
optimum as must pathogen control (for examples see Figs. 2.1 and 2.2, Johnston, 1994).
Point iii) was clear from the results, yields
of cabbage without N were 10.4 kg/25 plants,
yields with ammonium phosphate were 46.7
kg/25 plants. Point iii) supported Justus von
Liebig’s contention in his initial report (Liebig, 1840) to the British Association for the
Advancement of Science. He noted that the
ammonia in the atmosphere was not sufficient for the purposes of agriculture. By inference from this statement he must have decided that plants did not use N2 gas directly. The
report was published as a book throughout
the years that followed and in the 3rd edition
published in 1843 Liebig changed this statement and wrote that ammonia in the atmosphere was quite sufficient for the purposes of
agriculture. The first harvest of winter wheat
in 1844 on Broadbalk at Rothamsted disproved this changed view. The largest yields
were obtained where ammonium salts were
applied. Subsequently the Broadbalk results
were confirmed by those from other experiments. But Liebig found it difficult to change
his views and the controversy between
Lawes and Gilbert at Rothamsted and Liebig
at Giessen on the source of N for plants rumbled on for some 20 years (Johnston, 1991a).
However, controversy rather than consensus
can sometimes be a greater stimulus to continued research, and this may be one reason
why some of the experiments started by
Lawes and Gilbert at Rothamsted between
1843 and 1856 still continue.

10
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Nitrogen cycles
Liebig was probably the first to suggest an N
cycle (Liebig, 1840). It was very simple. Decaying vegetable and animal matter in and on
the soil released ammonia into the atmosphere and rain then washed this ammonia
back into the soil where it was used by plants.
Today, developing N cycles of varying complexity has become something of an industry
but as long as they are properly constructed
they offer hope in helping to improve N efficiency in agriculture.
At the farm and field level all components
of the appropriate N cycle must be considered. But first it is instructive to consider
some of the major changes and their magnitude as indigenous vegetation has been replaced by arable cropping in the temperate
regions. Figure 1 shows that the N cycle in
both systems has many components in common. The important changes are in the use of
manures and N fertilizers in arable cropping
– the amount will vary appreciably from site
to site – and the much larger amounts of N
removed in the harvested produce – often to
places a very long distance away from where
the crop was grown.
Under indigenous vegetation much of the
N in the standing biomass would be returned
to the soil either in plant debris or animal
dung. The conversion of a soil under indigenous vegetation to one under arable cropping
invariably results in a loss of N as soil organic matter declines (for examples see Johnston, 1986, 1991b). There will also be changes in the quantities of N moving between
components within the soil.
Much research in recent years has been
devoted to understand the N cycle in the
crop-soil system. As knowledge has improved, the complexity of the components
and the pathways of movement involved
have become apparent. Additionally, estimates of the amounts of N in both components and pathways have been made. This is
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Figure 1. A comparison of the nitrogen cycle under indigenous vegetation and under arable cropping. The
importance of crop residues and biological nitrogen fixation for indigenous vegetation and manures and fertilizers for arable cropping is highlighted (based on a personal communication from
B.T. Christensen).

often best done on soils where the level of soil
organic matter is not changing greatly because this is the largest N component in the
soil system. For example, Jenkinson and Parry (1989) published Fig. 2 for Broadbalk plot
9 given NPK fertilizer (nominally 192 kg N
ha-1) where the soil organic matter content
has changed little in the last 100 years. The
annual offtake of N in grain plus straw (169 kg
ha-1) and the annual addition of fertilizer N
(actually 189 kg ha-1) were data from 15N experiments done on this plot in 1980 and 1981
(Powlson et al., 1986). In this 15N experiment
the fertilizer N was always applied to an actively growing crop so as to minimise the risk
of N loss by leaching. Powlson et al. (1986)
also estimated an additional, non fertilizer,
annual net N input of about 50 kg ha-1 (the
value used in Fig. 2). Fig. 2 shows amounts of
N in other components and pathways, for
details see Jenkinson and Parry (1989). However, it was not possible to say how much of
the 70 kg N ha-1 which was unaccounted for
was lost by leaching and how much to the
atmosphere.
Much recent work has been done to try to
partition more precisely the N losses on

Broadbalk between leaching, denitrification,
volatilization and immobilization by K.W.T.
Goulding and his group at Rothamsted. In
part, this has been made possible by improved techniques and by the replacement of
the underdrainage system on a part of the
experiment in autumn 1993 so that leaching
losses can be more accurately monitored. In
addition, the soil solution has been sampled
for analysis with permanently installed porous cups. Denitrification, ammonia volatilization, atmospheric inputs and mobilisation/
immobilisation have also been measured at
various times between 1990 and 1998. Losses
of nitrate by leaching varied greatly between
the 1990/91 and 1997/98 drainage seasons
and ranged from 7 to 64 kg ha-1 (mean 30 kg
ha-1). This suggests that less than half the 70
kg N ha-1 unaccounted for in Fig. 2 was lost by
leaching from this arable soil with a predominantly unchanging level of soil organic matter. The majority of the remaining N which
was unaccounted for was lost by denitrification (perhaps 80%) and the rest by volatilization.
Much larger losses of N were recorded on
the farmyard manure (FYM) plot (Goulding,
11
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Figure 2. Nitrogen cycle under continuous winter wheat grown in the Broadbalk experiment, Rothamsted
and receiving 192 kg N ha-1 each year since 1968. All N transformations are assumed to take place
in the plough layer (0-23 cm). Many of the figures were derived from 15N-labelled fertilizer experiments made between 1980 and 1983; figures within boxes are kg N ha-1 (mean of all four years);
figures between boxes are the means of 1980 and 1981; figures in parentheses are calculated from
the model described by Jenkinson and Parry (1989).

personal communication). According to Johnston et al. (1989) the input of N to this FYM
plot has varied only a little around a mean
value of 225 kg ha-1 in 35 t ha-1 FYM. To this
should be added the 50 kg N ha-1 input from
other sources (Powlson et al., 1986). (Previously Johnston et al. (1989) used 30 kg N ha-1
as the input from other sources. As neither
value was measured directly either could be
used but the larger value (50 kg) will be used
here making a total N input to the FYM plot of
275 kg ha-1 each year. Johnston et al. (1989)
estimated the amount of N unaccounted for
during each of three periods, 1852-61, 189212

1901, 1970-78. Using the larger input from
other sources, i.e. 50 kg N ha-1, the average annual amount of N unaccounted for was 140,
155 and 145 kg ha-1 respectively. These very
similar amounts of N are because initially
yields and N offtakes were small but soil organic matter was increasing rapidly immobilising much N. Recently yields and N offtakes
have much increased but soil organic matter
is increasing only slowly. Goulding (personal
communication) has estimated an annual
leaching loss of about 60 kg N ha-1 and denitrification of about 110 kg N ha-1, estimated from
the leaching loss using a factor from other
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plots where both leaching and denitrification
were measured. This 170 kg N ha-1 accounts
for more than the 140 to 155 kg N ha-1 which
was unaccounted for as discussed above and
highlights the difficulty of getting accurate N
balances unless all inputs and outputs are
measured with reasonable precision.

Nitrogen losses
By the early 1970s in the UK there were an
increasing number of reports of increasing
concentrations of nitrate (NO3) in potable
waters taken from both aquifers and surface
supplies (for example see papers in MAFF
1976). These were considered to be due directly to the increasing use of N fertilizers and
there were predictions of a nitrate time bomb,
especially awaiting the percolation of nitrateloaded leachate into aquifers. However, Sylvester-Bradley et al. (1987) made estimates of
the N applied to winter wheat and N offtake
by the crop grown in England and Wales using: i) Survey of Fertilizer Practice data for N
use on winter wheat; ii) the national average
grain yields of winter wheat for England and
Wales from MAAF statistics (allowance was
made for N in straw based on the proportion
of straw removed from fields), and iii) a %N
based on grain protein concentrations from
survey data obtained by the Home-Grown
Cereals Authority. The authors showed that
the application of N to winter wheat did not
appreciably increase above the amount of N
harvested in the crop until the mid 1980s.
Why therefore had NO3 levels in potable waters begun to increase in the early 1970s?
One very plausible explanation was the
ploughing up of grassland in the UK during
and after the 1939-45 war. The proportion of
arable crops to the total area of crops and
permanent grass had increased from about
38% between 1930-35 to 48% in 1940 and then
to 60% in 1945. Between 1950 and 1970 the
proportion ranged between 55 and 58%. The

likely effect of ploughing grassland on N losses can be deduced from two experiments at
Rothamsted when grassland, with about 3% C
in the soil, was ploughed (Johnston, 1986). In
both experiments crops were grown in rotation. In one experiment during six years there
were three cereals, two root crops and a oneyear grass ley. In the first 30 years about 30%
of the soil carbon was lost. In the other experiment there were two cereals and four root
crops in six years and the decline in soil C
was even larger, about 40% in the first 20
years. Even where the smaller amount of organic matter was lost, the annual loss of N in
the first 12 years averaged about 130 kg N
ha-1. If all this N had been available during the
growing period, the amounts were much larger than those which the cultivars grown at
that time could have used. The certain role of
soil organic matter in N losses was established.

Improvements in the efficiency
of nitrogen fertilizer use
Without doubt there have been improvements in N use efficiency in recent years as
shown by the data for the winter wheat crop
in England and Wales (Fig. 3). Between 1974
and 1998 the average national yield increased
from 5.0 to 7.5 t ha-1 grain. Initially in this period, N use also increased rapidly from about
85 kg ha-1 in 1974 to about 185 kg ha-1 in 1984;
since then N use has remained largely unchanged. Thus, grain yield per unit of N applied, i.e. N use efficiency, has improved since
1984. This improvement in yield might, however, have been accompanied by a lower
grain % N.
The most accurate way of assessing N use
efficiency is to use 15N labelled fertilizer but
this is costly. Much more widely used is the
difference method:
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% recovery =

N uptake with N minus N uptake without N x 100
N applied

This method is probably acceptable in
many cases where the experiment is done on
a soil with a uniform history and there is a
true control. When there is a true control, N
recoveries calculated by the difference method are often similar to those using 15N labelled
fertilizer (Macdonald et al. 1997; Glendining et
al. 1997; Powlson et al. 1986). However, when
there is no true control, as when using data
from soils with a long continued history of
different N treatments, then N recoveries by
the crop using 15N are very different from
those calculated using the difference method.
For example, Powlson et al. (1986) showed for
Broadbalk data, averaged for 1980 and 1981,
that the recovery by winter wheat grain plus
straw of 144 and 192 kg N ha-1 was 82 and 76%
respectively by the difference method but
only 56 and 56% respectively when using 15N.
This discrepancy between the two methods
is because when estimated by the difference
method, % recovery is very dependent on the

amount of N taken up by the crop to which
none is applied.
However, comparisons between periods
using the difference method are valid on
Broadbalk because the crop grown continuously and given no N has removed similar
amounts of N annually for many decades.
Throughout its long history some plots have
always received the same amount of N and %
recovery has improved markedly since the
1960s (Table 1). This is mainly due to the increased yields of current cultivars and their
improved grain:straw ratios with grain %N
being much larger than straw %N. The data in
Table 1 also well illustrate the points about
economic and environmental issues. Applying
96 kg N ha-1 to Cappelle Desprez in 1970-78 was
econmically justifiable as was applying 192 kg
N ha-1 to Brimstone in 1985-87. But, based on
the % recoveries in Table 1, applying 96 kg N
ha-1 to Cappelle Desprez left only 36 kg N ha-1
unaccounted for. While applying 192 kg N ha-1

Figure 3. Yield of winter wheat, grain t ha-1, and fertilizer nitrogen use, kg N ha-1, on winter wheat in England
and Wales 1974-1996 (personal communication from Chris Dawson and Associates based on data
from the British Survey of Fertiliser Practice and Ministry of Agriculture, Fisheries and Food Statistics).
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Table 1. Percentage recovery of fertilizer nitrogen applied to winter wheat grown continuously on Broadbalk, Rothamsted.
Period

1852-71
1966-67
1970-78
1979-84
1985-87

N applied, kg ha-1

Cultivar

Red Rostock
Squarehead´s Master
Cappelle Desprez
Flanders
Brimstone

48

96
% recovery*

144

192

32
32
56
69
67

33
39
63
83
77

32
36
59
76
67

29
52
69
57

Nitrogen applications
1852-71, all in autumn as equal weights of ammonium sulfate and chloride
1966-67, 24 kg ha-1 in autumn remainder in spring as ammonium sulfate
1970 and since, all in spring as calcium ammonium nitrate
*
Determined by the difference method

to Brimstone left 83 kg N ha-1 unaccounted for,
i.e. more than twice as much.
When N is applied to a soil, the crop and
soil microbial population are in competition
for the N. The effect of the long-continued use
of inorganic N fertilizers on soil organic N reserves has been reviewed by Glendining and
Powlson (1995). For example, in the Broadbalk experiment, the residue of some 20,000
kg ha-1 fertilizer N, applied annually at 144 kg
ha-1 since 1843, has increased total organic N
by only about 700 kg ha-1 in the top 23 cm soil
compared to a total of 2900 kg ha-1 organic N
in the soil to which no fertilizer N has been
applied. The mineralisation of this organic N
increased the N content of winter wheat by
41 kg ha-1 (Shen et al. 1989). Glendining and
Powlson (1995) also noted that although the
increases in mineralised N from the extra organic matter tend to be modest, they should
be taken into account when recommending
N fertilizer applications. The Broadbalk soil
data also show that the extra soil organic
matter on plots given fertilizer N had reached
a new stable equilibrium level within a few
decades (Jenkinson, 1977; Johnston, 1969).
When soils have reached their equilibrium
level of soil organic matter then any input is
matched by an equal output.

The use of labelled N, although more costly, does allow some additional information to
be obtained. Powlson et al. (1986) reported
results using 15N labelled fertilizer on the winter wheat on Broadbalk (Table 2). Nitrogen
unaccounted for (total applied minus that in
grain, straw, chaff, stubble and soil) averaged
19% (range 8-27%). Little of the N was probably lost by leaching in spring because the
N was applied to an actively growing crop
and in three of the four years there was insufficient rainfall to cause through drainage.
Using data from a number of Rothamsted
experiments, Addiscott and Powlson (1992)
showed that in many cases the major pathway of N loss in spring was denitrification.
Pilbeam (1996) reviewed 15N experiments
on rain-fed winter wheat across a wide range
of soil and climatic conditions and found that,
on average, 20% (range 10-30%) of the applied
15
N labelled fertilizer could not be accounted
for. Whatever other considerations might
apply, this is a financial loss to the farmer.
Determining the loss processes and considering ways of preventing the loss would greatly
improve N use efficiency.
Table 2 shows that, on average, about 20%
of the 144 kg N ha-1 applied to winter wheat
remained in the soil at harvest. This fertilizer15
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Table 2. Percentage distribution at harvest of fertilizer-derived nitrogen applied at 144 kg N ha-1 labelled with
15
N, Broadbalk, Rothamsted
Year

% fertilizer nitrogen in
Grain

Straw

Soil

Unaccounted for

1980
1981
1982
1983

55
37
45
44

13
16
23
13

17
20
24
16

15
27
8
27

Mean

45

16

19

19

derived N was nearly all in three fractions,
stubble and crowns, soil microbial biomass
and soil organic matter. Less than 2% was
present as nitrate at risk to loss by leaching.
Many other experiments on cereals have
shown that less than 5% of the applied fertilizer N was present in the soil as nitrate at harvest when the nitrogen was applied at the recommended amount and time (Macdonald et
al. 1989). On a sandy loam soil, an experiment
had plots with a range of organic matter con-

tents and using 15N showed that all soils had
very little labelled nitrate in them at harvest.
But there was much more unlabelled mineral
N in the soils with more organic matter following leys than in the soils after arable crops
(Fig. 4) (Macdonald et al. 1989). Again, when
144 kg ha-1 15N labelled fertilizer was applied
to spring barley on soils with 0.100 and
0.298% total N, the total inorganic N in the soil
at harvest was 34 and 69 kg ha-1 respectively.
However, the labelled fraction of this mineral

Figure 4. Inorganic nitrogen in soil (0-50 cm) following the harvest of winter wheat to which 140 kg ha-1 15Nlabelled N fertilizer had been applied in April. The wheat was grown in contrasted rotations: AB
and AF, all arable cropping; Ln, grass leys given fertilizer N and Lc, grass-clover leys without fertilizer N. The leys were ploughed after 3 (Ln3 Lc3) or 8 (Ln8 Lc8) years.
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N was only 1.6 and 3.2% of the 144 kg N ha-1
applied as fertilizer to the soil with least and
most organic matter respectively (Glendining
et al. 1997). Thus, much of the nitrate in the
soil in autumn came from the mineralisation
of soil organic matter. The 15N experiments
showed that for cereals it was not the organic matter formed during that year which was
breaking down quickly. When the soils were
sampled 12 months later, following a second
cereal crop, more than 90% of the labelled
organic N measured the previous autumn
was still in the soil. Much of the nitrate must
have come from the mineralisation of much
older reserves of organic matter.
These small amounts of nitrate left as an
unused residue from an N fertilizer application in cereal experiments do not necessarily
apply to all arable crops. There are often
much larger residues after say potatoes and
many vegetable crops. However, in many temperate climates cereals are the predominant
arable crop and, in general, if N fertilizers are
applied at the appropriate time and in the
correct amount they are used efficiently as
estimated by the amount of mineral N remaining in soil at harvest. Using N fertilizer gives
small increases in soil organic matter from
which modest amounts of N can be mineralised and this must be allowed for in N recommendations. Again it must be emphasised
that improvements in N fertilizer use efficiency will come from both quantifying the
amount of N lost by the various pathways in
different farming systems and attempting to
minimise these losses, and from improved N
fertilizer recommendations.

Fertilizer nitrogen
recommendations
In recent years, much effort has been expended in attempts to improve fertilizer N recommendations. They have included allowing for
the yield and protein potential of the site, es-

timating or measuring soil mineral N prior to
the fertilizer application, and using chemical
extractants to estimate the organic N which
might be mineralised. The calculations are
often computer-aided to allow the inclusion
of as many variables as possible. Today, for
winter sown cereals it is frequently suggested
that the total quantity of N recommended is
applied in two or three applications.
Recently Poulton and Johnston (personal
communication) have summarised data for N
responses by winter wheat (10 years) and
spring barley following the winter wheat (9
years). The winter wheat was grown in a rotation of all arable crops or following 3 or 8
years of either grass-clover leys or an allgrass ley given fertilizer N, i.e. potentially
there was a wide range of mineralisable organic N in the soils of this experiment. Four N
rates were tested on each crop and from the
fitted response curves for both cereals each
year, the optimum economic yield (Yemax) and
its associated N application (Nemax) were calculated. These values, determined by experiment, were compared with the N fertilizer
recommendations using Bulletin 209 (MAFF
1994). This is a standard source of recommendations in the UK and for N, an index system (0, 1, 2) is used. This is based on previous
cropping and recommendations vary with
soil type. For winter wheat the yield potential
of the site is an additional factor. Poulton and
Johnston used the known mean yield of winter wheat over the 10-year period in each rotation as the yield potential for that soil. The
average values for Nemax for the 10 years of
wheat data and 9 years of barley data were
very close to the N recommendations derived
from Bulletin 209 (Table 3). Thus, the average
recommendation given by Bulletin 209 was
excellent. There were discrepancies, however, in individual years. The number of years
when the determined Nemax was larger than,
sufficient or less than, the recommended N
application (± 10 kg ha-1) is shown in Table 3.
Only in about one-third of the observations
17
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Table 3. Comparison of the amount of fertilizer N recommended by RB209(1) with the amount needed to
achieve economic maximum yield as estimated by curve fitting. Ley-Arable experiment, Woburn,
1981-1991.
Winter wheat(2), first crop after
AB &
Ln3 &
Lc3 &
AF
Ln8
Lc8
N Index(4)

0.5

1.0

1.5

0

1

1

Expected yield(5), t ha-1

7.5

7.5

8.0

-

-

-

Recommendation, kg N ha-1

168

150

130

125

90

90

Mean value for Nemax(6)

166

144

124

132

94

92

Number of years when
Nemax(7) was:
smaller than

9

10

8

4

4

5

the same as

7

4

7

6

8

9

larger than
the recommended
application ± 10 kg ha-1

4

6

5

8

6

4

(1)
(2)
(3)
(4)
(5)

(6)
(7)

Fertilizer Recommendations for Agricultural and Horticultural Crops. Reference Book 209 (MAFF, 1994)
Winter wheat, 1981-90, 10 years data each for Ln3 and Ln8; Lc3 and Lc8
Spring barley, 1982-91 (excluding 1983). Nine years data each for Ln3 and Ln8; Lc3 and Lc8
Based on previous cropping as defined in RB209
Based on the average estimated economic maximum yield (to the nearest 0.5 tha-1) from the fitted
response curve
Mean Nemax; winter wheat, 1981-90; spring barley 1982-91 (excluding 1983)
Based on the amount of N associated with the estimated economic maximum yield each year

was Nemax within ± 10 kg N ha-1 of the N recommendation. The recommendation was too
large in about 45% of the observations for
wheat and 24% of those for barley. It is not yet
possible to offer a good explanation for this
variability although it was clearly due to variability in Yemax between years. This has various practical implications. If the yield was
larger than the assumed potential yield, then
the penalty could be a lower than expected
grain %N. If the risk of this happening can be
realised soon enough then foliar applications
of N can be used to increase grain %N. If the
yield was smaller than the assumed potential
yield, then it is likely that a greater than usual amount of N would be unaccounted for.
Lower than expected yields could be due to
adverse weather or increased disease inci18

Spring barley(3), second crop after
AB &
Ln3 &
Lc3 &
AF
Ln8
Lc8

dence. Neither can be predicted with precision.
If the variability in Nemax is only due to the N
supply, then it must be related to the availability of soil N by mineralisation of organic N.
In this experiment, annual N uptake for all no
N treatments varied from 18 to 118 kg ha-1 for
winter wheat and from 9 to 83 kg ha-1 for
spring barley. The average treatment mean
for the 10 years of wheat ranged from 48 (continuous arable) to 91 kg ha-1 (after the grass
clover ley). For spring barley the values were
32 to 65 kg ha-1 for the same treatments, respectively. The best way to estimate such release would be by a model which could predict the release of mineral N from soil organic matter up to say anthesis. Because mineralisation is partly dependent on temperature
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and moisture, some reliable long term weather forecast would be required. A model for N
release by mineralisation would be applicable
to all crops.
For cereals, there is another complicating
factor, namely the ability of the crop to compensate i.e. fewer tillers are frequently compensated for by heavier grain mass but without necessarily requiring more N.
In a 16-year study of the growth and yield
after anthesis of winter wheat grown on
Broadbalk, Thorne et al. (1988) observed that
grain yield was closely related to the number
of grains m-2. But this property depends on
the number of ears m-2 and grains per ear,
both of which depend on the survival of
shoots and florets. This survival is influenced
in the few weeks before anthesis, after the
main N application is given, by a variety of
factors of which N supply is only one. If this is
generally true, then predicting N need for cereals will be liable to errors unless other factors like water, temperature and radiation
which influence shoot and floret survival can
also be predicted. This does not mean that
the search for a reliable N recommendation
system should be abandoned. Rather it implies that when comparing or validating systems there must be sufficient observations
on crop growth throughout the season to explain any variations in response to those
which were predicted.

The future and nitrogen
recommendations
Soil analysis
Many extractants and methods have been
suggested for the analysis of soils to estimate
the likelihood of a crop responding to N but
few have been adopted for routine use. Sampling soil to 90 to 100 cm in spring and analysing for mineral N (nitrate plus ammonium)
has been proposed and used successfully
occasionally. However, the large number of

cores required to minimise soil heterogeneity makes the analysis expensive. In England
and Wales it is usually only recommended
when it is thought that there may be large
residues of mineral N from previous cropping
or manure application and any financial savings made by decreasing the fertilizer N application would offset the cost of the analysis.
Modelling
Annual, site specific recommendations for N
are all important. Because of the numbers
involved such recommendations will have to
be computer generated and based on reliable
models. Besides factors like the site yield
potential, any reliable computer system will
have to successfully simulate the quantity of
N mineralised from soil organic matter after
the time that a decision has to be made about
the size of the final N application. The Rothamsted SUNDIAL-FRS (Fertilizer Recommendation System) aims to do this (Bradbury
et al. 1993, Smith et al. 1996). The required
amount of N can be divided between a number of applications depending on the appearance of the crop or non-destructive measurements made on it.
Other approaches
Nitrification inhibitors are again being actively researched to find lower cost products. If
effective over appropriate timescales, single
rather than split N applications would be possible. Another alternative would be a slow release fertilizer with the rate of release closely
matched to crop demand. This might involve
fertilizers with different release characteristics
for different crops. Where irrigation is used
fertigation must become the preferred option.
As a backup to N fertilizer recommendations, non destructive plant analysis methods
are being developed to monitor the N status
of the crop throughout the growing season.
This will allow more accurate decisions about
late N top dressings. A hand-held device can
be used to determine the chlorophyll content
19
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of the crop (Schepers et al. 1992). A large
number of estimates can be made quickly on
leaves at the same stage of development giving a reliable mean value. Such monitors are
being used commercially in Europe by, for
example, Hydro Agri. Hydro Agri are developing the opportunity for the further use of
this concept by linking chlorophyll sensors
mounted at the front of a tractor to a rear
mounted, variable rate fertilizer spreader
through a computer installed in the tractor
cab. As the tractor passes through the crop,
the N rate is adjusted according to the sensor
readings via the computer software. Other
reflectance measurements are being investigated for other nutrients. The main concern
is to ensure that there is no interference from
factors like water stress, nutrient imbalance
or foliar disease which may affect the reflectance measurement.
Whether the driving force for improving N
use efficiency is economic, environmental or
a combination of both, it is essential that research continues to improve N recommendations and determine the pathways of loss of N
from the soil-plant-animal system. It will also
be essential to quantify the possible losses by
each pathway. This must be done in well conducted experiments in which all possible loss
pathways are monitored. Considering only
one possible process at a time and developing practices to minimise loss by that pathway ignores the interactions between pathways. Minimising losses by one pathway invariably increases losses by another. The
need is for experiments to measure and integrate all loss processes at the same site over
several years and develop economic procedures to lessen the total loss.
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Questions to A. E. Johnston
Erik Steen Jensen: I will ask you about these
data you presented from Pilbeam. I find it difficult to understand that there should be
such a general relationship, like finding 20
percent of the fertiliser nitrogen not being
accounted for. Do you have any suggestion
why such relationship should exist?
A. E. Johnston: I think that is the challenge. Let
me say, and perhaps I didn’t mention it earlier, that if you look at the individual data between those different sites, which vary very
21
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considerably in the water input, the amount
of labelled nitrogen which was in the crop,
and the amount of nitrogen which was in the
soil, vary very considerably in conditions in
which there were small amounts of rainfall,
there was a little in the crop because the crop
yields were small, and there was much remaining in the soil. But, certainly yes, 20 percent on average. I would say that there is a
variation, but there were two outliers. Most of
them seem to come about that line of 20 percent. I have no idea, but I think this is the challenge, the challenge is to find out where that
20 percent has gone. And I mean, we thought
about it a lot at Rothamsted and the 15N data
I showed for the four years, there was some
variability between years. And the years in
which we found most nitrogen which we
couldn’t account for, were the years in which
there had been an excessive amount of rain
after the N had been applied and so we assumed that most of that had actually been
lost. But we think we know that there was no
actual leaching loss on those plots in that
year so there must have been a gaseous loss
at that time. Of course, what is important is
whether that gaseous loss was N2O or whether it was gaseous nitrogen, N2.
Erik Steen Jensen: So, you don’t think it could
be related to the 15N methodology actually,
since I guess all these experiments were being done using 15N.
A. E. Johnston: Yes, they were all done using
N. If it was the methodology, we have all
spent a lot of time doing things that we might
regret, but hopefully it was not the methodology. Clearly you can get a good balance. So
no, I hope it wasn’t the methodology, if it was,
a vast range of laboratories in different parts
of the world have all gone wrong.
15

Niels Erik Nielsen: Was it assumed in all these
cases that there was no pool substitution of
nitrogen 15 in the crop with the atmosphere.
22
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A. E. Johnston: Yes, as far as I am aware, that
assumption was made.
Niels Erik Nielsen: Ok, but that seems to be
rather dynamic, is that not so?
A. E. Johnston: I think there is a problem of
whether we are doing the calculations in the
right way, and there has been just a couple of
papers recently from Germany, which are
suggesting other ways of doing this calculation rather than by the difference method. I
am not sure whether they are right, but the
added nitrogen interaction has been something that has been creating a considerable
stir for a long period of time. But I think you
can say with the 15N experiments of course, if
you do the job properly, if your analytical
techniques are good, you should get the right
answer. Because as long as you are measuring
what is in the soil, what is in the crop, if you
can measure what is lost by leaching and if
you can measure what is lost by denitrification, which is very difficult for both of those,
you should get a mass balance which is right.
So even if there has been some pool substitution, then we should see it in the soil. It
should come out in the soil analyses. The
grave concern, of course, is whether it has
been any loss from the plant which we
haven’t measured, but still it would appear
the loss section, it would appear as the nitrogen which has not been accounted for, I mean
that should be the beauty of 15N. It gets over
all these problems of not knowing whether
we are losing from the crop, if we are losing
from the soil, or whether we are losing by
gaseous or by leaching.
Göte Bertilsson: You compared the recommendations with the actual economic return
in the experiment. Now when you calculate
economics, it is quite important what prices
you use, and especially in the quality economics of today. It may differ very much and
also depending on what you consider, if you

K. Skogs-o. Lantbr.akad. Tidskr. 139:8, 2000

Some aspects of nitrogen use efficiency in arable agriculture

consider the cost of application and the cost
of using the harvest, so to say. Do you have
any comment on that?
A. E. Johnston: I think I just tended to use what
we have used for many years which is a
standard set of figures which has included
only the value of the grain versus the cost of
the nitrogen, but clearly the differential cost
of putting on a small amount of nitrogen is
very small.
Göte Bertilsson: Wouldn’t that lead to an overestimation of the recommendation? A too
high recommendation.
A. E. Johnston: It might, but I think basically, if
you are going to go down the line and try to
put everything into your economics, it becomes extremely difficult, and of course, we
are soil scientists and not economists, so I’ve
taken a simple view as being a way forward
and just try to use it to illustrate the fact that
average values are extremely good. I mean
John Archer was involved many years ago
with a number of others in a sort of national
average recommendations and clearly they
ought to be right. I mean they are based on
the average yields and average responses in
the last forty odd years, so we would expect
the average values to be right. I mean, they
have been constantly upgraded, but we
would expect them to be right. But the problem is explaining why they are not right every year. Why in some years the recommendation is too low, some year the recommenda-

tion is too high, and that seems to relate to
the level of yield that we get. The level of yield
we get seems to relate to factors that, at the
moment, we do not attempt to put into any
sort of modelling exercise. We don’t attempt
to model effect of weather on yield, or pests
and diseases, which are equally important.
But we’ve got to take it that in those particular experiments, we did our very best to control pests and diseases. So we are really looking, I think, in those experiments that were
largely effects of weather on yield. And I have
to say that we have tried to put together
enough data to challenge the modellers, to
see whether they could have modelled it better on an annual basis than we achieved in
experiments. But I think that what that set of
data shows is that there is no point in going
any more down the line of annual model experiments, unless we are prepared to do a lot
more detailed monitoring of the growing crop
throughout the whole of the growing season,
like Gillian Thorn and her colleagues did in
the experiments on Broadbalk. I mean, there
is a huge number of man-hours that went into
that. Series of work that involved people from
many different disciplines, physiologists, soil
chemists and agronomists – it was very expensive, but it is the only way forward. It is no
good any more just doing straightforward
response trials, we are wasting time and money if we do that. We have got to know what
the crop responded to in each of the years in
which we do it, and why the crop fails to
grow, and why it grows better then we would
otherwise have expected.
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Abstract
Crop residues are an important resource for
maintaining soil fertility in agro-ecosystems.
Nitrogen cycles of agricultural ecosystems
are known to be more open compared to cycles in natural systems, cause more N to be
lost to the atmosphere and the aquatic environment. Despite decades of research on carbon-nitrogen cycling in plant soil systems,
only limited practical progress in terms of
controlling N losses and closing the N-cycles
of agro-ecosystems seems to have taken

place. Crop residues, especially those with a
high C/N ratio, are tools, which may be used
to controlling the N mineralisation-immobilisation turnover in soil. It is eminent that cereal straw causes net immobilisation of N in the
autumn during their decomposition, but the
extent of N conservation is disputed. This
paper presents some new methods of using
cereal residues to manage soil N in autumn
and winter. Special emphasis is on the effects
of physical modification of residues and the
manipulation of spatial distribution of incorporated residues.
25
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Introduction
Cultivation of soil causes the soil nitrogen (N)
cycle to be more open than in a natural or
semi-natural ecosystem with permanent
plant cover, and agricultural soils are thus
more prone to N losses. Despite a significant
research effort for more than half a century,
’untimely nitrate’ is still a major problem related to agricultural soils. Soil scientists apparently have not been successful in transforming basic knowledge on C and N dynamics in the soil-plant-atmosphere system into
significant practical advances regarding N
use and losses for the farmer and the environment.
Improved synchronisation of N release,
crop demand and uptake is possibly the main
key to improving the N use and reducing the
losses to the wider environments. Relevant
management tools for optimising this synchrony are the timing of soil tillage and fertilization, crop residue quality and management of the interactions between tillage and
residue quality. Crop residues are an important resource in a sustainable agricultural
system, but for many years this fact was neglected. The farmer considered the residue a
problem, and the main concern was how to
get rid of it in the most convenient way, e.g.
by burning in the field.
In the short-term incorporation of crop residues provides the energy and nutrients for
microbial growth and activity, and are thus
the driving force of the mineralisation-immobilisation (MIT) processes in the soil and a
source of N for plants (Jansson and Persson,
1982). In the long-term incorporation of crop
residues is important for the maintenance of
organic C and N in arable soils (Campbell and
Zentner, 1993; Rasmussen and Parton, 1994).
Thousands of laboratory incubations and
a large number of field experiments have contributed to a better understanding of the effects of residue biochemical quality, e.g. soluble substances, C/N ratio, lignin, polyphe26
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nols, and of abiotic and biotic factors on decomposition, net N mineralisation, soil organic matter formation, dynamics of the microbial biomass, gaseous losses etc. The soil temperature and moisture content, the availability of inorganic nutrients, especially N, and
the quality of the residues are the most important factors in determining the rate of residue turnover and the net mineralisation of N
(Jenkinson, 1981; Mary et al., 1995). We can
now model and better predict the process
rates and we are beginning to understand
gross fluxes of N transformations (e.g. Recous
et al., 1999)
Five tons of cereal straw contains about
2250 kg carbon of varying composition (Fig.
1). This carbon may potentially be used more
efficiently in controlling process rates in N
cycle. It is well known that crop residues with
a high C/N ratio, such as cereal straw,´ may
cause net immobilisation of N to occur for a
long period (e.g. Jensen, 1996a). In laboratory incubations, with non-limiting inorganic N
concentrations and ground cereal straw, net
immobilisation is often found to 35-40 mg N
kg-1 C added in cereal straw or 12-16 kg N t-1
straw (Recous et al., 1995; Ambus and Jensen,
1997). However, in field experiments and under N-limited laboratory conditions net immobilisation are typically 2-4 kg N t-1 cereal
straw (Christensen, 1986; Jensen, 1996a;b).
The contact between crop residues and
soil is modified via mechanical operations,
such as chopping/milling and tillage/incorporation method. Studies of plant residue turnover at the laboratory scale involve grinding
of the material to increase the homogeneity
of residue distribution in the soil matrix and
reduce sub-sampling error. This is an artificial
situation compared to the heterogeneous distribution of field-incorporated residues. Normal field incorporation of straw involves harrowing and ploughing. These operations will
often cause an uneven distribution of the residues in the soil. The contact between residue
and soil influences the decomposition and
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Figure 1. The carbon and nitrogen within crop residues constitute an important resource for maintaining
soil fertility. However, the residue carbon can be managed more efficiently in controlling the N
mineralisation-immobilisation turnover in soil.

the effect of residues on N-cycle processes,
especially during the early stages of decomposition (Sørensen et al., 1996; Angers and
Recous, 1997; Ambus and Jensen, 1997, Jensen and Ambus, 1998). Apparently, there is
scope for manipulating the straw, e.g. the particle size, the time of incorporation and distribution in the soil profile, to control mineralisation-immobilisation turnover of N in soil.
The aim of this paper is to review some
methods to manipulate crop residue and to
present data on the effect of these methods
on soil N dynamics.

Potential manipulations of
crop residues and their effects
on MIT
The crop residue quality is an important factor in determining the effect on MIT. The quality may be changed genetically by modern
plant breeding methods and by the fertilization of the crop. Similarly, the crop residue
quality may be modified by mixing residues
of different qualities from different fields or
grow plant species with different residue
quality as intercrops. The distribution of residues is normally heteroge2neous within the
field, e.g. due to the combiner placing straw
in rows and the harrowing tool collecting
27
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clumps etc. Physical modification is another
method for manipulating the straw. Today
most combiners are equipped with cutting
devices to comminute the residues, but particles could potentially be smaller than the
typical 5-10 cm. New incorporation methods
and machinery can be used for modifying the
distribution of the straw in the soil profile.
Modification of crop residue quality by
breeding and nutrient management
Plant breeding has led to a significant increase in the harvest index of cereals (reduced straw biomass), whereas the nutrient
concentration in old and new cereal cultivars
seems to be comparable (Sandfær et al.,
1965). This causes the potential amount of N
to be recycled, when growing new cultivars,
to be low. However, cereals are supplied with
high amounts of fertilizers and there is often

a linear relationship between N-fertilizer
supply and N concentration in crop residues
(Fig. 2).
Modern plant breeding can be used to
modify the nutrient concentration in crop
residues as well as the composition of the
carbon in the materials, e.g. genetic engineering can modify the lignin or polyphenol contents. Similarly the nutrient concentration in
the residues may be diminished or enhanced
by various breeding method. However, nutrient management is probably the most realistic tool in this context, but the link between
crop residue concentration and crop yields
clearly will influence the room for manipulations. It is clear however, that a reduced N
supply will also reduce the nitrogen concentration of the straw and hereby also increase
the potential for net immobilisation during
straw decomposition (Jenkinson, 1981).

Figure 2. Nitrogen concentration in straw of winter and spring forms of wheat and barley. Results are mean
of four years experiments on a sandy loam soil at Risø National Laboratory (Data from Andersen
et al., 1991).
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Quantity of residues incorporated
The crop above-ground crop residues in a
field may be removed, as was previously
done by burning. In some regions a major
part of the cereal straw is used in animal production. More recently, removing the straw
for energy production has become popular in
some areas as well. Continuous removal of
the cereal straw has implications for the organic carbon and nitrogen content of the soil,
as well as other biochemical features and the
soil aggregation (Power and Doran, 1988). It
may have interest to remove certain crop residues, e.g. low C/N ratio residues from grain
legumes or sugar beet leaves, which when
incorporated in the autumn, may contribute
to an increased net mineralisation and risk of
N leaching (Jensen, 1996b; Thomsen and
Christensen, 1996). Such residues could be
used alternatively as animal feed and the nutrients recycled via the animals.
The effect of increasing the amount of cereal straw incorporated, however, may decomposition of the straw (Parr and Papendick,
1978). Clearly a high loading rate at N-limiting
conditions will cause a prolonged period of
decomposition and net immobilisation. At
normal rates of straw incorporation it is considered that the soil inorganic N available is
sufficient to meet the N demand of the microflora for decomposition (Christensen, 1986).
Mixing of residues with different quality
It is often suggested that the mixing of residue
of different quality may be a relevant means
of controlling the dynamics of crop residue
turnover and nutrient release (e.g. Vanlauwe
et al., 1997) and that the diversity of residue
may have unrealised effects on agro-ecosystem function (Wardle et al., 1997). Some
studies have shown that combining residues
of different quality may cause idiosyncratic
response as compared to the single residue
turnover of C and N (Wardle et al., 1997).
There is several cases in agricultural systems,
where residues of different qualities are mix-
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ed: in an grass-clover pastures, when straw of
the previous crop and a catch crop grown in
the autumn are incorporated together, and in
mixed annual crops e.g. pea and barley. Residues from different field may be incorporated
together in the same field, e.g. high C/N residues on soil cropped to legumes and vice
versa. However, there is a lack of knowledge
on the interaction between residues of different qualities on their turnover. Fig. 3 shows
net N mineralisation results of a lab-incubation experiment with a sandy loam soil in
which barley straw (C/N: 71), white clover
leaves (C/N: 9) and ryegrass shoots (C/N: 25)
decomposed either individually or paired for
two weeks. The same amount of carbon was
added in all residue treatments and the
paired residue mixtures consisted of 50% of
each residue (Germon, 1997).
The different residue qualities caused significant differences in net N mineralisation.
Barley straw caused net immobilisation, the
clover a large net mineralisation, whereas
there was no net change in inorganic N in soil
supplied with rye grass leaves over the two
weeks (Fig. 3). The soil respiration was enhanced with factors 3.3, 6.2 and 5.9, respectively, over the respiration in the non-amended control (data not shown). When residues
were combined the net N mineralisation in
the straw-clover mixture was significantly
(P<0.05) lower than was the ’predicted’ net N
mineralisation using the rates from single residues treatments (Fig. 3). Similarly, the respiration in the combined straw+clover treatment was significantly (P<0.05) greater (38%)
than the ’predicted value’ from the decomposition of the individual residues (data not
shown). Clover leaves were labelled with 15N
and the net N release of clover 15N in combination with straw was only 40% of what was
’predicted’ from the release of a similar
amount of clover alone. With ryegrass 70% of
’predicted’ clover-15N release was found. The
net N mineralisation in the straw+clover mixtures was lower than ‘predicted’ because the
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Figure 3. Net mineralisation of N soil without [U] residue amendment or incorporation of either barley straw
[S], clover leaves [C] or ryegrass leaves [R] decomposing alone or pair wise. Predicted N mineralisation is the calculated mineralisation assuming the effect of residues are additive (Germon,
1997).
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immobilisation of N in the straw treatment
was limited by the availability of N. Thus, the
net mineralised clover N was immobilised
again during the decomposition of straw. This
is supported by the greater than ’predicted’
respiration with the mixture of straw and clover leaves. The basis for manipulating N release from residues by mixing residues of different qualities needs further studies since
sometimes the turnover of residue mixtures
seems to be unpredictable (Wardle et al.,
1997).
Physical modification of crop residues
Decreasing the particle size of crop residues,
e.g. of one particle of 5x5x5 mm to particles of
1x1x1 mm increases the surface for microbial attack from 150 to 750 mm2 and causes a
better contact between residue particles and
soil. On the outside of mature cereal straw
just below epidermis a sheath of lignified cells
30

protects the inner parenchymatic cells from
being colonized quickly by fungi (Fig. 4).
When the straw particle size is reduced, fungi and bacteria can colonize the residues
much faster. Grinding the straw will also result in more organic carbon and nitrogen being soluble. In a percolation experiment with
cut (25 mm) and ground (< 1mm) barley
straw (C/N:80), the material was leached with
cold water. The amount of C and N leached
was factors 5.5 and 3.9 greater, respectively,
in ground than in cut straw (Table 1). In
ground straw half the amount of residue N
was leached whereas 11% of the carbon was
soluble. However, the increase in leached carbon was relatively greater than the increase
in leached N as a result of the grinding, causing the C/N of leached material to be greater after grinding (Table 1). Estimating the
amount of soluble C in 5 tons of ground barley straw shows that 236 kg would be imme-
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Figure 4. Cross-section of mature barley internode showing the lignified cells just below epidermis. The bar
represents 0.5 mm.

Table 1. Effect of particle size on the leaching of C and N from barley straw (C/N: 80). 6 gram of straw was
leached with 375 ml cold water. (Jensen, Unpublished)
Straw
treatment

% of element leached
C

Cut Straw
25 mm
Ground Straw
< 1 mm

C/N leached
material

N

Leached element from
5 ton straw (kg)
C
N

2

14

11

40

3.7

11

54

17

236

14

diately soluble. If the straw is not incorporated, but spread at the soil surface, grinding the
straw will cause a much greater proportion of
the straw carbon to be quickly available for
decomposition after precipitation. Similarly,
Ambus and Jensen (1997) observed that
leaching the ground barley straw almost
halved denitrification in straw-soil suspension.
Models describing the mineralisation and
immobilisation of N during the decomposition of crop residues do not include the effect
of residue particle size, even though several
studies have shown, that it can have a major

effect on the outcome of MIT during early
stages of decomposition and in some cases in
the longer term. Since the mineralisation-immobilisation turnover (MIT) of N in the soil is
closely linked to the decomposition it is not
surprising to observe that decreasing the
particle of low N and lignified residue materials increases the net immobilisation of soil
inorganic N in the short-term (van Schreven,
1964; Sims and Frederick, 1970; Ambus and
Jensen, 1998). Such an effect of decreased
particle size can also be observed during the
first weeks of decomposition of high N materials such as clover leaves and pea straw
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(Stickler and Frederick, 1959; Jensen, 1994).
Net immobilisation of N in soil may be greater with fine than coarse low N/lignified particles even after prolonged incubation (van
Schreven, 1964; Sims and Frederick, 1970; Vigil et al., 1991; Ambus and Jensen, 1997). However, Bremer et al. (1991) found no significant
difference in the net immobilisation of N in
soil after 96 days of decomposition of coarse
and fine wheat and lentil straw materials.
When materials with a high N concentration are incorporated in soil net mineralisation is often observed after some weeks of
incubation, and the apparent net mineralisation of N from these materials are greater
from coarse than fine materials (Stickler and
Frederick, 1959; van Schreven, 1964; Bremer
et al., 1991; Jensen, 1994). This was found to
be in conflict with the observation of Amato
et al. (1984) with high N legume pod materials
and Ambus and Jensen (1997) with barley
straw materials. They both found a greater
net mineralisation of residue N from ground
than from coarse materials.
From the above discussion it can be deduced that reducing the cereal straw particle
size can potentially increase the short-term
immobilisation of N. Assuming that the soil
inorganic N concentration, soil moisture or
temperature are not limiting the decomposition it can estimated from the data of Ambus
and Jensen (1997) that the potential immobilization of N from incorporation of 1 metric
ton barley straw is 12 and 18 kg N with coarse
and ground straw, respectively. Darwis et al.
(1994) reported that the cereal straw particle
size can influence the potential immobilisation and leaching of N, although in their study
the particle size varied by 10 and 40 cm. In
this work they found an immobilisation of 8
kg N after incorporation of 1000 kg straw, indicating that other factors was limiting the N
immobilising capacity of the straw. There is
only limited amount of studies in the field on
the effect of residue particle on residue turnover. At Risø a field experiment was carried
32
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out to determine the effect of barley straw
manipulations, including ground (< 3mm) and
cut (25 mm) straw, on N mineralisation-immobilisation turnover of N in the soil and plant
uptake of N in the subsequent crops (Ambus
and Jensen, 2000). The experimental design is
shown in Fig. 5.
The initial (after 18 days) effect of straw
incorporation showed that improving the
contact between residue and soil by grinding
significantly increased the net immobilisation
of N in the top 10 cm of the soil (Fig. 6). Although significant, the effect was small, due
to the conditions of N-limited turnover of
crop residues in autumn (Ambus and Jensen,
2000). The amount of N in the biomass was
determined during a whole year after barley
straw incorporation (Fig. 7). Incorporating
either 2.5 or 5 ground ton straw/ha in the top
10 cm of soil resulted in a significantly greater amount of biomass N for both straw treatments until one year after straw incorporation (Fig. 7). In April the amount of N in the
biomass was about 3 g N m-2 greater after
straw than in the control soil. It is noted that
with the smaller amount of straw incorporated, the soil microbial biomass N declines faster in April-May than with the large amount.
This was in agreement with the greater net
mineralisation of N observed in the ground
treatment with the small amount of straw
in May-June (Fig. 8). Apparently the great
amount of straw incorporated in the topsoil
caused prolonged immobilisation and thus
lower net mineralisation in the topsoil. Thus,
decreasing the particle size of incorporated
barley straw are likely to increase N conservation and decrease the leaching of inorganic N during the autumn. The N temporarily
conserved may be mineralised in the subsequent growing season, provided the amount
of straw incorporated is not too large.
Spatial distribution of residues
Both the horizontal and vertical distribution
of straw may be influenced by crop harvest-
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Figure 5. Design of field experiment carried out to determine the effects of straw particle size and spatial
distribution of the straw in the plough layer on the turnover and plant uptake of N. Winter barley
was used as test crop (Data from Ambus and Jensen, 2000).

Figure 6. Effect of barley straw particle size during initial decomposition (0-18 days after incorporation).
(Data from Ambus and Jensen, 2000).
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Figure 7. Dynamics of soil microbial biomass N in the 0-10 cm soil depth as determined by the amount of
straw incorporated. Straw was incorporated on 16 September. (Data from Ambus and Jensen,
2000).
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Figure 8. Apparent net N mineralisation in uncropped soil from April to May in the year after residue incorporation in the top 10 cm soil as influenced by amount and particle size of straw. (Data from Ambus and Jensen, 2000).
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ing and soil tillage. Normally the straw will be
distributed, cut or uncut, in a band after the
combiner. Soil tillage after a cereal typically
involves harrowing two times and then
ploughing. Despite the several tillage treatments the vertical distribution of straw in soil
may be heterogeneous. This was revealed in
a pilot tracer study using coloured plastic
straws cut into 5 cm to describe the distribution in soil. After spreading the ’tracer straw’
among the actual straw normal tillage treatments were carried out and a profile excavated to the 20 cm soil depth (Fig. 9). The straw
and tracer was found in strings in the 8 to 14
cm depth with a horizontal distance of 40 cm,
probably due to the dimension of the mouldboard. Staricka et al. (1991) observed a similar distribution of straw.
The concentration of straw in stings or
bundles in the soil probably has implications
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for the turnover of the straw. However, little
work has been done in this area. We carried
out experiments to determine the effect of
heterogeneous distribution of straw in the
soil. In a laboratory incubation experiment
with a sandy loam soil, barley straw was either incubated in a bundle or mixed into the
soil. Figure 10. shows that the net immobilisation of N during 30 days was much greater
with mixed compared to bundle placed straw.
In agreement with this the respiration rate
was also greater for the straw mixed into to
the soil, especially during the first weeks of
decomposition (data not shown). The reason
for the lower initial respiration and immobilisation of N with the straw in bundles is probably due to the less intimate contact of residue with soil and thereby the reduced ability
of soil fungi and bacteria to colonize the residue. However, there may also be nutrient and

Figure 9. Soil profile showing the packed strings of straw and plastic tracers (circle about) in ploughed soil.
The arrows at the left indicate the soil surface and the 20 cm depth and the arrows at the right the
direction of ploughing (Jensen, unpublished).
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Figure 10. Net N mineralisation in soil as influenced by placement of straw in a bundle or mixed into the
whole soil volume (Jensen, unpublished).
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oxygen-limiting conditions within the bundle
during its decomposition in soil.
In the field study mentioned above (Ambus
and Jensen, 2000) differences in the vertical
distribution of barley straw was simulated by
either shallow (0-10 cm) or deep (0-20 cm)
incorporation of straw. When all the straw
was shallow incorporated there was a large
increase in net immobilisation in the top soil
compared to the un-amended control during
initial decomposition after incorporation,
whereas the net mineralisation in the 10-20
cm layer was slightly less than in the control
(Fig. 11). When the straw was placed in the
whole plough layer there was marked net
immobilisation to the depth of 20 cm (Fig 11).
Thus, the better distribution caused a greater net immobilisation and thus probably a
reduced risk of N leaching in autumn. In the
subsequent spring the net mineralisation of N
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was from soil was significant lower in the
treatment with all straw being shallow incorporated (Ambus and Jensen, 2000) and Fig. 8,
causing less N available for plant growth. Winter barley established at the time of straw incorporation, had a significantly lower N uptake in April with both shallow and deep incorporation of the straw, and at harvest the
deep incorporation of <3mm particles still
caused in a lower N uptake in winter barley
(Fig. 12). This indicates that managing the
spatial distribution of straw may also be a
means of enhancing the straw carbon use for
soil N immobilisation in autumn to conserve
soil N, without impairing plant N uptake the
following year. However, it is a delicate balance and in cropping systems, where the
amount of N-fertilizer may be limited, there is
a risk that prolonged net N immobilisation
can impair crop growth.
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Figure 11. Effect of spatial distribution of 5 t/ha barley straw on initial (0-18 days) apparent net N mineralisation. Control: no straw, Shallow: 5 t/ha incorporated in the 0-10 cm depth, Deep: 5 t/ha incorporated
in the 0-20 cm depth. (Data from Ambus and Jensen, 2000).
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Figure 12. Effect of straw incorporation, shallow (0-10 cm) or deep (0-20 cm) on the nitrogen uptake in winter
barley in spring and at harvest in August (Data from Ambus and Jensen, 2000).
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Conclusions
There is little doubt that incorporation of cereal straw in temperate soil enhances shortterm conservation of N in the autumn and
winter, but there is still some controversy
about how much N is immobilised and in
which way the immobilising effect of cereal
straw can be improved. The results showed
that under conditions of low net N mineralisation the benefit of an improved contact between residue and soil in terms of increased
soil N conservation is limited. Increasing the
straw C availability may cause prolonged net
N immobilisation in the spring, when decomposition is N-limited in the autumn. The data
reported indicate that there is a potential for
a better utilisation of the residue carbon to
control MIT of N in temperate cropping system although the applicability of some residue management methods remains to be
evaluated. Furthermore, new residue management methods need also to be evaluated
in the long-term.
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Questions to Erik Steen Jensen
Erasmus Otabbong: At the beginning of this
seminar Professor Thomas Rosswall told us
that one of the methods for avoiding any losses is to remove residues that are rich in nitrogen. In your lecture you have shown us that
nitrogen can be recycled. Could you comment on these two contradicting points.
Erik Steen Jensen: I think what Thomas Rosswall mentioned was that when we talk about
nitrogen-rich residues, this could be from
crops, like clover, from grain leaches having
high nitrogen concentration. In such a situation it is very likely to have high weights of
nitrogen mineralisation during the autumn,
and not in the other situation where you have
crop residues with low nitrogen concentration. And the basis for this talk was the low
nitrogen residues, which actually during the
decomposition will immobilise nitrogen in organic form to maintain their growth. So perhaps it was not clearly mentioned that I was
thinking about residues with low quality,
since sometimes you say low quality due to
its high carbon nitrogen ratio.
Erasmus Otabbong: Do you really think that
removal of residues is sustainable?
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was tilled in the treatment where no straw
was incorporated. This is important for conclusions for practical agriculture. For incorporation of straw the soil must be tilled, but
if the straw is not incorporated there will be
no tillage. The conclusions can be different
because soil tillage may stimulate mineralisation.
Erik Steen Jensen: In this experiment there
were rather small plots so soil tillage in this
case was actually taking the top 20 cm of the
soil in the plot, and removing it completely
and doing a kind of tillage or homogenising
because we wanted to have residues homogeneously incorporated in the top 10 or the
whole 20 cm. But this is a very important
point you raise here. I think I would like to
propose from these studies also in the context of the work-shop tomorrow, that maybe
we should have more information and knowledge about different positions of crop residues when it is present in such concentrated
strips in the soil. I am not sure that we know
sufficiently about having this high concentration of residues and the implications for the
nitrogen and carbon cycles.

Erik Steen Jensen: No, but if you are in a situation wanting to control nitrogen mineralisation/immobilisation and you are in a system
where you have a high nitrogen mineralisation in autumn and are not able to have any
other means to catch this nitrogen from nitrogen residues, maybe it is an idea to use the
residues for some other purpose, like animal
feed or whatever.

A. E. Johnston: We have looked at the problems of incorporating straw on net immobilisation. An interesting thing that seems to happen, is that as we have used more and more
nitrogen, the nitrogen content of the straw
increases. This is essential if you do the calculation of the net immobilisation of nitrate
which may be mineralised from the existing
soil organic matter. In fact it becomes less and
less. I mean, I think this is just a knock-on consequence of what you said. I have no disagreement at all.

Börje Lindén: You have shown that there was
comparatively large net mineralisation in the
control where no straw was incorporated,
and now I ask you if the soil was tilled in the
same way in all treatments, if also the soil

Steve Jarvis: Erik, you showed data for net
values of these processes, do you have similar information for grass effects, because
what you might be seeing is a balance of completely different operations that are going on.
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Erik Steen Jensen: We have just started to try
to measure gross fluxes and we have done
some work both on barley and pea residues
and also on different organic wastes. But
there are no available data yet.
Jan Persson: What about what we call green
areas, is straw accepted as a green area in
Denmark?
Erik Sten Jensen: Yes, I think it substitutes a
certain amount of green area but I don’t know
exactly how many tons of straw you should
incorporate to have this comparable with
green covers of the land .
Jan Persson: You showed us that as a maximum you can mobilise 12-16 kg of nitrogen
per ton straw and as some kind of minimum,
you mentioned 2-4 kg. What we can see in
many textbooks is 7 kg per ton.
Erik Steen Jensen: But I must say that these
estimates of 12-16 were done in experiments
where inorganic nitrogen was not limiting, so
there was plenty of ammonia nitrogen available for the soil microbial biomass.
Thomas Kjellqvist: Have you any idea of how
to incorporate the straw homogeneously in
the soil.
Erik Steen Jensen: No, I do not have, and of
course one could say in your attempt to try to
have a homogeneous incorporation of the
straw you also maybe have to do a more
rough tillage of the soil, which may indeed
increase mineralisation of nitrogen from soil
organic matter. So this is a balance, and really, this work was done to see if there is any
scope for manipulating these things in the
field, and unfortunately we didn´t find any
strong effect under these particular conditions in this soil, where we have low rates of
nitrogen mineralization.
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Göte Bertilsson: We could maybe see a possibility to use straw to take care of nitrogen
from nitrogen-rich residues although it is not
so simple practically.
Erik Steen Jensen: And it depends on the contact between different kinds of residue materials and the soil, because we need the bacteria and fungi to take care of the cycling.
Göte Bertilsson: And what about the contact
in time, could you plough down straw earlier
or later.
Erik Steen Jensen: Maybe sometimes you
have a situation, maybe it is more common in
organic farming systems, that when you have
harvested the cereal and the straw is on the
soil you have the clover going up through the
cereal straw and then everything may be
ploughed down, i.e. the clover, as green manure in the spring. In that situation you have
clover and straw being incorporated at the
same time.
Göte Bertilsson: What about other residues
after vegetables and so on, they are not so
directly compatible with straw, but there are
possibilities.
Erik Steen Jensen: Exactly.
A. E. Johnston: Just one comment. I think the
earlier work done at the Lechen laboratory
show that when you plough in straw, you lost
40 % of the weight during the first 40 days,
and then no more after that. The reason for
that was that the lignin was protecting so
much of the cellulose’s and hemicelluloses
that they were not attacked by the bacteria.
The work that was done subsequently, showed that it was basidiomycae fungi which were
responsible for lignin breakdown and they
did not begin to accumulate in soil, or begin
to grow quickly enough in soil, until the
spring, and so there was a limitation in the
41
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amount of nitrogen you might fix in the soil in
autumn. I suspect that one wants to enhance
breaking down the lignin more quickly rather
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than thinking necessarily of how to incorporate straw into soil.
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Introduction
The organic substance is a precondition for
the formation of the soil. It considerably influences the soil fertility and the soil properties that is relevant to the yield. It also affect
the C and N cycle of the atmosphere and has
therefore a high importance for the environment. In the first half of this century there
were hardly contradictions between the agricultural cultivation and the environment. The
substance circulations were considerably
closed, animal production comparatively
small and mainly regularly allocated. The
mineral fertilization was only used to a slight
extent. Till the middle of this century the
quantity of mineral fertilizer nitrogen in Germany was for example less than 30 kg/ha.
A fundamental change has taken place during the last decades. With the rising use of
mineral fertilizer the yields have increased by
partly more than 100 % and with that also
root and harvest residues on the field as an
important source for soil organic matter. By

disregarding the fertilizing recommendations
too high quantities of mineral fertilizer have
been partly used with the result of environmental pollution because of an increasing nitrogen concentration in the ground water and
the CO2 and N2O concentration in the atmosphere.
In connection with the specialisation and
the concentration in the agriculture especially in animal production, there were high differentiations in the livestock that achieved in
the area of large animal production grounds
up to 4 cattle units per hectare and partly as
well above that. The application or also the
removal of organic fertilizer cause and caused a lot of difficulties. Serious environmental
damages are the result of an over-fertilization
of many areas with farmyard manure and/or
slurry as well as the improper use of mineral
fertilizer. Nitrogen is still the most important
nutrient but at the same time one of those
harmful substances with the most problems.
One sentence from Paracelsus is valid in this
sense without any restrictions: ”All things are
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poison and nothing is without poison. The
quantity by itself makes a thing not to be a poison”. In other words: the nitrogen in farmyard
manure or in the slurry is just as poisonous as
nitrogen in mineral fertilizer. The only difference
is that the quantity of nitrogen in mineral fertilizer is well known and can therefore be much
better used into exact doses. Because of the
necessity to work economically that means
to reach high yields and consider ecological
points of view at the same time, the question of
the N release out of the soil organic matter and
of the optimal carbon and nitrogen content of
the arable soil came to the fore.
Guidelines for an optimal application according to quantity, type and time of application are known in the field of mineral fertilization as a result of research for decades. Reliable guidelines for the content in the soil have
also been available for a long time. But for the
content of organic matter in the soil there are
no comparable recommendations up to now
that means for the unequal more important
parameters carbon and nitrogen.
An intensive national and international research in the field of ”Humus Chemistry” since
about 50 years led to a very interesting knowledge and progresses especially supported by
the fast development of the analytical technology. These operations led nowhere to results
that enable an evaluation or an assessment of
the quality or quantity of soil organic matter
with regard to the optimal values.
Independent of the research in the field of
”Humus Chemistry” one has tried in the last
two decades to resolve the yield effectiveness
of the soil organic matter on the empirical way
through the analysis of long-term field experiments of numerous sites as well as to quantify
the C and N dynamics under field conditions
and derive first orientation values for the content of soil organic matter in arable soil.
Long-term experiments represent an indispensable basis for the solution of these problems. As a result of previous work the following premises can first of all be formulated:
44
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1. All reflections to soil organic matter require a differentiation into at least 2 fractions:
* a virtually ”inert” fraction that is to a
large extent uninvolved in mineralization and dependent of the site conditions.
* a decomposable fraction that is mainly
influenced by cultivation conditions.
2. With a constant management system the
Corg content achieves an equilibrium after
decades.
Changes of this steady state in the soil
concern nearly exclusively the decomposable part and proceed very slowly. In dependency on the starting point more than
50 years can go on up to the achievement
of a new equilibrium.
3. The soil improving effect of SOM contributes to crop yield on sandy soils up to 10
%, on loamy soils up to 5 %. This could be
shown by comparing treatments with exclusively mineral fertilization with those
of optimal organic + mineral fertilization.
4. The ranges for the optimal quantities of C
and N in soil are only small. At comparable
sites in Germany they are between 0.2 and
0.6 % decomposable carbon and 0.02 and
0.06 % N respectively. Below these values
soil fertility, yield and CO2 absorption by
the plant biomass are unsufficient, above
these values there are losses which could
lead to the risk of pollution.

C and N dynamics
When assessing the soil fertility the total content of carbon and nitrogen is often regarded
and a permanent increase is considered to be
advantageous. But this is wrong. Referring to
the beginning the soil organic matter has to
be divided into two fractions of which one is
inert and the other decomposable.

K. Skogs-o. Lantbr.akad. Tidskr. 139:8, 2000

Carbon and nitrogen dynamics as well as nitrogen utilization

The term ”inert” carbon is used here for
that part of carbon, which remains in soil
over many decades even under bare fallow
and without any fertilization. The inert C and
N is, with only few exceptions, closely correlated with the site conditions, especially with
the clay content and for calculations regarding C and N dynamics this inert part is more
or less without importance. Changes within a
foreseeable period can only be detected for
the decomposable part of SOM.
Figure 1 shows the inert and decomposable
carbon for selected long-term experiments. The
content of an over-decades-unfertilized-plot is
used as a criterion for the inert part. The difference between the nil variant and the highest
fertilizing level is considered as decomposable.
On the light sandy soil at Thyrow the proportion between inert and decomposable is about
1 : 1, on black earth at Bad Lauchstädt 3 : 1 compared with that. The soil at Thyrow is well provided with a total content of organic carbon of
0.7 %, the black earth only with 2.1 % C that
means with three times the amount.
Ci increases with increasing clay content
from 0.34 % to 2.45 %, the Cdec from 0.33 % to

0.62 %. This increase in both fractions is
caused by the fact that Ci increases with clay
content, as discussed previously, and Cdec increases because the mineralisation rate decreases.
From these and previous results (Körschens et al., 1997) it is clear that the optimum Cdec content in loam and loess soils under European temperate climate conditions is
below 0.6 %. On sandy soils it is difficult to
achieve > 0.4 % Cdec. It is for other reasons
even not recommendable, although the soil
physical properties are closely correlated
with the C content (Körschens and Waldschmidt, 1995, and other) and they could be
improved by an increase of C in soil.
The Corg and Nt content in soil changes very
slowly. At a farm scale alterations in soil management are generally not detectable until
after 10 years. Figure 2 show the changes in
the carbon content in the plowing layer of the
main treatments of the Static Fertilization
Experiment Bad Lauchstädt. The equilibrium
was reached after 70 years.
To investigate the dynamics of Corg and Nt
in soil it is therefore, advisable to collect and

Figure 1. Content of inert carbon (nil plot) and decomposable C (difference between „nil” and highest fertilization) in selected long-term experiments.
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analyse soil samples taken each year from
each plot to discern any trends.
On one part of the Static Fertilization Experiment Bad Lauchstädt after 75 years of
constant treatment the fertilization was reversed. On a part of the former organic +
mineral fertilized treatments with 2.3 % Corg in
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soil the fertilization was stopped, a part of the
former ”Nil” plot has been given since 1978
the highest organic-mineral fertilization. This
made it possible, to quantify changes of Corg
and Nt contents during 18 years after extreme
changes in fertilizer use (Fig. 3).

Figure 2. Dynamics of organic carbon content depending on fertilization in the Static Fertilization Experiment Bad Lauchstädt.

Figure 3. Carbon and nitrogen dynamics depending on initial level and fertilization in the Static Experiment
Bad Lauchstädt after extension of experimental question.

46

K. Skogs-o. Lantbr.akad. Tidskr. 139:8, 2000

Carbon and nitrogen dynamics as well as nitrogen utilization

In 1978 the FYM + N treated soil had 2.25 %
Corg and after this treatment was stopped, Corg
declined by 0.012 % annually, corresponding to
a loss of 480 kg C/ha, and N by 0.001 % annually, amounting to 40 kg N/ha. This calculated
quantity of N is in very good agreement with the
difference in N uptake between the previous
FYM + N plot and the continuous ”Nil” plot.
Following the application of FYM to the
previously unfertilized plot the increase in
Corg was 0.0081 % annually and for nitrogen it
was 0.0012 % N annually. It is obvious, that it
will be many decades before a new equilibrium is reached.

The exclusive use of mineral fertilizer has
revealed an increase of decomposable C
(Cdec)of 0.10 % on the average of 23 long-term
field experiments in comparison with the unfertilized treatment. Making distinctions according to the kind of soil these are 0.09 % Cdec
on soils up to 6 % clay (11 tests, confidence
interval (α = 5 %) = 0,02) and 0.11 % C (12 tests,
confidence interval (α = 5 %) = 0,033) on soils
with more than 6 % clay (figure 4 and 5,
authors of the results of the different sites
compare Körschens, 1997).

Figure 4.
Effect of different fertilization on organic carbon
content in
selected
long-term
experiments
with clay
content up
to 6 %.

Figure 5.
Effect of different fertilization on
the organic
carbon content in selected longterm experiments with
clay content
> 6 %.
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The effect of soil organic
matter on yield
High and increasing yields per area unit are
the aim of a lasting agricultural land utilization. Like on the occasion of the 15. Soil Science World Congress formulated it is about
”Research for Maximum Yield in Harmony
with Nature”.
Because of extensive results the soil improving effect of soil organic matter on the
yield can be to a large extent regarded as
quantified. Long-term experiments have been
analysed for that with more than 1500 test
years.
Summarizing all existing results so it
means that at least 90 % of the yield potential
can be exhausted with the exclusive optimal
mineral fertilization (Asmus, 1990; Asmus,
1995; Gericke 1948; Klasink und Steffens,
1995; Körschens 1997; Lang, et al. 1995;
Scholz, 1978, and other). As an example, the
influence of a different soil organic matter
content in combination with differentiated
organic fertilization and grading mineral N
fertilization on loess-black earth in the Static
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Fertilization Experiment Bad Lauchstädt over
a period of 20 years (figures 6 and 7) is shown
in the following. This possibility is unique as
no other long-term experiment provides the
precondition to check the influence of such
big grades in the Corg content in combination
with farmyard manure and mineral N.
Winter wheat shows high yields without as
well as with farmyard manure (figure 6) on
low C levels with only small yield differences
between the various treatment combinations.
In order to achieve a maximum yield of 8.65 t/
ha, 120 kg/ha mineral-fertilizer-nitrogen are
needed when using 1.83 % Corg. On the level
with 2.16 % Corg and 80 kg/ha mineral nitrogen
the yield is only 0.5 t/ha lower. The ecological
optimum can be seen in this sector. 18 of 30
treatment combinations in all achieve a yield
of more than 8 t/ha.
Comparable results can be attained with
farmyard manure (fig. 7). The maximum yield
with 8.57 t/ha is only 0.08 t/ha below the one
without farmyard manure. 17 treatments exceed a yield of 8 t/ha. Merely the mineral-Nrequirement that is without farmyard manure
80 - 120 kg/ha for the maximum yield sector,

Figure 6. Yield of winter wheat depending on Corg content and mineral fertilization in the Static Fertilization
Experiment Bad Lauchstädt, average 1980, 1984, 1988, 1992 and 1996 – without FYM.
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Figure 7. Yield of winter wheat depending on Corg content and mineral fertilization in the Static Fertilization
Experiment Bad Lauchstädt, average 1980, 1984, 1988, 1992 and 1996 – 30 t/ha FYM every second
year.

reduces to 40 - 80 kg/ha with farmyard manure. Under the examined conditions the influence of farmyard manure and soil organic
matter limits to a large extent to the N effect.
The effect of soil organic matter and/or
organic fertilization on the yield can be largely substituted by appropriate quantities of
mineral fertilizer as shown in previous analyses.

N release out of the SOM
and N balance
For the evaluation of sustanibility of various
land use systems nutrient balances and organic matter fluxes are an indispensable tool.
Nitrogen balances are of special importance,
because the effects on yield and the risk of
pollution are closely related. Improper, excessive use of nitrogen has led in recent decades
to high N losses. Long-term experiments allow a relatively simple calculation of balances by comparing the input in form of organic
and mineral fertilizer with the output in form
of harvested products under the assumption,

that in the long-term experiments the C and N
contents in soil have reached an equilibrium.
Figure 8 presents the nitrogen balances for
the Static Fertilization Experiment in Bad
Lauchstädt for 27 years.
In a period of 27 years 56 kg N/ha.a have
been extracted on the nil plot that can be
judged as N supply out of the atmosphere including asymbiotic N-bond and direct absorption through the plant.
The exclusive mineral fertilization reveals
the ”most environmental friendly” result.
49 kg/ha.a N more are taken up in comparison with those quantity which has been supplied by fertilization. It means that a great
part of the atmogenic N input can be used
from the plants under the condition of an
optimal application of fertilization according
to quantity, time and type. This advantage
decreases with the organic fertilization as
there is only a very restricted N release out of
the organic substance to the requirement of
the plants. Thanks to favour of this site this
very positive result was achieved. At a root
depth of 2 metres and a year‚s precipitation of
only 484 mm the losses stay very low when
49
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Figure 8. N balances of selected treatments of the Static Fertilization Experiment Bad Lauchstädt
1968 – 1994.

arranging the fertilization optimally. The relations between the treatments have been confirmed by numerous further long-term field
experiments (Klir et al., 1995, Körschens,
1997, Schnieder, 1990, Weigel et al., 1996 and
other).
About 60 kg N/ha.a are applied with the in
view of the yield optimal needed quantity of
10 t/ha.a farmyard manure. Together with the
atmogenic N input of 50 kg/ha.a these are 110
kg/ha (Körschens et al., 1995; Mehlert, 1956;
Russow et al., 1995).With reference to the Nuptake on average of 137 kg/ha LF.a in Germany (Fleischer, 1998) about 80 % of the uptake
are supplied with that.
A content of decomposable Corg of 0.5 %
according to 20 t/ha C or 2000 kg/ha N respectively is achieved with the optimum needed
quantity of 10 t/ha farmyard manure yearly
and mineral fertilization after reaching the
equilibrium at the location Bad Lauchstädt.
Corresponding to previous experiments and
calculations 4 % of this quantity that means
0.8 t C and 80 kg N respectively are mineralized. It has to be compensated again by appropriate quantities of organic primary sub50

stance (harvest and root residues, farmyard
manure etc.). N uptake by plants of unfertilized plots with different Corg content of the
Static Fertilization Experiment after extension
of the experimental question provide the experimental proof for this (table 1).
It shows that the N uptake from 2.16 %
Corg upwards that corresponds to a many
years‚fertilization of 10 t/ha.a farmyard manure + NPK does not practically increase. At
the same time it becomes clearly that relatively more N is released after the exclusive
mineral fertilization than after farmyard manure in a period of 1902 till 1977 with a comparable low Corg content. This result speaks in
favour of another quality of soil organic matter in direction to an easier decomposability.
One example of the N release (including atmogenic N input) with an excessive content
of Cdec shows figure 9.
On the average of 15 test years 170 kg N/
ha.a are taken up with variations of 42 till 319
kg/ha without any fertilization in dependency
on the kind of crop and yearly weather. This
N release is not controllable and inevitably
connected with losses. These N losses espe-
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Table 1. Effect of different Corg content on N uptake in the Static Fertilization Experiment Bad Lauchstädt after extension of experimental question – without fertilization since 1978 -

Figure 9. N uptake without fertilization in a long-term experiment on black earth, carried out 1984.

cially are on normal or high supplied areas if
in case of a fallow no N uptake and no N removal occurs by the plant.
For the quantifikation of the N release in
dependence on soil texture and carbon content a long-term pot experiment has been set
up on 1982 using Mitscherlich pots with 2 different soils of 2 different C levels each. Soil
were taken from the extrem fertilization treatments (without fertilization, farmyard ma-

nure + NPK) of 2 long-term experiments. One
half of the experiment was carried out under
open field conditions, the water supply occurs by natural precipitation. The other half
of the plots were set in a non heated glasshouse and was held at 60 % water capacity by
means of aqua dest. During the whole experimental period no N fertilization was given. In
every year the dry matter yields and the N
uptake of each pot were measured.
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Figure 10 shows the N uptake by the plants
after 12 experimental years.
In the greenhouse the N uptake is higher
than in the open field. Under both conditions
the N amounts are clearly differentiated depending on soil type and initial C level. The
mineralisation potential of the sandy soil in
comparison to the loess black earth is unexpectedly high. The N amount taken up by the
plants is higher on the sand than on the loess,
although the difference between the C levels
is considerably higher on the loess. This is to
be seen as a consequence of the favourable
mineralization conditions of the sandy soil.
The mineralisation intensity of a sandy soil
in comparison to loam is one and a half times
to two times higher. The results confirm, that
a ”normally” supplied soil contains approximately 0.5 % mineralisable carbon corresponding to 20 t/ha and 2000 kg/ha mineralisable N, respectively. The conversion of the
pot experiment data to t/ha is not fully correct, but it just should give us an idea about
the dimensions we are talking about.
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With each of the 2 soil types the N uptakes
are the lowest from the formerly unfertilized
treatments, since here the mineralisable C
portion is the smallest. The difference between field and greenhouse conditions are
smaller concerning the variants with a lower
C level than compared to the formerly fertilized variants, because the N release from the
soil is of less importance in comparison to
the atmospheric N input.

Carbon balances
Carbon balances are of growing interests for
the estimation of the source/sink potential of
soils for atmosphere. They are mainly not considered but they are of great importance with
regard to CO2 concentration in the atmosphere
and the use of CO2 reduction potential. The
exclusive mineral fertilization with a C gain of
4.6 t/ha.a also shows the most favourable result by far, even if the C quantities with 1.5 kg
per kg N necessary for the production of mineral N are considered (figure 11).

Figure 10. N uptake depending on soil type and carbon content, investigated in a pot experiment under open
field (1) and green house (2) conditions.
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Figure 11. C balnces of selected treatments of the Static Experiment Bad Lauchstädt, 1968 - 1994.

Guideline values for the SOM
content of arable soils
Apart from some exceptions all previous results of long-term experiments reveal a content of decomposable C between 0.2 and 0.6
% with the combined organic and mineral fertilization. A need of 10 t/ha.a farmyard manure + NPK has shown as optimum for the
location Bad Lauchstädt with regard to high
yields and the reduction of nutrient losses. A
content of 0.51 % decomposable C is achieved at the condition of the equilibrium.
Results of long-term fertilizing experiments
in connection with many year‚s experiences
are suitable to quantify the optimal fertilization and with it the optimal content of SOM,
too.
The statements of different authors for 5
various sites are summarized at table 2. The
data move within small margins despite of
very great site differences. The relation of the
cultivation of various sites is comparable
with 40 - 50 % root crops or 50 - 60 % cereals
respectively. The requirement for farmyard
manure necessary for a maximum yield var-

ies only between 8 and 12 t/ha.a, the C contents achieved with that from 0.14 to 0.51 in
which the site Müncheberg reacts smallest to
the fertilization.
It can be deduced from the results shown
in the figures 4 and 5 that the Corg content increases by 0.22 % with 10 t/ha.a farmyard
manure after reaching an equilibrium on the
average of 20 tests compared to the one without farmyard manure, on sandy soils 0.19 %
Corg (range 0.11 - 0.35 %) and on clay soil 0.25
% (range 0.05 - 0.46 %). The smallest effect on
sandy soils can be put down to a higher mineralization intensity.
A quantification of the decomposable SOM
is possible by a determination of hot-watersoluble carbon. It contains a part of microbial biomass as well as simple organic compounds it means the easiest decomposable
parts of SOM and is a suitable criterion for the
decomposable SOM. First content brackets
for a classification of arable soil according to
the degree of its supply with organic matter
have been worked out in the meantime.
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Table 2. Optimal amounts of organic manure and optimal Corg content of different sites, derived by long-term
field experiments.

Conclusions
C and N content in the soil mainly influence
the yield and the C and N cycle: soil – water –
plant – atmosphere and with that the environment. A quantification of the C and N dynamics are very difficult as the changes in the soil
proceed very slowly. The variability of these
features is very high and the ecological and
economical optimal sector is very limited.
Standard values as known for the majority of
all plant nutrients does not exist. Long-term
experiments are an essential experimental
basis in order to solve this problem. Including
a multitude of long-term experiments on very
different sites makes a quantification of the
long-term effect of various fertilizing and cultivation systems possible as well as derivation of optimal measure combinations.
The present results allow the following
summarized conclusions:
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* High and increasing yields are the aims of
a sustainable agricultural soil use with an
avoidance of ecological damages.
* Highest yields are only attainable on an
environmental acceptable way in combination of organic and mineral fertilization.
* When considering the current state of
knowledge consistently, the use of mineral
fertilizer has a positive influence on the environment.
* Too high humus contents can contribute
to environmental pollution especially by
influencing the C and N balance of the atmosphere as well as by an impairment of
the quality of the ground water.
* The standard values for optimal Corg contents and the ”humus balance method”
give the opportunity to control the SOM
content of arable soils in such a way to
achieve high yields and avoid environmental pollution at the same time.
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Questions to Martin Körschens
Niels Erik Nielsen: You said that 10 tons of
farmyard manure was enough to keep your
carbon balanced. How much should I add in
slurry to obtain the same balance. I assume
that slurry manure is a mixture of urine and
faeces, 20 tons or 30 tons?
Martin Körschens: No, we have a humus balance method. In this method we have different factors for different organic manure. The
standard manure is farmyard manure and one
example of dry matter. The dry matter of slurry is equal to that of farmyard manure. And so
we calculated the different manures, straw,
green manure and so on.
Jan Persson: You said that if you don´t fertilise
all of the carbon is inert. Have I understood
you correctly?

Acknowlegement

Martin Körschen: We use the carbon content
in field conditions without any fertilisation
and bare fallow as a criteria for enough carbon – under field conditions. And so we have
the possibility to quantify the optimal carbon
content for different soils and we look only for
the difference between the near plot and the
optimal value. And so we are in this range
only between 0.2 and 0.6, and we can be sure
of this especially under our conditions because we have experience of many decades,
on the one hand, and have results for many
different long-term experiments on the other.
But more than 0.6 has no influence on the
yield, and this is connected with environmental pollution, especially with nitrogen losses.
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Göte Bertilsson: On this optimal humus content, do you think this varies because of ecological parameters such as temperature, humidity, and so on, or is it quite universal?
Martin Körschens: No, it depends on the site
conditions that are clear from soil, from the
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clay, and also from the climatic conditions.
We have a possibility to calculate these conditions with so-called effective mineralisation
time. Effective mineralisation time means
mineralisation under optimal conditions. Optimal conditions in the laboratory are with 60
percent water capacity and 25o C. We have,
for example, on average at Bad Lauchstädt, a
mineralisation time of 28-30 days that means
that one year under the average conditions at
Bad Lauchstädt is comparable with 28 days
under incubation conditions. In sandy soil the
time is much higher due to optimal carbon
content. We must take into consideration the
site conditions, texture and the climate conditions.
A. E. Johnston: One should not assume that
the annual import by atmospheric deposition
of nitrogen is the same in all parts. I think it is
purely by chance that we get the same
amount of annual deposition at Rothamsted
as you get at Bad Lauchstädt. It is clearly due
to environmental pollution. I suspect that if
you go to the far northern part of Scandinavia
you will be down to values of less than five
kilograms of N per hectare. That is just a
warning for the young folk, that this is not a
uniform value that you can apply across the
borders everywhere.
The second thing is a question, which interests me very considerably. In the experiment,
which you showed the data of, on the overhead transparency, for the amount of nitrogen
which was released each year over a fifteenyear period. The values varied very considerably, from 300 I think down to something like
72 kilograms of N per hectare. Now, what I
think is interesting in this data is what drove
those differences in the amount of nitrogen,
which you have got in the crop? Here I can see
on your overhead that it goes down to 42. As
you see, it was an average of 170 and this is
then, I suppose, without fertiliser. You are going to take off 50 because you think that is the
annual input from the atmosphere. You end up

with an average value of 120 but the values
vary from 390 down to 42. If we look at this by
analogy with potassium and we look at the
weathering of potassium from clay minerals,
we have got at lot of evidence that suggests
that if you get a very poor uptake of K one year
then that K will be stored in the soil and will be
available to the crop in the following year. Now,
I assume that can´t happen with N because
once N is mineralised it is there as nitrate and
might be lost. Is that variability due to the variability in the mineralisation of the organic
matter that was in the soil, or is the variability
in uptake due to variability in the yields from
some other factors. Because it seems to me
that that was driving, that is an important
question we need to know an answer to if we
want to get nitrogen recommendations right.
Martin Körschens: It is more because of the
different crop than of the different weather
conditions. This is a model experiment and
we have the treatments 50 tons, 100 tons and
220 tons of farmyard manure every year. In
the first years we have had also winter wheat
in this experiment but then it was impossible
because 200 tons are more than 1000 kilograms of nitrogen. And since then we use only
potatoes, sugar-beets and corn. So, on the
one hand we have the variability results of
the different crops, the uptake of potatoes is
very low, and by sugar-beets we have in normal fertilised treatment more than 500 kg. On
the other hand, we have great differences
also in the climatic conditions, for example in
the period between 1988 up to 1992 we had
only 378 mm rain, on an average of the five
years. In the last years we have had more
than 500 mm. This is also a reason for the
great variability. I don´t think that the K content of the soil is very important because we
have also a high value, with more than 50
milligram K per 100 gram of soil.
A. E. Johnston: Could I ask you a supplementary question? With those very high amounts
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of farmyard manure at which you are adding,
is the organic matter content of the soil increasing very rapidly, or are you losing a lot of
the nitrogen which must be in 200 tons of
farmyard manure?
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Martin Körschens: In the case of 200 tons of
farmyard manure the carbon content is increasing rapidly.
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Introduction
Whilst there is still a demand for information
on nitrogen (N) that is relevant to improving
crop yield in many parts of the world, the
major driving forces behind the N based research programmes in those parts of the
world where agriculture has intensified, have
been environmental issues. Various environmental concerns over the years have precipitated an enormous research activity into
many aspects of the N cycle varying in scale
from transformation process controls in microsites, changes at the soil profile and field
scale, through to catchment and nationally
scaled effects. In the first instance, the concern was over excessive amounts of nitrate
(NO3-) entering water systems. Latterly, other
concerns arising from transfers from the cycle have resulted in further research drives to
provide better understanding of the controls
over the emissions of nitrous oxide (N2O) and
ammonia (NH3) for example. Each of these

issues has brought its own suite of demands
for new approaches and techniques and the
requirement, not only to increase understanding of the process, but to be able to express effects and impacts at catchment, regional and national scales.
The cycling of N within grassland systems
is complex with many opportunities for losses (see Jarvis, 1998a,1999). Table 1 shows the
key processes involved in the cycle and how
these are influenced by grassland management. As indicated in Table 1, a number of
microbiological and other processes control N flow: these interact to determine the
amounts present in mobile forms in soils and
this, in turn, determines whether or not there
is sufficient N to meet crop demands on the
one hand, or whether there is an excess at
inappropriate times of the year on the other,
so that excessive losses may occur. Recent
farming practices, using relatively cheap supplies of fertilizer, have resulted in an increase
of the N farm surplus, excess and potential
59
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for loss. There are many opportunities for
loss within intensive grassland managements, exacerbated by high levels of inputs,
and the intensive transfer and recycling within the farming system (Jarvis, 1998a). Opportunities for loss and inefficiency of use within the system occur through the basic processes controlling change of form and/or
transfer of N. In order to be able to provide
the tools with which to improve efficiency of
use and reduce losses, with benefit therefore
to the farmer and for environmental quality, it
is important to be able to understand the
impact at the various spatial and temporal
scales and their interactions with each other,
with local environment/weather conditions
and with field and farm management. As indicated in Table 2, there is increasing integration of the effects of these processes as spatial and temporal scales increase. Information
requirement, and the manner in which it is
collected and used, also differ as spatial scale
increases (Table 2; Jarvis 1996). For accurate
prediction of effects and extrapolation to other situations, models are required and a major consideration is the level of detail and
which is needed which will be determined by
the intended use of the model. For practical
requirements, management models for use
for policy development or for farm use need
inputs which are easily obtainable and can be
referred to a field or larger scale. The intricacies of the processes shown in Table 1 may
then be viewed as being relatively unimportant, but most if not all, microsite transformations are expressed to some degree at the
field scale. Whilst, therefore, practical models
require simplicity, it is important that they are
founded on good mechanistic understanding.
The following discussion provides a brief general over-view of the approaches and results
of work within IGER which has been conducted by following that philosophy.

Flows and transmission of nitrogen in grassland systems

Soil N processes
Soil Microbial Biomass
Microbial biomass (SMB) activity is at the
heart of the sustainable functioning of any
soil and is at the centre of the internal soil N
cycle (Jenkinson, 1990). SMB is important as
an agent of change, in the decomposition of
soil organic matter (SOM) and release of N, as
a major sink for inorganic N and as a potential
source of relatively labile N. Bristow and
Jarvis (1991) showed that, in cut and grazed
pastures with a range of N inputs, the average
N content of SMB ranged between 138-240 kg
N ha-1. Although extremes in N management
can influence SMB N (Table 3), other major
differences in management (i.e. clover v. fertilizer N, ± drainage) (Bristow and Jarvis,
1991; Lovell et al., 1995) appeared to have little effect. However, management can influence
SMB activities and change communities by
influencing fungal:bacterial ratios, for example (Table 3). Grassland soils are also subjected to the impact of concentrated returns of N
in dung and urine. In the field, little effect of
returns of dung on SMB was observed over
the relatively short term, but there were substantial effects under controlled conditions
(Lovell and Jarvis, 1996a). Laboratory studies
with urine applied to intact blocks of soil
showed little effect on amounts of SMB but
had substantial effects on respiration and on
the emissions of gases. (Lovell and Jarvis,
1996b)
Interactions between biomass and other
biological components of soil, e.g. meso- and
macro-fauna, and their net effects of this on N
cycling processes are also important but
poorly understood. Improved understanding
may ultimately lead to the means of manipulating N flows through the complex food webs
which exist in grassland soils to the advantage of improved efficiency and reduced environmental impact. The role of SMB and the
changes in the diversity and the spatial distributions of the active components of a diverse
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Table 3. Soil microbial biomass in grassland soils in Devon, UK with a range of treatments (from Lovell et al., 1996).
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population will need to be better defined in
order to do this.
Mineralization
Whilst mineralization is not solely a microbial activity, SMB plays a key role in establishing the equilibrium of flows of N to and from
SOM. This is especially the case in grassland
soil because of the high SOM contents that
are often present in long-term pastures. The
controls over mineralization are well known,
but the process is spatially and temporally
very variable (Fig. 1) and prediction is difficult (Jarvis et al., 1996a). An improvement in
this prediction is required so that full account
of the N released can be made and taken into
full account in fertilizer recommendation
schemes (MAFF, 1994). Much effort has been
placed in improving methodologies to estimate net mineralization so that prediction
(Hatch et al., 1991; Hatch, 1998) can be improved, but this has still to be achieved satis-
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factorily. Where extensive measurements
have been made (Gill et al.,1995), correlations
of net release with those environmental factors which control the processes of release
(mainly temperature and soil moisture status) are not very good. Recently, mineralization data from a number of studies have been
examined in relation to soil thermal units
(STUs) (Clough et al., 1998). These studies
indicated that there is a strong relationship
between STUs and the net release of N (Fig.
2). Because the slope of this relationship differs between different swards and soils, this
might provide a simple means of prediction
and providing an important diagnostic tool.
Net mineralization is an expression of the
balance between gross immobilization and
gross mineralization. Development of stable
isotope methodology for N is beginning to
contribute to our understanding of the complexity of soil mineralization effects. The use
of pool dilution methods (Barraclough and

Figure 1. Daily net N mineralization rates in a poorly-drained grassland soil (unpublished information from
Hatch et al.)
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Figure 2. Relationship between soil thermal units and N mineralization (from Clough et al., 1998).

Puri, 1996), although subject to many difficulties, can be used to define important differences. A recent example (Fig. 3) shows that,
although the net values for N mineralization
may be similar, this may be just an expression
of completely different balances of gross mineralization and immobilization. An appreciation of these differences and their controls is
essential for a mechanistic approach to prediction. New methodologies have been produced recently which allow measurements of
these and other processes, under field conditions (Hatch et al., 1998; Hatch et al., 1999).
Release of N after cultivation of soil has
been considered to have been the cause,
through an enhancement of net mineralization, and the movement of nitrate (NO3-) into
aquifers and this appears to be correct. Fig. 4
shows the effects of cultivating and reseeding
on the release of NO3- into leachate. The largest effect was with a well-drained soil in
which there was a very large rise in NO3leaching in the year following an autumn cultivation and reseeding but this had disappeared rapidly by the next year. Again, an
improved knowledge of the changes in SOM
and a means of predicting impact on the way

that NO3- is released is required so that management can be directed accordingly.
Nitrification/denitrification
The key N transformation processes are
strongly linked or coupled in soils. Because of
the major contribution that recycled N makes
to mobile pools through release from SOM,
direct additions of excreta or from the application of manures, this is especially important. All of these inputs contribute forms of N
which can be transferred into available pools
in the soil: the first step for this, unless NO3has been added directly, is nitrification. Nitrification, particularly because of internal recycling in excreta, is a key regulating process
in grassland soils which is a determinant of
the amounts of NO3- which will be available
for loss. Grassland differs with respect to nitrification from arable soils where it does not
appear to be a limiting process. Changing regimes in grassland management may influence the status of the process to the extent
that this may have substantial differential effect on N behaviour. Recent studies (Hatch,
1998) have shown that the nitrification process is influenced by background N manage65
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Figure 3. Gross rates of N mineralization and immobilization in three grassland soils, i.e. under swards receiving no added N (0N), 200 kg fertilizer N per ha (200) or dependent upon fixation by white clover
(grass/clover) (from Ledgard et al., 1998).

Figure 4. Nitrate–N lost in drainage after reseeding well-drained and poorly drained soils (unpublished information from Hatch et al., 1998).
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ment (rates are greater in higher N input systems) and is strongly linked to the preceding
(mineralization) and succeeding processes
(denitrification) (Fig. 5).
Denitrification is a major loss process for
grassland soils and important not only from
that point of view, but also because it is the
major source of nitrous oxide (N2O) (see later). Where soils become anaerobic, even for
short periods, and perhaps in only parts of
the profile, then substantial losses can occur.
Modelled calculations indicate that approximately c.18% of the total annual N input to a
dairy farm can be lost by this process and
this is considered to be a probable under estimate (Jarvis, 1993). Controls over the denitrification process are well known, but prediction is still difficult, not in small part due to
the extent of spatial and temporal variability.
One means of overcoming this has been to
make measurements in systems in which control can be applied to the important variables.
Scholefield et al., (1997a) have developed a
laboratory based flow-through system which

Flows and transmission of nitrogen in grassland systems

allows intact blocks of undisturbed soil under
defined conditions of moisture, temperature
and substrate supply to be examined. Existing N gases can be flushed from the block and
then, in an atmosphere of helium, the two
major products of dentrification, N2 and N2O,
can be quantified. This system has the potential for providing the base information required for improved model development
which can be utilised more confidently than
those derived from information obtained under field conditions.
Nitrate leaching
Nitrate leaching results from an interaction
between excess water movement and NO3residing in soil pores as the result of the interactions, balances and outcomes of the processes described above, and removal by the
crop. The influential contributing agents to
leaching are: N input to the system, other
management features (cutting, grazing), soil
type ( viz. freely v. poorly drained systems),
local hydrology and rainfall (extent and pat-

Figure 5. Linkage between N transformation processes of mineralization, nitrification and denitrification in
a poorly drained grassland soil (from Hatch, 1998).
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tern), other factors controlling uptake and
the other loss processes. All of these influence both the extent and pattern of NO3- loss
(see later). Many models exist which purport
to be predict loss under a range of conditions,
but a recent study of near real-time measurements of solute transport in a large intact
field block of soil, found that that the models
under test were not able to describe solute
flows in a sandy loam soil profile successfully (Holden et al., 1996). Some models have
been developed, however, which have been
used with some success to predict annual
leaching losses at the field scale (Scolefield
et al., 1991) and which have been up-scaled successfully to catchment scale impacts
(Rhodda et al., 1995).
Ammonia volatilization
The controls over volatilization are well
known and research has centred on the extent of emission rather than the processes
that are involved (see later). This latter information is required to provide those involved
with policies to reduce emissions with the
necessary information to assess effects for
example when it has been decided that mitigation options are required.

Losses and emissions
One of the major outputs of recent research
has been the development of appropriate
techniques to provide more confident measurements of losses and fluxes to waters and
the atmosphere. IGER research has allowed a
number of improvements to be made. These
include the following. 1. Leaching: hydrologically isolated areas large enough to accommodate grazing animals (Scholefield et al.,
1993), diamond shaped lysimeters for smaller scale studies (< 5m2) (Scholefield et al.,
1995), comparisons have also been made between methods for leaching (Hatch et al.,
1997) which demonstrated the need for the
68
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choice of the most appropriate technique for
particular soils. 2. Denitrification: methods
include laboratory based controlled flowthrough systems (Scholefield et al., 1997a);
core/incubation methods for field measurements (Ryden and Dawson, 1982); sub-surface/depth effects (Clough et al., 1999). 3. Mineralization: methods include field-based techniques for net effects (Hatch et al., 1991), and
improvement in gross mineralization assessments (Hatch et al., 1999). 4. Ammonia volatilization: techniques include wind tunnels for
small plot experiments (Lockyer, 1984), modifications to micro-meteorological mass balance approaches for grazing animals (Jarvis
et al., 1991: Hatch et al., 1990). 5. improved
methods for examining soil process (Hatch et
al., 1998, 1999) and gaseous flux (Williams et
al., 1998) interactions have also been developed and employed recently, as have automated methods for the field measurement of
N2O and NOx fluxes (Yamulki and Jarvis,
1999). All of these have produced the means
of providing data which can be used to develop or validate models, e.g. NCYCLE (Scholefield et al., 1991), NCATCH (Rhodda et al.,
1995) for NO3- and NH3 volatilization (Hutchings et al.,1996). The following sections illustrate some of the recent findings and also
identify gaps for which information is required.
NO3- leaching
Scholefield et al. (1993) provided data from a
long-term study which clearly demonstrated
the importance of (i) the grazing animal on
NO3- leaching, (ii) the effects of N inputs, (iii)
the important effects of other conditions including previous management, drainage status and (iv) the impact of soil moisture deficits through the previous growing/grazing
season. Thus leaching increased (i) dramatically when swards are grazed rather than cut,
(ii) with old rather than recently reseeded
swards, (iii) with N fertilizer inputs, (iv) with
drainage and (v) after dry summers. Other
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recent data (Fig. 6) also show the contrast
between grazing and cutting. A number of
other observations can be made from Fig. 6.
Firstly, the implementation of a tactical approach to fertilizer application (as suggested
by Scholefield et al., 1997), in this case to reduce NO3- concentration in leachate to less
than the EU limit, had a marked effect. Secondly, losses from a white clover based sward
were also low; this is in agreement with other
studies (Tyson et al., 1997). Reduced losses
from white clover-based pastures is usually a
reflection of the lower overall N input into the
system from clover than in many swards dependent upon fertilizer. Where inputs from
fertilizer and biological fixation are similar,
then losses are also very similar (Cuttle et al.,
1992). Finally, the other major effect shown in
Fig 6 is the substantial loss of organic N in the
drainage; this loss becomes proportionately
greater as the overall input to the system decreases. This component of the grassland

Flows and transmission of nitrogen in grassland systems

cycle is a neglected one and not included in
many current models, and its contribution to
the total budget may contribute to the large
proportion of the total farm balance that is
currently unaccounted for (Jarvis, 1993).
A large amount of information that now
exists for NO3- leaching and this has contributed to the definition of needs in nitrate-sensitive areas (see Archer, this volume). However, a number of important issues remain for
which improved understanding should allow
better understanding to increase N use efficiency and reduce NO3- losses. These include:
• improved quantification of soluble organic
N in drainage from a range of grassland
soils
• the effects of the integrated effects of manure and fertilizer applications.
• the impact of rotational management in
mixed farming systems (including both
organic and conventional managements).

Figure 6. Inorganic and organic N losses in drainage from a freely drained soil under a farmlet management
with either a conventional, tactical (based on the method of Scholefield et al., 1997b) fertilizer N or
fixation by white clover N supplies (unpublished data from Scholefield et al.).
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•
•

•

•

In particular, the role of the legume, and its
residues, in rotations needs clarification.
the long-term effects of practices such as
growing maize for forage.
improved definition of interactions between mineralization/immobilization balances and subsequent leaching: quantification of mineralization at depth and its contribution to leaching losses.
understanding of the fate and potential
transformation of NO3- as it leaves grassland farm management, whether vertically
to greater depth in the profile or horizontally in surface/subsurface pathways into
neighbouring ecosystems.
estimation of the effects of future trends in
grassland management whether brought
about by changes in national/international
agricultural policies (viz. CAP reforms, legislation to reduce emissions, etc.), or
changes in individual on-farm management
policies such as extension of the grazing
season, for example.

Nitrous oxide emissions
Emphasis has shifted over the last few years
from an interest in denitrification per se, to a
very active research effort into fluxes of N2O.
This arises because of the very powerful impact that N2O from soils has in contributing to
global warming effects (Khahil and Rasmussen, 1992). Grasslands, especially those that
are intensively managed, is a major contributor to the overall emissions (Oenema et al.,
1997). There have been numerous studies to
quantify N2O fluxes and a range of methodologies exist to measure these over a range of
scales (see Jarvis, 1998b), but the range of
uncertainty associated with emission factors
for this gas is still large. Methods utilised recently by IGER range from core/incubation
techniques (Jarvis et al., 1994), small enclosures (Velthof et al., 1996; Williams et al., 1998;
Allen et al., 1996, Yamulki et al., 1998), laboratory based systems (Scholefield et al.,1997a)
through to an automated chamber system
70
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linked to a photoacoustic infra-red trace gas
analyser for near-continuous flux measurements (Yamulki and Jarvis, 1999).
Uncertainty in N2O measurements exists
because of the large temporal and spatial variability in fluxes which is superimposed on effects of current and past management. The
reasons for variability relate largely to soil
heterogeneity, and its interaction with fluctuating environmental (particularly soil moisture and temperature) conditions and substrate supplies in only small component parts
of the soil system. There is increasing awareness of the controls over the N2 and N2O
products of denitrification and their ratios
(Scholefield et al., 1997a), but the contribution from nitrification is far from clear (see
various papers in Jarvis and Pain, 1997). The
ranges of emission factors values can vary
substantially with time and with location and
this is illustrated by data in Table 4, which are
abstracted from Velthof et al. (1996) showing
the results of a 4-day campaign of measurements on a poorly drained pasture with a recent application of fertilizer. The following
points can be made: (i) there was considerable spatial variability at all the scales of measurement with CVs ranging up to 273%, (ii)
there were distinct changes in fluxes with
time, even over the relatively short period of
measurement that was used in this exercise,
and (iii) the grazed grass consistently had
greater fluxes than the cut grass. The latter
has also been confirmed in other studies (Williams et al., 1998). A geostatistical analysis of
the data summarised in Table 4 indicated
that, to obtain a mean value that was within
50% of the ‘true’ mean required 7 to 30 flux
measurements, and an increased precision to
within 10% of the true mean required 3751240 flux measurements. Surprisingly, more
flux measurements were required for mown
than for grazed grassland to obtain a defined
precision of the estimated mean N2O flux.
Grazed swards provide greater opportunity for loss than fertilizer N than those that are
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Table 4. Ranges in N2O emissions from mown or grazed grassland after application of N fertilizer (day 0).
Data are ranges in values from field sub-plots (8 in each main treatment each of 40 x 24 m). Each
value is the mean of 18 flux measurements (from Velthof et al., 1996).

Mean

s.d.

cv%

minimum

maximum

Mown grass
Day 1
Day 4

0.43 - 6.85
0.39 - 2.40

0.35 - 4.97
0.40 - 2.34

73 - 159
77 - 273

0.02 - 0.96
0.19 - 1.51

1.27 - 20.87
1.54 - 14.40

Grazed grass
Day 2
Day 3

2.07 - 12.76
1.65 - 10.29

1.89 - 9.26
1.11 - 5.98

46 - 92
51 - 129

1.43 - 10.81
1.38 - 8.55

6.62 - 40.23
4.78 - 20.49

cut for silage because of the recycled N in
dung and urine. Recent work has followed the
emissions from dung and urine patches
through a complete grazing season and
showed that fluxes from dung and excreta
represented up to 0.53% and 1%, respectively, of the N excreted (Yamulki et al., 1998). The
average annual N2O fluxes were approximately 5x greater from the urine patches than from
dung. However, there are marked differences
between soils on the effects with dung and

urine. Fig. 7 shows the fluxes from a well
drained and a poorly drained soil on two occasions during spring/summer and autumn/
winter. The major difference in this case was
the effect of dung in autumn/winter when
there was no flux from the poorly drained
soil, but a substantial one from the welldrained soil. This is likely to reflect a restriction in mineralization and nitrification processes on the poorly drained soil.

Figure 7. Nitrous oxide emissions from dung and urine applied to a poorly or a freely drained soil in either
spring/summer or autumn/winter (from Allen et al., 1996).
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Good progress has been made therefore in
developing the means of determining N2O
fluxes, of further understanding the controls
over the emission rates, and in the provision
of emission factors for various components
of grassland agriculture. Nevertheless, it is
still difficult to provide confident prediction
of emissions. Further progress will require:
• development and testing of appropriate,
practical models.
• measurements from components of management which have not yet been fully investigated, e.g. rotational cropping in conventional mixed and organic farming systems, effects of legumes, maize production.
• cumulative effects of fertilizer and manure
applications.
• quantification of the roles of denitrification
and nitrification.
• diurnal effects and impact on estimates of
fluxes over time.
• assessment of effects at depth in the soil
profile and after NO3- and other mobile
forms of N have left to the farming system.
Ammonia fluxes
Major proportions of the farm input of N is
lost through ammonia volatilization, model
prediction and calculations indicate that c.
14% of the annual input of N to the farm is lost
in this way (Jarvis, 1993). Ammonia emission
into the atmosphere and its subsequent
transport and deposition is a cause of considerable current concern, debate and policy
development for future on-farm restrictions.
It is clear that, within the context of grassland
based production systems, the major emissions are associated with the housed phase
of production, i.e. from the animal house, and
from the stored and applied manures and
slurries (Pain et al., 1998). Research is currently under way to identify and quantify the
means of mitigating against these emissions
so that international agreements on reduc72
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tions can be met without imposing too large
a constraint on farm management. Losses
resulting from grazing and fertilizer application contribute a smaller but significant proportion of the national total emission (Pain et
al., 1998). Although the controls over volatilization are known, prediction is still difficult
because of the various interactions which
may occur: there have been some model developments which have aimed to providing a
mechanistic basis to prediction (Hutchings et
al., 1996). Again, much of the problem is related to variability. As shown in Fig. 8, rates of
loss from sheep grazing showed an approximately 6-fold range over time. Emissions occur not only whilst grazing is taking place but
also after the animals are removed; as demonstrated by Fig. 8, this period can often contribute substantial proportions of the total.
In most circumstances, emissions represent a complex pattern of emission, deposition and re-emission (Fig. 9). Research is increasingly showing that much of the NH3
emitted is subsequently deposited downwind
in close proximity to the source, and, depending on plant and environmental factors, then
may be re-admitted for further transport and
re-deposition again. As Fig. 9 demonstrates,
there is often a linked diurnal pattern of the
two processes. The impact of these transfer
patterns, not only from grazing but also from
the other loss sources on the farm on overall
emissions is poorly understood.
Some key areas requiring further study as
far as NH3 is concerned are:
• definition of the impact of emission and
deposition patterns within and beyond the
farm boundary.
• quantification of emissions from all onfarm sources.
• interactions between swards and emissions and depositions.
• development and quantifying effects of
mitigation options for reducing NH3 emissions.
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Figure 8. Variation in ammonia emissions from sheep grazing on either grass swards or stubble turnips
during and after the presence of animals (unpublished data from Klempau et al.).

Figure 9. Patterns of ammonia emissions and deposition from urine patches applied to a grass sward (from
Ross, 1999).
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• determining the effects of overall improvement in N use efficiency on NH3 emissions,
including the better use of N contained
within slurries and FYM.
• improved model development to assess
effects at both field and farm scale
• extension of the current limited range of
measurements from grazed swards
• measurements from mixed and organic
farming sectors of the industry.

Systems understanding
The information described above relates to
effects which have impact at micro-site to
field scale. At the upper end of this scale, it
becomes more and more apparent that the
interactions that influence N use or loss from
the system that occur between (i) the processes themselves, (ii) soil and environmental conditions and (iii) farm management
practices and policies are complicated and
important. For these reasons it is important
to understand effects and interactions at the
larger scale and preferably within a complete
systems context. The rationale and justification for systems studies are as follows:
• they are integrative and encompass all aspects of the N cycle and their interactive
effects
• they allow manipulation of the system
within a practical context
• they can be used to provide a wide range
of information which can relate to any or
all of the following: processes/mechanisms, loss rates, input/output balances
and surpluses, model development and
validation, production responses
• they can be used for an economic assessment of production in terms of dry matter
and/or animal outputs
• they can be used as a technology transfer
aid to farmers and advisers.

74

K. Skogs-o. Lantbr.akad. Tidskr. 139:8, 2000

Such studies are not without drawbacks;
they are resource demanding, because of
their scale they allow only minimal manipulation and replication, causes of effects can be
difficult to interpret and there is always the
question of whether the system investigated
is representative of a wider set of circumstances. Nevertheless, recent systems studies at IGER have been used to good effect to
demonstrate the benefits of using the tactical
approach (Scholefield et al., 1997b) to fertilizer management to reduce NO3- concentrations in leaching (see Fig. 6). These were obtained from a ‘farmlet’ scale of system experiments which comprised 1 ha areas of hydrologically isolated pastures, which were each
divided into sectors some of which were
grazed, some cut for silage and receive organic manures and others, depending upon the
season, cut and grazed. These systems are
currently being used to examine best N practices for grassland production, in this case
intensive beef production.
As well as experimental system-scaled
studies, desk study analysis of complete systems also provides useful information. The
example shown in Fig. 10) uses information
extracted from a systems analysis of a UK
dairy farm (Jarvis et al., 1996) based on model (NCYCLE; Scholefield et al., 1991) and other predictions and shows how changing the N
use pattern within the farm to increase the
overall efficiency of N use has a beneficial
impact on NH3 loss. There is potential in developing this desk study approach as a ’diagnostic’ methodology for examining farm strategies and tactics.
Our systems studies have demonstrated
that there is considerable potential for improving N use efficiency within grassland
farming systems using current available new
technologies based on recent research findings. The ’farmlet’ scale of operation has
proved to be advantageous in a number of
respects other than those already indicated:
(i) it provides a useful demonstration mech-
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Figure 10. Predicted effects of farm management on ammonia losses from a dairy farm; 1, a typical farming
system (case study); 2. when tactical fertilizer methodology and injected slurry techniques are
used; 3. with N supplied through fixation in a mixed grass/clover sward; 4. after substituting 50%
of the grass silage with maize silage; 5. combining 2 and 4; and 6. combining 3 and 4 (from Jarvis
et al.,1996b).

anism to farmers, advisors and policy makers, (ii) it is an important controlled resource
for more strategic and basic studies of N
transformations and transfers, (iii) the physical scale allows some degree of manipulation
and change which should produce measurable effects within acceptable time spans and
(iv) it is a suitable scale to test both practical,
on-farm possibilities as well as mathematical
models. It is also clear that the potential for
the use as a research base outweighs the support resources available.

Overall conclusions
Much progress has been made in understanding the controls over the processes involved
in transfers and transformation of N in grassland based agriculture. There has also been
much data collected on the net results of
these processes on fluxes of N. There has also

been much data collected on the net results
of these processes on fluxes of N within and
from the farming system (i.e. as NO3- leaching,
denitrification and ammonia volatilization).
These, in turn, have allowed the development
of computer models which will ultimately be
developed into diagnostic tools and/or decision support systems to aid the farmer, his
advisors and policy makers to improve the
management of farming systems not only for
their own benefit but for society at large. Despite the recent research activity, many areas
of the N cycle remain relatively poorly defined as indicated throughout this paper.
Whatever the outcomes of the future research might be, it will be important that,
firstly, appropriate models are developed and
secondly, that their outputs are considered
within a systems context so that interactions
and integrative effects from all aspects of
management, soil, crop, and weather/climate
are included.
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Questions to Steve Jarvis:
Erik Steen Jensen: It is difficult to escape from
data on losses, both in terms of gaseous losses and leaching in your grass clover in which
they are exceptionally low compared with
some of the others. You mentioned that there
is a penalty in terms of production. In these
systems, how big is this penalty actually?
Because from environmental point of view
the grass-clover system seems to be really
advantageous and if you also consider other
issues such as resource use, the energy we
have to use to produce the fertiliser, which
may have more interest in the future. What is
this penalty?
Steve Jarvis: The assumption was in the desk
study that we did, that there would be a 20%
penalty in live weight gain, i.e. a 20% deduction in live weight gain. That is pretty critical
these days in terms of the cattle industry in
the UK. So that is very important. The other
point I would like to make is that the assumption there was, and the data that I showed,
were for low clover systems. They had a relatively low clover contribution to the sward.
As soon as you increase the clover content of
the sward and you increase the nitrogen input to the system, so the nitrogen fluxes and
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flows through that system increase and really if you look at the totality of the system
there is very little difference between that
nitrogen input and a fertiliser. So input for input there is very little to suggest that they are
going to be different. So you could possibly
have achieved the same degree of leaching
with a fertiliser input that matches the fixation input from the swards, which we did not
try to do. Others of my colleagues have done
that. Steve Cuttle in Aberystwyth has done
that, and he can draw a beautiful straight line
with scattered points on it – some of those
points are clover-based, some of them are
fertiliser-based, but it relates to loss to input.
Erik Steen Jensen: And how do you see the
future of the clover in these systems in the
UK?
Steve Jarvis: I think there will be a continued
interest and an increase in clover use because, in the public perception it is seen to be
sustainable methodology. And there will be a
premium to that, I think.
Börje Lindén: You showed that the total nitrogen losses from a system with dairy production based on grassland was higher than the
losses from a corresponding system based on
maize silage. I should have thought there
could be larger losses from silage production, based on maize because the land would
lie bare part of the year without any living
crop.
Steve Jarvis: I must remind you that this was
a desk study and there are a lot of assumptions in this desk study. The assumptions
were that we would switch only part of the
farming system, the silage production within
that farming system, to maize not all of it will
be maize. I think it was a 50% switch to maize
silage compared with the total grass silage
production. The assumption was also that we
would use the slurry produced in that farm-
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ing system very effectively within that maize
production system. Its supply would be
matched to the demands of that maize crop.
And that was met by use of the slurry produced by that system. Which meant that
there should not have been an excess of nitrogen in that bare soil through the winter. That
is a big assumption, and it may be wrong.
Jan Persson: You showed another picture concerning losses. It was grassland which was
grassed only, and a portion that was cut. The
losses were much larger in the grassed grassland. Did you give the same amount of nitrogen to this? Yes, you did. But I think that you
are taking away much more nitrogen in the
cut grass. Is that correct?
Steve Jarvis: Yes, it is correct but you must
remember that it is part of a system, and that
silage is then fed to cattle. It then has implications for other loss forms. In the silage that is
fed the nitrogen will largely be excreted, 70 to
80%, with a considerable potential for ammonia volatilisation. So you must think in terms
of the total of the system. Although the cut is
losing less as leaching, the effect of that later
in the system is that there will be a penalty in
terms of ammonia volatilisation.
Thomas Kjellqvist: The losses depend on what
kind of nitrogen you put on. Is it nitrate or
ammonia nitrate or urea? As I understood in
the UK, you put a lot of urea nitrate on the
grassland.
Steve Jarvis: All the data I have shown you
here today has been with fertilisers applied
as ammonium nitrate. It is still the largest
form of nitrogen applied to grassland in the
UK. There is a significant component as urea
but the bulk of the nitrogen is as ammonium
nitrate. There are other effects with the urea,
obviously, but again you must think in terms
of the complete system. It does not matter
how efficiently or inefficiently that nitrogen
79
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has been used by the crop. It still has to cycle
through the whole system. You may get increased efficiency by removal into the crop
and reduce the leaching. The fact that you
have increased the contents of nitrogen in,
e.g. a silage crop, mainly results in that the
penalty for that is greater ammonia losses in
the other phases of the cycle.
Göte Bertilsson: You have very impressive results from tactical fertiliser treatment. What
did it imply? Is it a practical approach with
regard to the farm?
Steve Jarvis: The system as it currently exists
requires a very frequent analysis of the soil,
every two weeks. The method is based on a
test method that my colleague David Scofield
and others have developed. It requires the
farmer to go into the field and measure every
two weeks and get a total minimum nitrogen
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content of the soil at that time. He then translates that into a little programme which says:
For your production level you need this
amount of fertiliser to match requirement of
the crop. It is, as you are inferring, very time
demanding and not many farmers will be willing to do that. There is a project that is currently going on that is looking to simplify that.
That has some soil testing but uses a model
prediction of grass growth and supply of nitrogen from native soil and supplies, and this
will hopefully ultimately be developed into a
decision support system that he can use to
produce with a minimum of field testing. To
meet the target that I mentioned earlier, if he
happens to be in an area that is a nitrate vulnerable zone, he can target his swards, reducing nitrate to suitable levels and also target to
produce the level of production that he requires, but efficiently where efficiently means
a lower total nitrogen input in the system.
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Summary
The aim of the project is to demonstrate how
the Environmental Protection Plan can be
applied to reduce nitrate leaching in nitrate
sensitive areas.
On the basis of cultivation data for 1998 the
leaching of nitrate has been calculated at the
present farming methods as well as two alternative cultivation systems. The economic result of each alternative has been compared
with the econimic result of the present system.
The results of the model calculations show
that given the present land use and production in the different areas the average nitrate
concentration in the ground water as a whole
is 79, 52 and 77 mg per litre in North Jutland
I, North Jutland II, and Djursland. If Alternative I is applied to the cultivation system of
the whole arable area, calculations show that

nitrate leaching is reduced to 60, 43, and 56
mg nitra per litre. A further reduction may be
obtained even though the livestock production remains almost unchanged.
Grass and undersown rye grass in almost
the whole area combined with a reduced
nitrogen application on almost the whole
area as well, will, according to the model
calculations, result in a reduction of the nitrate leaching to 28, 21, and 31 mg nitrate per
litre.
Results of the model calculations show
that even in very sensitive water catchment
areas it is possible to maintain a considerable
livestock production. But in order to reduce
leaching to the level of Alternative II changes
of the cultivation methods are necessary with
considerable yield reductions as result.
The economic consequences of the yield
reductions is determined by the price of
grain, the production costs, and the possibil81
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ities of subsidies. Based on the low price of
grain, used in the project, the very high costs
of cultivation of winter crops, and the present
rate of subsidies in the Environmental Protection Plan, the calculations show that, from an
economic view, a better result will be obtained by changing the cultivation method to
those of Alternatives I and II. This means cultivation with an increased area of undersown
spring crops, in some areas combined with
reduced nitrogen application.
It is important that the results of the model calculations are changed considerably if
the assumptions are changed. Furthermore it
is important that the results only show what
is happening in the field, and not how the
gross margin in the stables is changed, the
effect on the prices of proporty, etc.
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the two alternatives. Furthermore it is necessary to calculate the economic consequences of changes in cultivation practice.

Purpose
The purpose of the project is to demonstrate
and introduce action plans for cultivation on
farm level with the aim that the nitrate content in the ground water on a long term does
not exceed the threshold limit for drinking
water. The aim is specifically to demonstrate
how the system of the Environmental Protection Plan can be applied to secure the ground
water quality and to demonstrate the application of the plan in practice.

Method
Introduction
In certain parts of the county the ground water is particularly sensitive to nitrate leaching
from the root zone. This is especially in areas
where the subsoil consists of lime. The Report from the Committee for Drinking Water
mentions that an area of 4 pct in Denmark
is considered as sensitive water catchment
areas.
In such agricultural areas it may be necessary to introduce even further changes in the
agricultural practice, apart from the changes
in the agricultural practice as a whole, which
have happened and happens on the basis of
f.ex. the changes in the general rules of use of
fertilizer, cover crops and undersown crops
as a result of the Water Environmental Plan II
(1998), the Action Plan for Sustainable Agriculture (1992) and the Water Environmental
Plan (1998). In order to reach a reduction of
the nitrate leaching and a reduction of the
concentration of nitrate in the run-off water
from the root zone to the groundwater, it is
necessary to be able to calculate the leaching
both seen from the present practice and from
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With subsidies from the ”Demonstration projects under the Environmental Protection
Plan” the Department of Plant Production and
the plant production centres in Aalborg and
on Djursland have carried out a project in
three nitrate sensitive water catchment areas.
Limits for leaching on arable land in water
catchment areas
The maximum permitted nitrate leaching is
set on the basis of the demands for drinking
water. According to the Danish quality demands for drinking water, drinking water
must not contain more than 25 mg nitrate per
liter and the highest permitted concentration
is 50 mg per litre. (Miljøstyrelsen, 1998).
Apart from the agricultural land in the water catchment areas there are some nature
protection areas, urban areas etc. which provide ground water. As leaching from such
areas is less than that from the agricultural
areas, it also has an effect on the demand of
the concentration at leaching from agricultural areas.
The nitrate concentration permitted in
water leaving the root zone depends on the
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size of the agricultural area in the catchment
area and the reduction capacity of the soil.
In practice the reduction capacity is unknown or uncertain. The three water catchment areas in the project are nitrate sensitive,
and the reduction capacity is therefore regarded as very moderate.
In the present project no specific aim has
been set to the maximum concentration in
the water leaving the root zone. The aim has
only been to assess the limit of reduction.
Calculation of nitrate leaching
Calculation of the nitrate leaching is based on
the model Simmelgaard II (Simmelsgaard,
S.E., 1997). The model is a so-called empiric
type of model based on empirically found
correlations between measured leaching results and cultivation conditions. The model is
bases on results from leaching trials at experimental stations under the Danish Institute of
Agricultural Sciences.
The model includes the importance of soil
type, the run-off ares, the crop type, and
amount of nitrogen applied. The leaching is
calculated as follows:
EKSP(1,136-0,0628*LERPCT. + 0,00565*Nniveau+Afgrværdi)*Afstrømning0,416
where the N-amount is the average of N applied in the rotation (fertilizer + farmyard manure), the loam percent is from the 0-25 layer,
and the crop value is determined by the combination of crop and automn growth.
The model has been modified by the Department of Plant Production in order to
apply it to the project and make it possible to
calculate the consequences of time of sowing,
soil treatment, and grazing.
Economic calculations
The purpose of the economy model is to be
able to easily make an estimate of the economic consequences that changes in the agricultural practices can cause, especially the

economic consequences of changes in crop
distribution, use of cover crops, as well as
reduction of nitrogen amounts. It is important
to note that only the changes in income in
field production is calculated.
Especially on cattle farms changes in the
field can have an effect on the income in the
stable which is often much higher than in the
field. When considerable changes are made in
the field, such as changes of the feed production, it is important to assess the effects derived in the stable. In the same way only
changes in gross margin for the cultivation
is calculated without taking into consideration if the value of the land or the proporty
changes by applying the 5 year arrangements
where farmers are committed to a certain given agricultural practice.
The basis of the economic calculations is a
model developped from the Danish Agricultural Advisory Centre´s general budget calculations. The model is based on standard calculations, adjusted to the specific farm.

Results
On the basis of cultivation data for 1998 for
each farm the plant production advisers have
calculated the leaching of nitrate at the present farm practice as well as drafted two action plans with the purpose of reducing the
leaching primarily by applying the Environmental Protection Plan. For each alternative
the economic result is compared with the
present practice.
Nitrate leaching
Table 1 shows the result of the leaching calculations for the three areas. The result shows
an estimate of nitrate leaching of about 70 kg
per ha for North Jutland I and Djursland, and
only 44 kg nitrate per ha for North Jutland II.
North Jutland I is primarily a cattle area,
Djursland is primarily dominated by pig
farms, while North Jutland II is not a typical
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area, but most of the area is fallow land. The
nitrate concentration in the run-off water varies in the calculations from 64 to 97 mg nitrate
per l water. In Alternative I as well as Alternative II leaching is reduced considerably. This
means that according to the model calculations the concentration in the run-off water is
only from 35-54 mg nitrate per litre in Alternative II.
The way to reduce nitrogen leaching in
North Jutland I has primarily been to reduce
the application of nitrogen by 40 pct on a part
of the area, while on Djursland the means was
an increase of the area with grass. While the
amount of nitrogen in fertilizer has decreased, the amount of animal manure is almost the same in the two alternatives as in
the present practice. Calculations show that
it is possible to reduce nitrogen leaching to a
low level although almost the same amount
of manure has been spread.
Economic calculations
Calculations on the economy in the project
only express the changes in cultivation prac-
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tice, and calculations have only been made
on the changes in gross margin.
In general the calculations on the economy
show (table 2) that a minor advantage in the
managerial economy has been obtained by
changing the practice as suggested in the two
alternatives. The difference in income is up to
500 kr. per ha. The highest increase in the
gross margin is in Alternative II, i.e. gross
margin after all machine costs at machine station prices.
Part of the explanation of the increase in
the gross margin II is that costs for machinery
especially in winter wheat is not completely
adjusted to the low price of grain in the
present practice, since 1998 was the first year
with such a low price. This has a positive effect on the competitiveness of winter crops
and subsequently the alternatives compared
to the present practice, because the changes
in cultivation tend to go toward more spring
barley and less winter crops. The difference
income of the different alternatives is completely dependent on the specific contiditions. An increase of the price of grain com-

Table 1. Key figures for nitrogen application and leaching.
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pared to the price expected will result in a
higher increase in income in the present practice than in the alternatives. An increase in
the price of grain of f. ex. 20 kr. per hkg will
improve the result of the present practice
with 3-400 kr. per ha compared to the alternatives. Furthermore changes in different crop
prices will have an effect on the result. If the
value of a change in the protein content in
grain of 1 kr. per hkg is included, the results of
the alternatives will be reduced by 50-100 kr.
per ha.
The value of a change of the protein content depends on the price of grain and supplementary protein, and may vary considerably.
In cases where the reduction in the protein
content means that one cannot produce
bread wheat the costs may be even higher.
On cattle farms, especially, it must be taken into consideration that the gross margin
only represents the income in the field. If the
changes of the production in the field effects
the income in the stable, f.ex. the milk yield,
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the economical calculations are desturbed,
as the gross margin in the stable is far higher
than in the field. Changes in the peak period
by changing from winter crops to spring
crops may have a bad effect on the working
rythm in the stable.
The Environmental Protection Plan
The calculations on the economy imply subsidies from the Environmental Protection
Plan. Table 3 gives an overview of the measures taken in the three areas. Furthermore
calculations are made on the subsidies included from the Environmental Protection
Plan for the whole agricultural land in the
three areas and the average amount per ha
for the whole area.

Conclusion
The project has shown that it is possible to
reduce the nitrogen leaching in the three
areas considerably even though the animal

Table 2. Economic key figurs of the three areas.
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Table 3. Application of the Environmental Protection Plan in the three areas.

production is maintained. In order to reduce
leaching to under 50 pct nitrate per litre water in the run-off groundwater the cultivation
in the field must be changed radically with
almost 100 pct automn growth with grass or
crops undersown with grass, and the nitrogen application must be reduced.
The project has proved it possible to apply
the measures of the Environmental Protection Plan with reduced N-application and
crops undersown with rye grass for this purpose. However, the measures of teh Environmental Protection Plan with perennial grass,
0 N and perennial grass, and 80 N has not
been applied. The measures used have been
chosen from estimates of the local advisers.
The measures of the Environmental Protection Plan to prolong the period of cultivation
in grasslands would however be effective in
reducing the nitrogen leaching on cattle
farms.
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The Environmental Protection Plan with
reduced application of nitrogen demands
that the norms for the nitrogen requirement
of the crops and the demand for utilization of
nitrogen in livestock manure makes it possible that all animal manure can be spread on
the fields of the property. In recent years the
norms have been reduced and as a result of
the Water Environmental Plan II the norms
will be reduced by 10 pct in 1999, and at the
same time the demand for utilization percent
for animal manure will increase. This makes it
difficult to apply the measures of the Environmental Protection Plan with reduced nitrogen
application on farms with a husbandry intensity matching the harmonization demands.
The project also shows that leaching may
be effected by smaller changes in cultivation
methods, such as soil treatment, time of sowing, and grazing intensity in the automn period.
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The economic consistency calculations of the
alternatives in comparaison with the present
practice show that on average a slight increase
has been obtained in the gross margin in both
alternatives seen as an average of the farms in
the three water catchment areas. However, this
is only the case, if the calculations used are not
based on derived negative economic consequences in other operations on the farm. An
increase of the grain price and other price relations may change the calculations considerably.
In the economy calculations it has not been taken into consideration how the introduction of
the 5 year measures of the Environmental Protection Plan will effect the prices of land/property.
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Questions to
Hans S. Östergaard
Jan Persson: Concerning this last figure about
economy. If you did not have the subsidies –
what does it mean for these two alternatives?
Hans S. Östergaard: It is absolutely necessary
that we have the subsidies in approximately
the size we have now. If you remove them, of
course, we will have a decrease in the gross
margin of the farm.
Arne Joelsson: You told us that the farmers
have to be compensated for those measures.
But what about the polluter-pays principal?
Is it used in Denmark or is it not?
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hundred Danish crowns. On average, how
much subsidy do you put in? I guess it is more
but I did not get the amount. Is it 1000 Dkr per
hectare?
Hans S. Östergaard: If we have a yield of barley
below 45 decitons per hectare the subsidy is
500 Dkr per hectare. The increase is the higher the expected yield is.
A. E. Johnston: That is very interesting to see
that you adjusted according to the yield. Who
decides the yield? There is a difference of 450
Dkr between a yield potential of 45 and a yield
potential of 70. Who decides the yield potential? The farmer or the person giving the subsidies?
Hans S. Östergaard: Now we are approaching
an area I don´t know very much about. But as
far as I know, the farmer together with the
advisor chooses the yield but he must be able
to explain to the inspector why he has chosen, for instance, this one. So, you cannot select everything as you want it.
A. E. Johnston: It was very interesting when
you showed the big difference in the possibility of decreasing nitrate leaching by the time
you were able to sow the winter cereal crop.
Is it possible, in fact, to get the winter cereal
crop sown as early as before the end of August? The other question was that you
showed very little effect of cultivation on nitrate leaching. We have heard a lot in two papers today about cultivation increasing mineralization of soil organic matter and therefore enhancing the risk of nitrate leaching.
Why do you chose to put into your model
that cultivation appeared to have very little
effect on the quantity of nitrate which might
be at risk to leaching.

Hans S. Östergaard: It is not.
Olle Pettersson: You had an increase on farm
level in profitability of income of around a few

Hans S. Östergaard: The only thing I can say to
you is that we have looked in the literature
and found what we could put into the model.
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So maybe others have other opinions about
that. I would not deny that. Of course you are
right. It is not always possible to sow winter
wheat as early as I showed on the overhead.
But it has a rather big effect. I hope you agree
with that. One, two or three weeks in the
autumn is very important for the ability to
take up nitrogen.
A. E. Johnston: Our data show quite clearly
that if you can sow by the end of August you
might have 50 kilograms of N in a winter
wheat crop. If you sow by the middle of November you are lucky if you get 10 or 12. So
there is a huge difference on date of sowing.
The other problem with the date of sowing
that came out of our experiments was that if
you are in a second cereal situation it is much
more likely to suffer from take-all if it is winter
wheat or winter barley if you sow early than
if you sow late. And so the farmer looks at this
compensation between trying to minimize
the effect of another factor, namely disease,
on his final yield, as well as any possible advantage he may have in picking up extra nitrate and so on.
Börje Lindén: As the results from Denmark
and Sweden indicate, at least half of the annual mineralization occurs during the part of the
year when there is no vegetation cover. Now,
two questions. Firstly, have you calculated
with autumn ploughing of fields with catchcrops, or spring ploughing? Secondly, I think
it is necessary to have established catchcrops in winter wheat or winter rye stands
too. Have you any idea about that?
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It is difficult to establish a catchcrop in winter wheat because of the competition from
the winter wheat plants. So the catchcrop
plants don´t normally develop very well in a
winter wheat stand. It is a question of how to
get a good establishment of a catchcrop.
Some people have tried to sow the catchcrop
together with winter wheat in the autumn,
and I have tried to undersow early in the
spring.
Hans S. Östergaard: I fully agree with you that
the influence of winter cereals on the nitrate
leaching is less than many people thought
some years ago. It would be much better to
have an effective catchcrop.
I know that some people have worked with
it, as you mentioned. But I am not able to give
you a solution on this. Concerning the first
question, the answer is that the basic model,
the empirical model, is based on results from
field trials. That means that what they did in
the field trials is what the model shows us
now. I am not able to tell you what the main
results were in these old field trials. But normally you have to, at least on sandy soils
plough it down in the spring.
Niels Erik Nielsen: First, an addition to the discussion of winter cereals. In forms where you
harvest the full crop, straw and grain, many of
the farmers do not sow earlier than normal
anyway. But certainly it could be suggested to
them to sow earlier because of less nitrogen
losses.
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Abstract
To guarantee continued support by European
society, intensive dairy farming systems have
to reduce nitrogen (N) losses. Nevertheless,
livestock production systems must provide
adequate income for farmers, so the reduction has to be realised in an economically attractive way. A whole farm strategy to improve utilisation of N in all components of the
cycle, resulting in less inputs, is proposed. An
improved farming system was implemented at a Dutch experimental farm, called ’De
Marke’. Results of this prototype system
show that farm inputs of N with feed and fertilisers can be reduced by 55%, compared to
current farming systems, without the necessity to reduce milk production below 11,600
kg ha-1, nearly Dutch average. N surplus was
reduced by 64% and strict environmental
goals with regard to quality of water (nitrate
leaching) and air (ammonia volatilisation)
were met. Cost of milk production increased
by 5%, including costs for reducing herbicide
use and sprinkling to save groundwater. In a

new project, the strategy is applied to improve 12 commercial farms, representing the
full range of conditions for dairy farming in
the Netherlands.
Keywords: dairy farming, milk production,
management, nitrogen, N, surplus, nitrate,
environment, grassland, maize.

Introduction
A number of constraints will have impact on
the development of dairy farming in Europe.
Pollution of the environment by plant nutrients, especially nitrogen (N), should be reduced and more attention should be paid to
nature and landscape preservation. This paper reviews environmental problems, associated with emissions of N. A whole farm strategy to reduce these emissions at low costs is
discussed. The paper focuses on the situation
on sandy soils in the Netherlands, but comparable conditions exist in parts of several other European countries. Therefore, the Dutch
situation is presented as a case, where the
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strategy is considered to be universally applicable, perhaps in a region-specific form.

Dutch dairy farming and
associated environmental
problems
In the Netherlands, dairy farming is the major
sector of agriculture, using about 64 % of the
2 million hectares cultivated area. In the sixties and seventies, dairy farming systems intensified. Inputs of fertilisers and purchased
feeds increased (Van Keulen et al., 1996) as
costs of these inputs strongly declined, compared to those of agricultural land or labour.
Introduction of the milk quota system in 1984
stopped further intensification. At present,
average milk production level is 11,900 kg ha1, far above the European average. Considerable differences exist among regions and individual farms, with more intensive systems in
the sandy regions in the East and South than
in the clay and peat regions in North and
West.
Intensification of dairy farms has led to a
serious imbalance between inputs of nutrients – in purchased fertilisers and feeds and
as atmospheric deposition – on the one hand,
and outputs – in milk and meat – on the
other. In the mid-eighties, outputs represented only 14 % of the input for nitrogen (N),
32% for phosphorus (P) and 17% for potassium (K). The N surplus (on average 470 kg ha1) contributed to environmental pollution,
mainly through ammonia volatilisation, leaching of nitrate and production of N2O (Aarts et
al., 1992). About 50% of the ammonia emissions at national scale originated from cattle
excreta (Lekkerkerk et al., 1995). Nitrate concentrations in the shallow groundwater of the
sandy regions in the East and South exceed
the standard (50 mg/l) of the 1980 EU Directive on the Quality of Water by a factor of up
to five (Fraters et al., 1998). N2O contributes
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to the greenhouse effect, which may lead to
global warming, and to destruction of stratospheric ozone, increasing harmful ultraviolet radiation on the earth. About 37% of
the total amount of N2O emitted into the
Dutch atmosphere supposedly originates
from dairy farming systems (Velthof and Oenema, 1997). The average surplus of 32 kg P ha1 accumulates in the soil, but will leach in future because of saturation.

Dutch governmental policy
To be sustainable, livestock production systems must provide adequate income for farmers, but in a way that is acceptable to society.
In particular there is demand for a clean and
attractive environment, livestock that is well
cared for and food, water and air that are perceived as wholesome. Moreover, it is desirable for systems to make efficient use of resources, particularly non-renewable resources such as fossil energy or those also needed
for other purposes, such as groundwater (for
processing drinking water).
Since the mid eighties, the Dutch government has taken measures to reduce the negative impact of farming by restricting the use
of animal manure (in quantity and period of
application). However, this measure only had
limited impact on nutrient losses in dairy
farming. Therefore, in addition, maximum
permitted surpluses of N and P at individual
farm level were defined (Table 1). These surpluses are based on purchased feeds, fertilisers and cattle, entering the farm gate, and on
agricultural products and manure, leaving the
farm. Hence, deposition and N fixation by leguminous crops are not taken into account in
this ’farm gate balance’ approach of the MINeral Accounting System (MINAS). Surpluses
above the maximum levels are levied. This
legislation is expected to lead to more efficient nutrient management as farmers try to
avoid fines, while keeping the level of milk
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Table 1. Maximum levy-free nutrient surpluses in the Netherlands (kg/ha, deposition and fixation by clover
not included, between brackets values for soils very sensitive for nitrate leaching).
1998

2000

2002

2005

2008

N
- grassland

300

275

250

200

- arable land

175

150

125

110

17

15

13

11

180
(140)
100
(60)
9

P

production per hectare as high as possible
(Van den Brandt and Smit, 1998). Sustainability will increase by reducing harmful emissions, while economic viability is maintained.
This governmental policy was inspired by
results of research project ’De Marke’, demonstrating clearly that improved nutrient
management leads to improved quality of
environment, and at the onset even to lower
costs of milk production, as a result of reduced inputs of fertilisers and feeds. For almost every Dutch farm this strategy appears
to be more attractive than reducing cattle
density per hectare, a strategy proposed by
the European Commission.

A strategy to improve the
utilisation of N in a farming
system
Characteristic for dairy farming systems is
the combination of plant and animal production. By exchanging manure and forage between the plant and animal component, nutrients cycle through the system, but that is associated with nutrient losses. In Figure 1 the
main N-flows on a current ’average’ commercial farm on sandy soils are quantified. Only a
minor part of the N consumed by cattle is
converted into milk and meat: 81% is excreted in urine and faeces. About 18% of the excreted N is lost through ammonia volatilisation. The excessive input of N fertiliser and

the irregular distribution of excrements during grazing results in 48% loss (353 kg/ha) of
the soil input, mainly by leaching of nitrate
and denitrification. The N taken up by the
crop is only partially consumed by cattle,
because of grazing and harvesting losses that
return to the soil. However, also from these
flows losses occur. In the cycle as a whole,
423 kg N/ha is lost, representing 84% of farm
inputs.
Single nutrient flows, and related emissions, can be influenced by changing management. However, intervening in one step of the
cycle may affect nutrient flows elsewhere, i.e.
covering a slurry storage reduces direct ammonia emissions, but most of that ammonia
will volatilise soon after slurry application,
unless a low-emission technique is applied.
Injection of slurry into the soil will reduce
ammonia emissions considerably, but will
lead to increased leaching of nitrate unless
the input of fertilisers is reduced. Therefore,
a strategy aiming at minimum losses should
take into account all components of the system. Efficient nutrient management, aiming at
low losses, implies efficient utilisation of nutrients in all stages of the cycle. Hence, conversion of nutrients from manure into forage
and from feed into milk and meat should be
maximised. Quantifying balances of the individual components of the cycle is useful to
identify major losses, and to select potential
remedial or preventive measures.
In general, management should focus on:
(a) minimising feed requirements of the herd
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Figure 1. Nitrogen cycle of a current commercial farm on sandy soil in the mid-nineties (kg N/ha).

and maximising the proportion of these requirements covered by home-grown crops,
(b) minimising mineral fertiliser needs by reducing fertiliser requirements of the crops
and optimising utilisation of ’home-made’ organic fertilisers. Constraints and perspectives of this strategy were studied and demonstrated in project ’De Marke’.

Project ’De Marke’
Research approach and facilities
Whole farm research is needed for identification of farm specific sets of measures, leading
to a substantial reduction in N surplus in an
attractive way. However, that presents two
major methodological problems: (a) replicates are hardly possible, because of specific
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farm conditions, (b) these specific conditions
hamper extrapolation of results to other
farms. Moreover, systems research is expensive, because a complete farm is needed and
extensive monitoring is required. An attractive solution to these problems is to combine
system modelling and system prototyping.
Modelling is used to combine knowledge and
to generate systems that, in theory, realise
the identified objectives. Prototyping at farm
scale is needed to validate and improve these
systems, and the underlying models, in practice. Improved models can be used as a tool
to support adaptation of commercial farms. A
prototype can be demonstrated to and discussed with farmers during visits, stimulating
introduction of improvements on commercial
farms and generating new ideas for improvement of the prototype.
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To implement a prototype, an experimental
farm, called ’De Marke’, was acquired. The
name has a symbolic meaning. A ’marke’ is an
old legal form to manage common land. Now
again there is a common interest: exploring the
options and constraints for profitable dairy
farming, appreciated by society. Moreover,
project financing is shared equally among two
government ministries (Ministry of Agriculture
and Ministry of Environment) and the Farmers
Union, and conducted jointly by the Research
Institute for Cattle, Sheep and Horse Husbandry (PR), the Centre for Agriculture and Environment (CLM) and AB-DLO.
The land comprising the farm was reclaimed from heather at the beginning of the
20th century. A plough layer of 25 to 30 cm
with an average organic matter content of 4.9
% overlies a layer of practically humusless
sand. Groundwater level is at most places so
deep, that uptake by crop is impossible.
Hence, water-supplying capacity of the root
zone is less than 50 mm and farm land more
drought-susceptible than most Dutch sandy
soils. This light sandy soil location was selected deliberately, as environmental problems,
especially leaching of nitrate, tend to be most
prominent here and managing nutrients efficiently most difficult. Farm size is 55 ha, 80%
above current average, but comparable to
the size anticipated by the Farmers Union for
the year 2010.

Managing nitrogen in dairy farming systems

Objectives
Research started in 1987 by defining environmental goals (Table 2) for dairy farms on light
sandy soils. These environmental goals are
much more ambitious than those for commercial farms, dictated by the government,
even for the year 2008 (Table 1). The main
reasons were that defined surpluses for commercial farms do not absolutely guarantee
the desired quality of water and air in regions
with rather light sandy soils. Besides, agricultural problems associated with realising environmental goals will come to the fore earlier
and more pronounced. According to the1980
EU Drinking Water Quality Directive, a maximum of 50 mg nitrate l-1 in the upper groundwater was chosen, a reduction of about 75%
compared to the actual situation in sandy
areas. Based on the average precipitation
surplus of 300 mm, losses of nitrate to the
groundwater should not exceed 34 kg N ha-1.
Ammonia emissions from faeces and urine
should be limited to 30 kg N ha-1, about 30%
of the average losses in the mid-eighties.
Emission of nitrous oxide should not exceed
to 3 kg N ha-1, a reduction of about 80%. Assuming no accumulation in the soil of organic N and estimated losses by denitrification of
50 kg N ha-1, the surplus of the farm should
not exceed 128 kg N ha-1. These environmental goals have to be reached in the most attractive way from a financial point of view.

Table 2. Environmental targets with respect to plant nutrients of farming system ’De Marke’.
Characteristic
N
- Ammonia volatilisation
- Nitrate leaching
- Losses of nitrous oxide
- N surplus

P
- Phosphorus leaching
- Phosphorus surplus

Maximum value
30 kg ha-1 y-1 from manure
50 mg l-1 in upper groundwater
3 kg ha-1 y-1
128 kg ha-1 y-1 as the difference between inputs and outputs, including
deposition and fixation by clover, assuming no accumulation in soil
organic matter
0.15 mg l-1 in upper groundwater
0.45 kg ha-1 y-1, including deposition
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Moreover, welfare of cattle and quality of the
countryside have to be taken into account.
System modelling
Modelling was used to combine existing
knowledge and to generate farming systems
suitable for sandy regions that, in theory, can
realise the identified objectives. System modelling started in 1987 by systematically analysing system characteristics, nutrient flows
and nutrient management of commercial
farms to identify constraints and scope for
improvements (Aarts et al., 1992). Rather simple (transparent) models have been used to
quantitatively integrate the main components (cattle, excreta/slurry, crop/soil, forage) of the dairy farming system, to calculate
the effects of fertiliser and moisture supply
on crop growth and the associated nutrient
flows, and the effects of diet composition on
milk production and excretion of nutrients in
urine and faeces. Model results were discussed in detail with specialists, which often
resulted in refinements of the models. On the
basis of these results, a number of systems
was designed, that, in theory, would achieve
the goals defined. One of the most interesting
systems, from a research point of view, was
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selected for implementation as a prototype
on experimental farm ’De Marke’. Implementation was entirely completed in 1992.
Layout of the prototype system
As shown in Table 3, the proportion of grassland in the prototype system ’De Marke’ is
smaller than on most commercial farms, and
the proportion of maize consequently larger.
The main reason is the demand for energyrich feed with a low N content, to compensate
for the rather high N contents of the grass
products in the ration. Moreover, maize provides the possibility to separately harvest a
high quality part (cobs) to feed high yielding
cows, and a low quality part (stems and
leaves) to feed non-lactating cows and young
stock. A special machine was constructed to
allow separation of cobs and straw during
harvest, at low costs. Moreover, the water
and fertiliser requirements of grass per unit
harvestable dry matter are much higher than
those of maize. Nevertheless, also at ’De
Marke’ the area of grassland exceeds that of
maize, because of its possibilities for grazing
and the opportunity to apply more animal
manure. The farm area is divided in permanent grassland (close to the farm buildings,

Table 3. Main characteristics of ’De Marke’ and of commercial farms with a comparable milk production per
ha (1994 – 1997).
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Commercial farm

Cattle
- milk per cow (kg)
- number of cows/ha
- young stock/ha
- purchased feed (kg dm/ha)
- part of feed produced on the farm (% dm)
- grazing season
- daily grazing (hours, average season)

8,300
1.4
1.0
2,015
84
1/5 – 1/10
8

7,250
1.6
1.5
4,842
64
1/5 – 1/11
14

Soil and crops
- percentage grassland
- percentage maize land
- mineral N fertilisers (kg/ha)
- mineral P fertilisers (kg/ha)
- crop rotation
- Italian ryegrass as catch crop after maize

55
45
69
0
Yes
Yes

75
25
257
18
No
No
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convenient because cows are kept indoors
during parts of the day) and two crop rotations; crop rotation I, at only a short distance
from the buildings, and rotation II further
away. In crop rotation I, a three-year grassland period is followed by three years arable
cropping, in crop rotation II by five. Until
1995, the first year after a grass period fodder
beets were grown, followed by maize. Since
then, maize is the only arable crop, as it
proved to be more attractive in feeding and
excess nitrate leaching, following breaking up
of the sod, could be prevented by an adapted
growing system. This implies that in the first
year after the grass period maize is not fertilised. In all years, Italian ryegrass is sown between the rows in June, with a special machine, combined with mechanical weed control. The ryegrass takes up excess fertiliser
and N mineralised after harvest of the maize.
Besides, it creates possibilities for grazing the
maize land in autumn and spring. Permanent
grassland and crop rotation I, in total comprising about 70 % of the farm area, are irrigated, if urgently needed.
N fertilisation levels at ’De Marke’ do not
exceed 250 kg/ha for grassland and 100 kg for
maize, including N from slurry, clover and
green manure (expected residual effects of
Italian ryegrass and grass sod), about 40%
below the levels on commercial farms. Mineral N fertilisers are only applied on grassland,
on average 124 kg/ha annually. About 75 % of
the slurry produced by the cattle is applied
on grassland, on permanent grassland on
average 49 m3 ha-1 (24 kg P and 90 kg plant
available N), on rotational grassland 72 m3
ha-1 (37 kg P and 133 kg N). Maize is fertilised
with on average 26 m3 ha-1 (12 kg P and 58 kg
N). No fertilisers are applied between 15th
August and 1st March, because of the risk of
leaching of nitrate due to the precipitation
surplus and low crop demand.
Farm milk quota is 658,000 kg (11,600 kg ha1) with 4.33 % milk fat. About 80 dairy Holstein Friesian cows are accommodated in a
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cubicle house with low ammonia emission
characteristics, and the slurry storage is covered. Annual milk production per cow is considerable higher than on commercial farms,
which reduces feed requirements per unit
milk, as does limiting young stock to a number, strictly needed to replace cows. Composition of the feeding rations aims at maximising the conversion of N in the feed into milk
and weight, to reduce potential losses from
manure (Paul et al., 1998). In summer, dairy
cattle are allowed limited grazing for two periods each day, with an intermediate resting
period indoors (’siesta grazing’). During the
resting time, cows are fed silage maize. This
results in a more even distribution of high
protein (grass) and low protein (maize) products over the 24-hour period, and a low
number of urine patches outdoors. A shortduration rotational grazing system is practised (to reduce grazing losses) and early
housing, i.e. 1st October at the latest, one
month earlier than on commercial farms (to
limit losses from urine patches). Non lactating cows are not allowed to graze.
The nitrogen cycle
The main N flows in system ’De Marke’ are
presented in Figure 2. N in feed is used much
more efficiently than on commercial farms:
about 23% is recovered in milk and meat,
compared to 19% on commercial farms (Figure 1). Minimum N requirements of lactating
cows were exceeded by 3% (summer) and 8%
(winter), of non-lactating cows by 39% (summer and winter) and of young stock by 180
and 36% in summer and winter, respectively
(Van der Schans, 1998). This is due to the
very low N requirements (non-lactating cows
and young stock), continuous grazing (young
stock) and the limited possibilities for individual feeding. Hence, there is still scope for further reductions in the N surplus in the diet of
the cattle. By restricting grazing time to about
one third of that in commercial systems, excretion of N at pasture was on average 21% of
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Figure 2. Nitrogen cycle of experimental farm ’De Marke’ (average 1993/1997, kg N/ha).

the total, compared to 38% on commercial
farms. In total, 21 kg N ha-1was lost as ammonia from excreta, well below the maximum
acceptable level of 30 kg and 63% below the
level of commercial farms.
Total N supply to the soil was 51% of that
on a commercial farm. About 62% of the total
soil input originated from excreta, compared
to 43% at the commercial farm. N-contents of
fresh grass (38 g kg-1dry matter), grass silage
(29 g kg-1dry matter) and maize silage (12 g
kg-1dry matter) were 9 - 11% below those of
crops grown on commercial farms. Average
gross yield of N per ha was considerably lower than on a commercial farm, mainly because more land was used for growing maize
and dry matter yields were 8 - 10% below the
yields of commercial farms, due to lower fertilisation levels. On average, 127 kg ha-1 of the
96

N supplied to the soil, was not recovered in
the harvested products, on the commercial
farm 353 kg. As a result, the efficiency of the
soil/crop component of the system was 66%,
compared to 52% on a commercial farm. The
surplus must have accumulated in the soil as
organic N, leached as nitrate, or disappeared
as N2 or N2O. Soil analyses indicate an average accumulation as organic N of 40 kg ha-1
annually. Estimated emission of N2O on ‘De
Marke’ was 5.3 kg ha-1, on a commercial farm
9.4 kg ha-1. However, estimated emissions are
highly uncertain.
It was anticipated that the surplus – input
minus output – at farm level would decrease
to 128 kg N ha-1. However, average realised
surplus was 153 kg as a result of higher feed
input. Nevertheless, total input at ’De Marke’
is only 45% of that of a commercial farm,
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while output is only 9% lower (mainly because of a smaller number of sold animals).
Efficiency of N use of the farming system, defined as output divided by input, was 32%, i.e.
twice that of commercial farms.

water below permanent grassland and below
rotation II could be due to the intensity of
grazing (Hack-ten Broeke and De Groot,
1998). Rotation II is not grazed by cows and
most of the grass is harvested as silage. Permanent grassland and grassland in crop rotation I are rather intensively grazed by cows
and a smaller proportion is harvested as silage. These differences are also reflected in
the data presented in Table 5. Nitrate concentrations in groundwater below grassland and
maize land in crop rotation II are comparable
and rather low, whereas that below grassland
in crop rotation I is higher than that below
maize and that under permanent grassland is
very high.

Groundwater quality
The time course of nitrate content in the upper groundwater of the farm is given in Table
4. Nitrate contents strongly decreased over
time and in 1996 were clearly below 50 mg l1. However, in 1997, concentration increased,
possibly as a result of extremely heavy rainfall in June, leading to leaching of N from
recently applied fertilisers. Nevertheless,
adapted management has resulted in realisation of the objective ’clean groundwater’ within a few years. The very rapid decrease is in
contrast to predicted delayed response of
nitrate concentrations in the groundwater
following a decrease in manure application
rates, due to a change in the mineralizationimmobilization balance (Oenema and Roest,
1998). Model calculations suggest serious residual effects for more than 20 years. The differences in nitrate concentration of ground-

Perspectives
The results from farming system ’De Marke’,
suggest that even on light sandy soils, strict
environmental standards for losses of N can
be attained after a relatively short period of
adaptation, while maintaining current average milk production per ha. Input of N in pur-

Table 4. Time course of nitrate content (mg/l) in the upper groundwater.
1990

1992

1993

1994

1995

1996

1997

Permanent grassland
Rotation I
Rotation II

159
220
181

80
117
104

50
43
53

43
46
35

60
54
35

52
36
20

96
49
47

Farm average

199

107

47

43

51

35

57

Table 5. Average concentration of nitrate (mg/l) in the upper metre of the groundwater under grass and
maize (1995 – 1997).
Grass

Maize

Permanent grassland
Crop rotation I
Crop rotation II

71
49
36

—
39
42

Farm average

55

40
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chased feed could be reduced by 34%. Crops
could be grown in such a way that the strict
environmental norms for nitrate losses are
met. Soil fertility changes did not result in
lower crop yields and serious problems are
not expected within the foreseeable future.
Because of a more efficient utilisation of animal manure, more maize and lower fertilisation levels, the use of mineral-N could be reduced by 73% compared to current practice,
indirectly saving fossil energy. Nitrate concentrations in the groundwater of ’De Marke’ decreased very rapidly from a mean of 220 mg l1 to 50 mg. N surplus decreased with 64%.
Realising the environmental goals (of
which reduced ammonia volatilisation, reduced nitrate leaching, reduced P surplus
and reduced use of pesticides, energy and irrigation water are the dominant ones) did increase total costs of milk production by 5%
(0,02 EURO kg-1), cost of additional labour of
the farmer included. However, model calculations suggest that realising the less strict environmental goals formulated by the government for the coming years could even be profitable, as the financial benefits of decreased
inputs are more than the additional costs.
Results of progressive commercial farms indicate that a reduction of the N-surplus of about
30% is realistic and profitable. However, such
a reduction is not enough in the long term, to
guarantee the desired quality of the environment.
Knowledge obtained at De Marke has to be
used by individual farmers. In a new research
project (’Cows and Challenges’), 12 farmers
will be assisted in adapting their farming systems, following the strategy of improving Nefficiency. These farms represent the full
range of conditions for dairy farming in the
Netherlands, so that most farmers can identify with one of these farms. Already in 2002
these farms have to realise the maximum N
surplus, defined by the government for the
year 2008.
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Questions to Frans Aarts:
Jan Persson: Do you treat your manure as slurry or as solid manure? And how many cows
do you have per hectare?
Frans Aarts: We have only slurry and we have
1.2 or 1.4 cows per hectare.
Artur Granstedt: You say that a high yield will
increase the nitrogen content in humus. I
think it is possible for a while, but not for ever.

Managing nitrogen in dairy farming systems

make the slurry better. But at the moment we
need some low amounts of artificial nitrogen.
Martin Körchens: Let us consider 40 kilograms
of nitrogen accumulation. That means roughly 500 kilograms of carbon. That is only possible for some years and it is connected with
environmental pollution. That means a too
high humus content is connected with the environmental pollution. My other question is
that you calculated with 48 kilograms of nitrogen from the atmosphere. That is the same
amount as we found in Rothamstead. Is it
measured or is it an estimated value?
Frans Aarts: We did not measure it ourselves.
It was measured by the National Institute for
the Environment. They measure deposition in
different parts of the Netherlands and we
took the data near to our farm.

Frans Aarts: No. We know that in one year it
can go up 100 kilograms and in the next year
it may fall 100 kilograms. It is changing. The
weather conditions, rainfall, temperature, all
this is an influence on accumulation.

Martin Körschens: It is very important and it is
an excellent value and does agree with our
values. We have always problems to discuss
with our colleagues when we say 50 kilograms of nitrogen from deposition, because
in most cases they only measure biodeposition and biodeposition is only half of the
whole deposition.

Artur Granstedt: What you describe here in
relation to the conditions in the Netherlands
is a very important thing, you have a high
import of fodder, corresponding to 100 kg nitrogen per hectare. In our Nordic conditions,
we have lower figures to work with. Must you
buy artificial fertiliser for your system, or
could these 100 kilograms be enough for the
system? Also with lower losses.

A. E. Johnston: A couple of comments and
questions that I find interesting. You said earlier in the talk that farmers would have to pay
if they did not meet the target. What sort of
level of payment is envisaged? I mean are
they so high that they would force farmers to
go out of business, or would farmers pay that
sort of fine to stay in business, because that
is how the economics should work?

Frans Aarts: The problem is that you need
some artificial nitrogen on grassland to manage fertilisation better. I think in the future we
will change the quality of the slurry, so we do
not need to buy additional mineral fertiliser.
But then we have to change the slurry, to

Frans Aarts: The goal is to prevent losses, but
it is not high enough. It has to be higher. The
goal is safety in the environment but they
started with a rather low price I think 1.50
guilders per kg of N, or something like that. I
think that is too low at the moment, but in the
99

F. Aarts

K. Skogs-o. Lantbr.akad. Tidskr. 139:8, 2000

future they will force farmers to reduce the
losses and I am sure that sooner or later that
policy will be successful.

costs and there are some farmers that will
have to stop because they are not able, not
capable enough, to do so with little costs.

A. E. Johnston: But the problem is, surely, that
we don´t know how the losses are occurring.
I mean, as was quoted this morning from David Jenkinson´s work, if we lose it as gas there
is no environmental problem at all. Therefore
why fine the farmer? That seems unreasonable. I mean if we lose it as nitrate to potable
water, then that is an immediate cost to the
consumer of the water. If we are losing it as
nitrous oxide and as a greenhouse gas, that
probably has a sort of knock-on effect over a
long period of time. It seems to me, that just
to say ”we are going to an end balance and if
the farmer is losing so many kilograms we are
going to fine him” seems to be a very blunt
instrument to achieve what is a really a very
worthwhile goal.

Erasmus Ottabong: You are underlining a philosophy for operation. You said it was good to
have a goal. Then you must be optimistic. You
must involve authorities, farmers and scientists. It appears to me that your success that
you have obtained in this short period demonstrates the need for a more broad approach among the actors, I mean the farmer,
the advisors, the authorities and scientists,
are co-operating together. There is a tendency for researchers to remain in the laboratory and never come out with their results. So
I think that this is a very good lesson for us
who came here today.

Frans Aarts: But the other instrument is to tell
them ”well, you can only keep 1.5 cows per
hectare or something like that”. What we are
also doing is that we tell them ”well, 200 kilograms per hectare is enough”. But we also
measure environmental quality during the
following years. And when we see that these
200 kilograms are too high or too low, then we
have arguments about changing that maximum amount. But I think that 200 kilograms is
not too low.
Börje Lindén: To what extent has the change
in the production system influenced the total
economy of the milk production? You cannot
only calculate the extra cost per kilo milk but
you must also have a high enough production
or income level for the whole farm.
Frans Aarts: Not only for the farmer but also
for industry and for the contractor. In this
system the contractor is doing better because the cost the farmer has to pay can be
income for other people. In total, it is causing
100

Frans Aarts: It is not difficult to have money.
Many researchers talk about how to get money for research. There is enough money.
When you work together with people, people
who have real problems, then there is also
money for research. I think we have to learn,
as researchers, that we have work together
with the people that have the problems.
A. E. Johnston: Dare I ask a $ 64.000 question?
Do you think you have achieved such good
results in such a short period in other countries? Because you were in fact using very
much larger quantities of fertilisers and feeds
in your dairy systems in particular, and also
with your pigs, than are used in many other
countries in Europe. What I am really saying
is you showed us some very good results in a
very short time. Do you think those can be
extrapolated to other countries where inputs
at the moment are very much less than they
have been in the Netherlands?
Frans Aarts: When I worked in another country I said, well, why should you not increase
production per hectare. It is possible. In the
situation in our country it was very intensive,
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so for us as scientists it was rather easy to
say, well, you can improve the system. But I
think that when you have more contact with
the people who are farmers, or from the government, people with real problems, then the
scientists have a good job, I am sure, in every
country.
John Archer: Do you think there is any chance,
particularly in the early years of adoption of
this approach in the Netherlands, for the
farmers to actually get a premium price from
the market place, because they are producing
a more environmentally friendly product.
Frans Aarts: When you go organic you get a
better price. But I don´t like the idea that
farmers have a better price. Why should
they? They have to produce clean food. That
is their faith in the future. You have to be
clean before you can produce groundwater.
For nature and the landscape you need a
clean system. With high losses it is impossible. And that is the future I think.
Martin Körschens: Concerning your last
words, I think there is no other solution. We
must pay for the environmental protection.
The people must pay for this. And the farmer
is not only responsible for the production. He
is also responsible for the environment, for
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the landscape and also for clean water and a
clean atmosphere. It is from my point of view
that we have the same problems as in the
Netherlands. The only solution is to pay for
this. We have a special system developed by
the administration in Türingen to calculate
and to estimate the environment pollution of
the different farms. As a consequence of this
developed system we want to develop a
method to pay and give the money to the
farms.
Thomas Kjellquist: It sounds so easy when you
present it. My question is why was the recommendation so high in the beginning? Why did
the advisors recommend this high level of
nitrogen and phosphates?
Frans Aarts: It is not difficult because land is
so expensive. The system is that the farmer
needs to reduce his area of land. He has milk
production, but land is so expensive that it is
better to have more fertiliser, more concentrates etc. than extra land. So he is fertilising
a lot. He is buying concentrates to reduce the
amount of land he needs for his cows. It is too
expensive. Fertilisers are very cheap. Land is
very expensive. So then he produces large
quantities of milk per hectare and with a lot of
fertiliser and a lot of concentrates. It is economic, I think.
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Summary
Over the last 10 years a range of research
based policies have been introduced in England to help reduce nitrate loss from agriculture and improve the efficiency of nitrogen
use. The main concern is the number of drinking water sources that exceed 50mg/l nitrate
and need to be blended or treated before they
can be put into supply.
Three main policies have been introduced.
Advice based on government Fertiliser Recommendations and Codes of Good Agricultural Practice have been widely promoted.
Payments have been available on a voluntary
basis to farmers in Nitrate Sensitive Areas
who have made substantial changes to their
farming system, including conversion of arable to extensive grassland. More recently
farmers in Nitrate Vulnerable Zones designated under the EU Nitrate Directive are required
to conform to a set of legal obligations which
particularly affect the way that animal manures are applied to the land.
No detailed action beyond guidance in
Codes of Practice has been taken to date on

ammonia and nitrous oxide. But it is recognised that actions targeted on one nitrogen
species may transfer the loss to another species rather than improve the overall efficiency of use of nitrogen inputs.

Introduction
This paper summarises actions taken by Government and the farming industry in England over the last 10 years on nitrogen loss
from agriculture. Before 1989, a considerable
amount of R&D on nitrate loss had been carried out and a number of desk studies had
examined possible ways of reducing nitrate
loss. But no actual steps had been taken to
persuade or require farmers to act. There is a
long history of providing Government advice
on fertiliser recommendations for farmers in
the UK and of carrying out an annual Survey
of Fertiliser Practice. The Survey has always
shown that UK farmers rarely exceed the economic optimum nitrogen requirement of
crops. Utilising animal manures efficiently
has always been the greatest challenge.
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Policy concerns

Policy options

During the 1970’s, there were concerns about
the ability of a few groundwater sources to
keep within the WHO 100mg/l nitrate standard. This concern increased during the 1980’s
with the adoption of the EU 50 mg/l nitrate
standard. The situation today is that several
groundwater sources have exceeded or are
predicted to exceed 50 mg/l in the near future
and action has been taken, both by the water
supply companies to avoid 50 mg/l water being supplied for drinking and by designation
under the Nitrate Directive. About 2/3rds of
drinking water in England and Wales is abstracted from surface water where the nitrate
concentration varies during the year.
Nitrate limited eutrophication of estuary
and coastal waters in England and Wales has
been studied for many years. The link between nitrogen and biological disturbance
has not been proved and hence no designations under the Nitrate Directive have been
made. This is not too surprising due to the
amount of mixing because of tidal activity
around the whole UK coastline.
The extent of acidification of inland water
bodies and semi-natural terrestrial habitats
has caused concern over many years. As sulphur dioxide emissions have been reduced
drastically during the last 20 years, the emphasis on acidifying nitrogen species, particularly ammonia, has increased. The UK favours target based controls for dealing with
acidification and has helped develop the critical load methodology for use in applying
national controls on the deposition of acidifying atmospheric pollutants.
The contribution of nitrous oxide to the
greenhouse gas load in the atmosphere has
been recognised and semi-quantitative assessments of the loss from agriculture have
been made. But the science is not yet adequate to make robust assessments.

The UK has a long history of relying on persuasion rather than regulation in addressing
issues such as nutrient pollution. In recent
years, this attitude towards environment issues has changed not least due to the substantial amount of EU legislation that the UK
has agreed to. The EU Nitrate Directive is now
the main legislative basis for limiting nitrate
loss from agriculture. Regulation on ammonia
loss will probably be implemented in the next
few years.
More recently, economic policy options
have attracted attention. There is an ongoing
policy debate on the possible introduction of
a pesticides tax and the possibility of some
form of nutrient levy or tax has been raised
by Government. The market is also having an
increasing influence. Many buyers of farm
produce, particularly fresh fruit and vegetables, require producers to grow to an audited
production protocol that requires that techniques to minimise environmental damage
are followed.
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Research and development
Over the last 15 years, the Ministry of Agriculture, Fisheries and Food have funded a major
programme of work, originally on nitrate but
more recently covering ammonia and nitrous
oxide. This has provided the scientific basis
for the individual measures in regulations,
incentive schemes and advice. It has also enabled models to be developed, predicting nitrate loss at farm, regional and national
scales. These have been used to monitor the
expected impact of changes in farming practice. This is particularly important for most
groundwater systems in the UK which have a
response time of 20-50 years between change
in land management and resultant effect on
nitrate in abstracted water.
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The 4 themes of the current programme are:
* efficiency of nitrogen use
* encouraging best use of manures
* whole farm systems studies
* policy support modelling

Agriculture in England
Most nitrate polluted waters in England are in
the Central and Eastern part of the country
which is predominantly arable. Few dairying
areas are associated with high nitrate concentrations in water, even though losses per hectare are known to be higher. This is due entirely to variation in excess winter rainfall.
This varies from 150mm in the driest arable
areas of East Anglia to 400mm for Central
England. The grassland lowlands of the north
and west exceed this figure. This strong eastwest gradient in rainfall determines the nitrate concentration in the drainage water.
Very low losses per hectare are needed in the
low rainfall areas to achieve a concentration
in the drainage water below 50mg/l, especially as nitrous oxide losses are low from these
areas.

Trends in nitrogen balance
Calculation of average farmgate nitrogen balance gives a simple assessment of the potential for nitrogen loss, both over time and between farming systems. The farmgate balance is nitrogen input (mainly fertiliser, animal feed and atmospheric deposition) minus
output (crop and animal products removed
from the farm). The trends in balance (positive surplus) over the last 25 years show relatively little change. The surplus from arable
systems have increased from about 90 to 110
kg/ha N per year. This is mainly due to a combination of increased low removal crops, particularly oilseed rape, and a small increase in
use on cereals, associated with increased
autumn sowing particularly of barley.

From 1975-1990, the surplus on grassland
farms increased from about 120 to 140 kg/ha
N per year. This is due mainly to increased
stocking densities, particularly of dairy cows.
This surplus has reduced slightly during the
mid-1990’s, due mainly to the reduction of
cattle numbers.
Nitrogen balance (surplus) is due almost
entirely to farming system and has little to do
with changes in fertiliser application rates,
assuming economic optimum usage which
has been the case in England for the past 20
years.

Nitrate Sensitive Areas
In 1990, 10 voluntary pilot Nitrate Sensitive
Areas were established in which farmers
were compensated for adopting practices
targeted at reducing nitrate leaching. Ten
groundwater catchments were selected where
nitrate concentrations in the abstracted water exceeded, or were at risk of exceeding,
50mg/l. The ten catchments covered a range
of farming systems and hydrological conditions.
The agricultural measures were packaged
into a two-tier scheme containing Basic and
Premium options. The Basic Scheme options
allowed a continuation of arable farming, but
in modified form, resulting in higher costs
and/or lower outputs. The measures included
restrictions on rate and timing of fertiliser
and manure applications, maintenance of
green cover during the autumn and controls
on ploughing up grass. The Premium Scheme
included 4 options for conversion of arable
land to extensive (including unfertilised)
grass. Payments to farmers were assessed on
an income forgone basis. When applications
closed in 1991, 87% of the agricultural land in
the NSAs were in the scheme.
Detailed monitoring of changes in farm
practice was undertaken and the resulting
change in nitrate loss was predicted using
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computer modelling. The modelling was validated using a programme of field measurements using porous pot. Overall the reduction in nitrogen fertiliser use was 13% for land
in the Basic Scheme and 23% when the Premium Scheme land was included. There was an
average reduction in loading of manure nitrogen of about 42kg/ha N. Early establishment
of autumn cover crops was found to reduce
nitrate losses by about 50% compared to similar land sown to winter cereals. Very low
losses were measured in fields after conversion from arable land to Premium Scheme
grass, which received little or no nitrogen fertiliser.
Overall the scheme was predicted to have
reduced nitrate loss by around 20% in 9 out of
the 10 pilot areas. The Scheme showed that it
was possible to introduce changes to farming
methods on a voluntary, compensated basis
which were effective in reducing nitrate loss.
Following adoption of the 1992 EU Agri-environment Regulation 2078, the original 5 year
agreements were integrated into a new voluntary scheme and the number of NSAs was increased to 32.

Nitrate Vulnerable Zones
Farmers in 66 nitrate vulnerable zones in England are required to farm according to the legal rules in the EU Nitrate Directive. The NVZs
include many small groundwater catchments
and a few large surface water catchments
used to supply drinking water. In total about
600,00 ha have been designated as NVZs. A
booklet – Guidelines for farmers in NVZs – is
available to explain the legal obligations that
apply to all farmers with land in one of the
zones. The zone boundaries are the best estimate of the hydrological catchment of the
polluted source.
The rules that apply may be summarised
as follows:
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Closed periods
Do not apply nitrogen fertiliser between 15
September and 1 February for fields in grass,
or 1 September and 1 February for fields not
in grass, unless there is a specific crop requirement during that time.
Non-spreading conditions
To reduce the risk of run-off do not apply nitrogen fertiliser when the soil is:
– waterlogged; or
– flooded; or
– frozen hard; or
– snow covered.
Steeply sloping fields
Do not apply nitrogen fertiliser to steeply
sloping fields.
Crop requirement limitation
Do not exceed crop requirement for the quantity of fertiliser nitrogen applied to each field
each year, taking account of crop uptake and
soil supply from soil organic matter, crop residues and organic manures.
Avoiding pollution of surface waters
Do not apply nitrogen fertilisers in such a way
that makes it likely that they will enter directly into surface water.
Fertiliser application
Nitrogen fertilisers should be spread as uniformly and accurately as is practically possible to the cropped area.
Farm-based limits
Applications of organic manure (including
sewage sludges) shall not exceed 250 kg/ha of
total nitrogen each year averaged over the
area of grass on the farm, and 210 kg/ha of
total nitrogen each year averaged over the
area of the farm not in grass. These rules apply to all farms using organic manures, whether producing or receiving them.
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Field-based limit
Organic manure shall not be applied to any
field at a rate which would result in the total
nitrogen supplied in the manure exceeding
250 kg/ha in any 12 month period.

stantially enlarged installations for the containment of slurry and silage must conform
with The Control of Pollution (Silage, Slurry
and Agricultural Fuel Oil) Regulations 1991
(amended 1997).

Crop requirement limitation
Do not apply more available nitrogen in organic manure that the amount required by
the particular crop being grown.

Minimum storage requirements
The storage capacity available for those animal manures which cannot be applied during
the autumn closed periods must be sufficient
to cover these periods unless other environmentally acceptable means of disposal are
available.

Closed periods
On sandy or shallow soils do not apply slurry, poultry manures or liquid digested sewage
sludge
– between 1 September and 1 November to
fields in grass, or to sown with an autumn
sown crop, or
– between 1 August and 1 November to
fields not in grass, nor to be sown with an
autumn sown crop.
Non-spreading conditions
To reduce the risk of run-off do not apply organic manures when the soil is:
– waterlogged; or
– flooded; or
– frozen hard; or
– snow covered.
Steeply sloping fields
Do not apply organic manures to steeply sloping fields.
Buffer strip for surface waters
Do not apply organic manures within 10 metres of surface water.
Spreading organic manures
Organic manures should be spread as accurately and uniformly as is practically possible.
Legal requirements
All new, substantially reconstructed, or sub-

All farms must keep adequate records relating to livestock numbers and the use of inorganic nitrogen fertiliser and organic manures.

Fertiliser recommendations
As part of the implementation of the Nitrate
Directive, the Ministry of Agriculture, Fisheries and Food continues to publish and keep
up to date its ’Fertiliser Recommendations
for agricultural and horticultural crops’ booklet. This, publication which is produced in
consultation with the fertiliser manufacturers
and farmers organisations provides guidance
on the NPK fertiliser requirements of the
main field crops. Although not a legal obligation, farmers in NVZs will need to be able to
explain to the Environment Agency who enforce these regulations why they are exceeding any figures in this book.
These recommendations are economic
optima for crop production, taking account of
current crop and fertiliser prices. It is important that this basis for the figures is maintained. Otherwise the publication will lose its
credibility as a source of unbiased advice.
The booklet also includes a key section on
the utilisation of nitrogen in animal manures.
The UK Government has funded considerable
research on improving the reliability of pre107
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diction of the fertiliser equivalent of animal
manure applications to land. Work in the early 1990’s established that farmers were not
taking manure and slurry into account when
working out their nitrogen fertiliser use because they did not have confidence in the
scientific information available. R&D over the
last few years and the development of computer based decision support systems has
helped to improve what remains an imprecise
assessment on farms. Farmers in NVZs are
legally required to take the nitrogen availability in manures into account when working out
fertiliser requirements.

Codes of Good Agricultural
Practice
In 1991, Government produced the first edition of its Code of Good Agricultural Practice
for the protection of water. This was followed
by Air and Soil Codes. All 3 Codes were revised in 1998. The Codes provide an authoritative source of guidance to farmers in England and Wales on how they are expected to
take into account the protection of water, air
and soil when taking decisions on the management of their farms.
The Water Code covers all aspects of point
source pollution risk on farms, particularly
those concerned with animal manures and
slurries. It also covers silage effluent, fertilisers, fuel oil, sheep dip, pesticides and animal
carcase disposal. The Code contains a section dealing with diffuse pollution of nitrate
and phosphate. The nitrate section meets the
Nitrate Directive obligation to provide a Code
to guide farmers not in NVZs on minimising
nitrate loss from their farming systems.
On nitrate, guidance is given on how to use
organic manures effectively on the farm. In
particular, farmers are advised not to apply
more than 250 kg/ha of total nitrogen in organic manure in any 12 months and not to
apply more available nitrogen than the crop
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needs. Elsewhere the Code provides guidance on producing a Farm Waste Management Plan to minimise the risks of both runoff and diffuse pollution from livestock manures and slurries.
The Code provides detailed advice on the
use of inorganic nitrogen fertiliser, the maintenance of crop cover, managing crop residues, autumn cultivations, managing grassland, ploughing up grass and irrigation practice. All can help reduce nitrate loss.
The new edition of the Air Code provides
advice for the first time in the UK on how
farmers can reduce ammonia loss from livestock farming systems. There has been little
action to date on promoting ammonia reduction measures to the industry. This Code also
discusses nitrous oxide in general terms.

Indicators of sustainable
development
In the last 3 years, increasing national and
OECD interest has been focused on generating meaningful indicators of sustainable development. Sustainable development takes
into account economic and social factors as
well as environmental concerns. The aim is to
produce indicators that together show that
development, of in this case agriculture, is
becoming more sustainable.
Indicators that have been proposed by
Government for sustainable agriculture in the
UK include:
a) Nutrient Losses to freshwater
* Nitrate losses from agriculture to freshwater in selected catchments
* Proportion of agricultural soils at different phosphorus levels
* Phosphorus losses from agriculture to
freshwater in selected catchments
b) Nutrient management practices
* Proportion of agricultural land which
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is regularly sampled and analysed for
phosphorus content
* Timing of slurry applications and months
of available storage on the farm
* Types of machinery or techniques used to
apply manure and slurry to land which reduce polluting emissions
c) Ammonia emissions
* Ammonia emissions from agriculture
d) Greenhouse gas emissions
* Methane emissions from agriculture
* Nitrous oxide emissions from agriculture
It is important that these indications meet
the OECD criteria if they are to be used in future to monitor the performance of the farming industry. Further work is needed before
conclusions on the most appropriate indicator and their use can be drawn.
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