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Foreword

Devising strategies that foster long-term economic development in Europe within a framework of ecological sustainability is the major theme of IIASA's study: The Future Environments for Europe: Some Implications of Alternative Development Paths. This
Working Paper is a direct contribution to that study.
There have been many reports in the environmental literature linking agricultural activities t o ecological degradation. Few of them, however, have a time horizon of decades t o a
century. When viewed over such a time span, ecological alterations, that may currently
appear t o be minor in the short term, may cause major environmental effects due t o the
accumulation of small changes over many years. From a policy point of view, such effects
are important for two reasons. Firstly, they may come as a "surprise" to governments
and the public alike. Secondly, once the major change is observed, it may be too late to
develop an appropriate management strategy to minimize much of the damage. (The
sudden advent of Waldsterben in Central Europe in the early 1980's is a recent example.)
From a scientific point of view, such effects are of interest because they exemplify how
changes, occurring on relatively slow time scales, can trigger sudden threshold responses
in the environment.
This paper has been written by H. Behrendt of the Institute of Geography and Geoecology, Academy of Sciences of the German Democratic Republic. Mr. Behrendt was an IIASA YSSPer during the summer of 1987.
W.M. Stigliani
Study Manager
Future Environments for Europe
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CHANGES IN NONPOINT NUTRIENT LOADING
INTO EUROPEAN FRESHWATERS: TRENDS AND
CONSEQUENCES SINCE 1950 AND NOT-IMPOSSIBLE
CHANGES UNTIL 2080

Horst Behrendt

SUMMARY
An analysis of changes since the 1940s in nonpoint nutrient loadings into aquatic ecosystems was performed for four Central European countries. The work was based largely on
statistics of agricultural production. As part of the study on the Future Environments for
Europe: Some Implications of Alternative Development Paths (STIGLIANI et al, 1987),
the goal was to contribute to the understanding of major changes in the European environment that might result from natural environmental variations or from human activities.
Trends for nutrient loading in the past were estimated and not-impossible future changes
were considered for a time scale of one hundred years.
Input-output analysis and mass balances of nutrients were used for the investigation.
A continuation of the current agricultural practice might lead, not only to high rates of
nitrate leaching, but also to a real risk of phosphorus leaching in the time scale considered. Soils with low phosphorus sorption capacities and a high water table are especially vulnerable if the current phosphorus application practices in agricultural areas continue.
A method for determination of nitrogen fixation is proposed based on an input-output
analysis of the agricultural nitrogen cycle.
General features of the connections between nutrient inputs to and nutrient losses from
agricultural areas were derived. On this basis, it seems possible to quantify the effects of
different strategies of agricultural development regarding their influences on the different
environments and nutrient loadings.
A comparison of different strategies shows that only a better nutrient utilization guarantees decreasing nutrient losses t o soils and waters in the future.
In the case of nitrogen, an increase in nitrogen fixation or in denitrification, especially
based on new biotechnologies, might reduce nitrogen leaching, but a substantial improvement in our knowledge of all the processes controlling the nitrogen cycle is needed.

The systems analysis approach as well as the statistical databases used permit the realization of similar analyses regarding other relevant materials or elements with minimal additional effort.

1. INTRODUCTION

Currently the biogeochemical cycles of two essential nutrients - nitrogen and phosphorus are strongly influenced by human activities. The highest use of these nutrients in the
world is concentrated on the European continent.
The input from artificial fertilizers of nitrogen and phosphorus to European agriculture in
1982 was approximately 15 million tons of N and 3.5 million tons of P, ( F A 0 statistics
1985). The influence of man on the nitrogen and phosphorus cycles has changed drastically in the last four decades. In comparison to the fifties, the agricultural demand of nutrients has increased more than threefold.
Environmental consequences of these changes are manifold and serious. In general, many
effects on the environment, especially on the water resources, are known. However, with
regard to general trends for the continent as a whole, the composition of nutrient loads
and, in particular, their rates of change have so far not been subject t o thorough investigation.
Nutrient loadings into freshwaters and coastal waters from point and nonpoint sources
have increased during the last decades. This has resulted in eutrophication of lakes, rivers
and seas (especially the North Sea and the Baltic Sea), contamination of ground and
drinking waters, health risks and other impacts. Above all, the eutrophication of the
North and the Baltic Sea, as shown by ANONYMOUS (1987)) BABENERD and
ZEITZSCHEL (1985), LARSSON et a1 (1985) and NEHRING (1985), show the international scale of the nutrient loading problem. Therefore predictions of nutrient loadings are
necessary in order t o make well-informed decisions for dealing with these problems. This
requires understanding the current situation, long-term changes of loading and long-term
behavior of aquatic ecosystems. Long-term measurements only exist in a few cases, and a
generalization of these measurements to larger regions, countries or the continent as a
whole is not possible. Additionally, the connection between these measurements and
general relevant parameters of human development is necessary.

2. MATERIAL AND METHODS

The analysis and future prediction of the freshwater nutrient loading for a certain region
is based on:

-

the analysis of changes in the relevant and available parameters describing human
development,
the analysis of changes in loadings from different nutrient sources on the basis of
models including the parameters mentioned above as input,
the analysis of the present situation and regional differences, and;
the analysis of additional parameters influencing the nutrient loading indirectly.

These analyses form the bssis for identification of the main future sources and areas of nutrient pollution, and thus may assist decision makers. The investigations were concentrated on the analysis of 4 different countries in the European continent, Denmark, Germany,
F.R., G.D.R. and The Netherlands. Due t o their close location, there are no big
differences in climatic conditions, which could influence the analysis. The method esta-

blished here could also be extended to other countries and regions of Europe.
Statistics on the development of agricultural production were the main data base. In
most cases the statistical yearbooks were sufficient for getting the necessary information.
In cases where statistical yearbooks were insufficient, other statistics ( F A 0 or EC) were
used as a supplementary source. The main difficulty was the estimation of greenfodder
yield for The Netherlands. In years without data on greenfodder yield, the correlation
between greenfodder yield and total crops was used to estimate it (including maize).
The main methods adopted were the calculation of material balances, and input-output
analyses. Data for the quantification of the different processes were taken from the literature with the exception of the processes connected with nutrient loading. Estimates for
the loading were obtained from the mass balance calculations, from which their changes
and trends were compared with measured data.

3. N O N P O I N T S O U R C E S O F ( F R E S H W A T E R ) N U T R I E N T L O A D I N G

The magnitude of nutrient loadings from nonpoint sources into aquatic ecosystems, as
well as their changes over time depend on various factors. Firstly, the behavior of the nutrient itself in different ecosystems and its different chemical forms affect the losses.
Secondly, geological, geochemical, geophysical and hydrological factors differing from
watershed t o watershed strongly influence the flux of nutrients from terrestrial to aquatic
ecosystems.
Furthermore, the significance of the loading is dependent on human activities giving rise
to the loading directly, but also on more general parameters, characterizing the develop
ment and the state of a region; e.g., population density, consumptive behavior, industrial
production, and the efficiency of wastewater treatment. In all European countries, improvements in waste water treatment in the last decade have resulted in a leveling off or
even in a drastic reduction in point source loading (for example in Sweden and Finland).
Compared to point sources, information about nonpoint sources and treatment methods is
rather sparse. In most countries, nonpoint or diffuse nutrient loading was not recognized
as a problem until the late 1960s. Only in the last decade has it been realized that the
reduction of wastewater inputs may not solve the eutrophication problem. Nonpoint
sources may account for more than 50% of the total nutrient load (VOLLENWEIDER,
1974, NOVOTNY and CHESTERS, 1981). In many areas, nonpoint sources, such as
runoff from cropland and urban runoff, are becoming more and more a dominant pollution
problem.
Therefore, this paper investigates the historical changes in nonpoint nutrient loadings,
their connections to important development activities (for example, agriculture) and the
"not-impossible" changes in these sources that might occur in the future.
The main sources of nonpoint nutrient loading are the output processes from the different
terrestrial ecosystems, especially agricultural, forested and urban areas, as well as nutrient deposition from the atmosphere. This paper mainly focuses on nutrient loading
from agricultural and forested ecosystems.

3.1

Nutrient inputs from the atmosphere

3.1.1.

Phosphorus

Data on the atmospheric part of the phosphorus cycle, and especially on the phosphorus
deposition, are scarce. The main sources of atmospheric phosphorus are believed t o be
high temperature combustion of organic matter, dust from terrestrial areas, and seaspray.
PIERROU (1976) estimated the global input of phosphorus to the atmosphere caused by
burning of coal and oil t o be about 0,08 Tg P/yr. Estimates for the other two sources are
not available, but comparison of the value from combustion t o the calculated global fallout (dry and wet deposition) indicates that P-inputs by sea-spray and dust must be
about two orders of magnitude higher than annual input due to combustion.
The P-concentrations in rain water measured by different authors vary from less than
0.002 mg TP/1 ( T P - total phosphorus) for rural areas t o more than 1.1 mg TP/1 for industrialized or urban regions (RIGLER, 1974, NOVOTNY and CHESTERS, 1981). Data
on P-deposition rates have been published by AHL (1979), BERNHARDT (1978),
RIGLER (1974) and WAGNER and WOHLAND (1976). They vary as much as the Pconcentrations in rain water, the average being between 0.2 and 0.7 kg P / ha yr.
WAGNER and WOHLAND (1976) estimated the changes in phosphorus deposition with
time. On this basis it can be assumed that the P-deposition rate of the Bodensee region
has increased between 1963164 and 1973174 more than fivefold.
Because dust is one of the main sources for phosphorus in the atmosphere, it can be assumed that the phosphorus deposition rate depends on dust emissions caused by human
activities. In contrast to the results of WAGNER and WOHLAND (1976), statistics on
dust emissions show a continuous decrease since 1966 (Statistical yearbook of Germany,
F.R. 1986). Due to the present ignorance on sources of phosphorus in the atmosphere and
their historical trends, it is very difficult to estimate future phosphorus deposition.
However, on the basis of existing data, the following assumptions on P deposition were
made:

-

After the Second World War the P-deposition was about 0.2 Kg P l h a yr and increased linearly with time until the mid 1970s, when it reached an average value of
0.5 kg/ha yr in large regions of Central Europe.
Since the end of the 1970s the deposition rate has remained almost constant and will
decrease slowly in the next decades.

These assumptions form a basis for modeling of the P-cycle in agricultural and forested
ecosystems, and the direct loading of freshwater from the atmosphere.

3.1.2.

Nitrogen

The atmospheric part of the nitrogen cycle has been investigated in more detail than that
of phosphorus, especially in connection with the problem of acidic deposition.
Data exist on current and past emissions of arnmonia/ammonium and nitrogen oxides.
Statistical yearbooks of Germany, F.R. and The Netherlands include statistics on the emissions of nitrogen oxides (calculated as nitrite) for the main sources for the period of 1966
to 1985. ASMAN (1986) quantified the sources of ammonia emissions for the whole continent in 1982. On the basis of his assumptions, historical changes of ammonia emissions
can be estimated. Many authors have investigated the nitrogen deposition and its consequences in different regions of Europe with special emphasis on acidification and
"Waldsterben". Time series for ammonia and nitrate wet fall-out were published by JORGENSEN (1979) (cited by SCHRODER, 1985) for Denmark. Changes of nitrate deposition a t some experimental stations of England were shown by GOULDING et a1 (1986).
An overview on the changes of nitrogen deposition in Scandinavian forests during the last
hundred years was given by ANDERSEN (1987).
From all this material, it can be concluded that nitrogen deposition varies greatly from
region to region, but in most cases it has strongly increased (doubled or tripled) since the
end of the 1950s. The main sources for nitrogen in the atmosphere are the volatilization of
ammonia from animal excreta, other organic material and nitrogen fertilizers (see BUIJSMAN et al, 1985)) and from combustion sources (cars, industries, and power plants).
The atmospheric nitrogen input to terrestrial and aquatic ecosystems was calculated for
each country on the basis of livestock and fertilizer consumption statistics and published
data on nitrogen oxide emissions. The specific ammonia emission factors published by
BUIJSMAN et a1 (1985) were used. Nitrogen deposition rates were recalculated from the
total emissions by means of the results of the ammonia transport model of ASMAN
(1986). For Denmark and G.D.R., data on nitrogen oxide emissions were not available.
It was assumed that Denmark has approximately the same specific nitrogen oxides deposition rates as The Netherlands. In G.D.R., more than 80% of the cars use single stroke engines, and brown coal is the major fuel for industry and electricity production. Both of
these sources produce relatively low nitrogen oxide emissions. Therefore, it was assumed
that the nitrogen oxide emissions of the G.D.R. were less than 50% of those in Germany,
F.R., but that the historical trends past have been parallel.
For Central Europe the current annual nitrogen deposition is estimated to vary between
30 and 50 kg N/ha. About 50 % of this is deposited as ammonia or ammonium originating
from agricultural sources. In the 1950s the nitrogen deposition amounted to 15-20 kg
N/ha i.e., less than 50 % of the present deposition. Assuming that the wet deposition accounts for approximately 50 % of the total nitrogen deposition (dry and wet deposition),
the estimates agree with measured nitrogen deposition rates (see STEWART et al., 1983,
SCHRODER, 1985, BABENERD and ZEITSCHEL, 1986 and ANDERSEN, 1987).

3.2.

Nutrient loading from agricultural areas

Among human activities, agriculture is the main consumer of nutrients. Especially after
the Second World War, the demand for chemical fertilizers has grown rapidly in connection with the increase of agricultural production. Overviews of the development of agricultural fertilizer consumption for different countries and for the whole world have been

given by various authors (for example see KONPLAN DIKS et al, 1985; STEWART et al,
1983; PANNIKOW and MINEJEW, 1980 and BERNHARDT, 1978). The largest increase
in fertilizer use has occurred in Europe. The development with time shows similarities in
different countries. Firstly, a strong increase in phosphorus fertilizer use occurred in the
late 1950s and early 1960s. In the 1970s the consumption of P-fertilizer remained constant
followed by a slight decrease. The development of nitrogen fertilizer use differs from that
of phosphorus in that there has been a continuing growth in the 1970s. Only in the 1980s
can a leveling-off be observed. Generally, it has to be noted that the consumption of
chemical fertilizers has increased more strongly than agricultural production has increased. The consequences are well known, particularly in the case of nitrogen. The loadings into waterbodies have reached such high levels that nitrogen concentrations in drinking waters in many parts of Europe pose a risk for human health. Also, other nutrient inputs t o agricultural areas, such as manure application and nutrient deposition from the
atmosphere have increased more or less continuously in the last 40 years.
In the following, trends and quantities of nonpoint nutrient loadings caused by agricultural development are estimated using generally available statistical data. The first step in
the analysis is the estimation of the nutrient mass balances for each country (expressed
per hectar of agricultural area).
As a first approximation, the nutrient losses t o the different environmental reservoirs
(soil, water, atmosphere) were assumed t o be equal t o the differences between all nutrient
inputs to and outputs from crops from this area,
C ( L O S S E S ) = C ( I N P U T S - OUTPUTcRops)

Statistical yearbooks between 1949 and 1986 for the 4 countries (Denmark, Germany,
F.R., G.D.R. and The Netherlands) were used to estimate the fertilizer consumption and
nutrient inputs by manure application on the one hand, and outputs by crops on the other. The calculation of nutrient inputs by manure was carried out on the basis of the livestock data (cattle, pigs, sheep and poultry) multiplied by the specific nutrient amount excreted per animal and year. The nutrient output by crops was calculated based on the
yield of different crops and their specific nutrient content. It was assumed that the specific
nutrient amount per animal as well as the specific nutrient content of plants are the same
in the different countries and have not been changed with time. The specific values used
for animals and plants are given in Tables 1 and 2. They are mean values from different
published sources (BERNHARDTJ978; STEWART et al, 1983; LAWA,1982; PANNIKOV and MINEJEW,1980; HAMM,1976 and BOSSHART, 1985). A reduction was assumed for nitrogen by emission factors of ammonia presented by BUIJSMAN et al.
(1985).
The calculated values of nutrient inputs due to manure application are comparable with
published data (see Statistical Yearbook of The Netherlands, 1980, 1983 and 1986).

3.2.1.
3.2.1.1.

The phosphorus cycle in agriculture and its consequences
Input

- output analysis

The main processes of the agricultural phosphorus cycle are shown in Figure 1.

Table 1

Specific annual amounts of nutrients excreted by different animals.

specific Phosphorus
amount
[ Kg P/(animal yr) ]
specific Nitrogen
amount
[ Kg N/(animal yr) ]

Cattle

Pigs

Sheep

Poultry

12.2

2.3

1.1

0.23

46.0

10.8

8.9

0.22

Table 2: Specific nutrient contents of different agricultural plants
plant
Cereals

spec. P-con ten t

spec. N-conten t

4.8
7.6

28
60
5

Fodder beets

0.8
0.8
0.45

3

Greenfodder
Vegetables

3.0
1.2

18
6

Lenumes
Potatoes
Sugar beets

5

Phosphorus inputs into agricultural areas by seeds and sewage or wastewater sludge are
not considered in the following analysis, because these inputs are small in comparison t o
the other inputs. In general, the nutrient content of sewage and waste water sludge is
comparable with that of fertilizers (further see Section 3.),but as a source of phosphorus
they amount t o only about 10 % of fertilizer consumption.
The input - output analysis (without deposition) is presented for two countries (Germany,
F.R., and The Netherlands) in Figures 2 and 3. The analysis assumes that all the phosphorus from manure and fertilizer was applied evenly on the total agricultural area. This
is a very crude simplification, but d a t a bases and time were insufficient for a detailed regional analysis. In all countries a continuous growth of phosphorus inputs by manure and
fertilizers until the year 1980 was recorded by increasing fertilizer consumption, as well as
increasing amounts of live-stock. Since 1980,the P-inputs t o agriculture have decreased in
Denmark, Germany, F.R. and G.D.R. caused by reductions of fertilizer application.
Compared to the phosphorus inputs, the increase in P-outputs is smaller and shows more
annual variation due t o the strong dependence of agricultural yields on meteorological
conditions.
The difference between input and output is determined more by inputs than by outputs.
This difference can roughly be interpreted as the amount of phosphorus accumulating in
the soil each year, because, in general, the losses of phosphorus into water courses are
very small compared t o the difference (an overview on measured P-loading rates from
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Figure 1: Main processes determining the phosphorus cycle in agricultural areas.
different areas is given in Table 3). That means that at present 20 - 45 Kg P/ha is accumulating annually in the soil depending on the P-input.

In general the utilization rate of phosphorus inputs has decreased until very recently.
This current trend of increasing phosphorus utilization is caused not only by reduction of
P-inpute, but also by favorable meteorological conditions.
Figure 4 presents the relationship between the phosphorus inputs and the output by
crops, and the differences of both, respectively. The relationships are similar for all investigated countries, resulting in high correlations.
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Estimated development of phosphorus input by fertilizers and manure, of
phosphorus output by crops and of the difference between input and output
for The Netherlands from 1945 to 1985.

Because the phosphorua deposition rate ie low in comparison to the amount of fertilizers
and manure applied (< 1 %), these relationships do not change significantly when including this input.

3.2.1.2.

Phosphorus loss processes

Since the input-output analysia showed that a significant fraction of the phosphorua inpute in agricultural areas remains unused, it ie important from the environmental point of
view to determine the rate of accumulation of thie unused phosphorua. In the case of phosphorue, direct losses to the atmosphere can be neglected, and the measured losses into
freshwater and/or groundwater are small in comparison to the residual phosphorus retained in agricultural areas. An average value of about 0.5 KgP/ (ha yr) may be assumed

Figure 3:

Estimated development of phosphorus input by fertilizer and manure, of phosphorus output by crops and of the difference between input and output for
Germany, F.R. from 1938 to 1985.

aa the direct phosphorus loading from agricultural areas (HAMM,1976, VOLLENWEIDER and DILLON, 1978, BERNHARDT, 1978 and LAWA, 1982). For natural are- and
forest this loading ia lower (HAMM,1976; VOLLENWEIDER and DILLON, 1978; AHL,
1979 and FIEDLER et al., 1985). A quantitative connection between the phosphorus input and the phosphorus loading must exist, but it has not yet been evaluated in the
literature. It ia aesumed in thia paper that currently, the main part of the unused phosphorus in agriculture remains in the soil.
Consequently, the next questions are, what happens to the phosphorus in the soil, and
how can thie phosphorus influence other processes? First of all, it can be assumed, that
transport processes of phosphorus in soil are slow due to the absorption of P onto soil particles, and to a first approximation, can be neglected. This implies that the phosphorus
content of the upper soil layer haa increased. The magnitude of this change depends on
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Relationship between the phosphorus input by fertilizers and manure and
phosphorus output by crops, and the differences of both processes in the agricultural areas of Denmark, Germany F.R., G.D.R., and The Netherlands over
the time period 1945-1985 (n = 156). Regression equations: P - OUTPUT =
5.831 0.324 * P INPUT; r2=0.74; P - (INP-OUTPUT) = -5.831 0.676 *
P INPUT; r2=0.925.
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the accumulated phosphorus per year. Table 3 gives an overview on the range of soil Pcontent based on different atudiee.
For further calculations, a phosphorus content of 0.08 % or 1600 kg P/ha in the upper 0.2
m of natural mila is aesumed. The calculated 40-year accumulation of phosphorus in the
mil variea between 600 (Denmark) and 1150 (The Netherlands) kg P/ha. That means
that the phoaphorue content of soils haa increased in this period by 40 to 85 % .
Measurementa of the mil P-content confirm these calculations. Statistics on the state of
the phosphorue supply of agricultural areaa in G.D.R., given by RUNGE and MATZEL
(1985), verify an increasing proportion of soils with high P-contents and a large decrease
in soils with low P-content during the last twenty years.

Table 3: Total amount of soil phosphorus in the upper 0.2 meter of the soil profile according t o different authors

WAZER f 1961 1
ERNST and van DAMME
f 1983

0.1 - 0.12
0.08

P-content per
area (*)
[kgP/hal
2000 - 2400
1600

LAWA ( 1982 )

0.015- 0.15
0.05 - 0.10

300 - 3000
1000 - 2000

Author

Specific P-content
of the soil

l%1

PANNIKOV and MINEJEW
( 1980 )

(*) - calculated on the basis of an arbitrary value of soil density of 1 kg dm-3.
Dutch investigations on soil P-sorption capacities show the same tendency. BREEUWSMA and SCHOUMANS (1987a,b) pointed out t h a t in The Netherlands the capacity of the
soil t o sorb phosphate has already been exhausted a t a few locations where soils have become saturated by phosphate.
Assuming t h a t the current trends continue, the phosphorus content of agricultural soils
will increase in the next one hundred years by 150 % t o 300 % i.e., between 4000 and 6000
kg P/ha. Such high values would clearly exceed the normal range of phosphorus saturation in the upper soil layers.
Considering the transport of phosphorus in the soil, two processes have t o be discussed,
the horizontal transport, mainly by erosion, and the vertical transport by leaching due t o
phosphorus saturation of the upper soil layers. Both processes are important for the phosphorus loading into fresh and groundwaters.
Phosphorus loading caused by erosion depends on:

-

-

phosphorus content of the soil
vegetation cover
slope
soil structure
amount and frequency of precipitation.

It can be assumed, as a first approximation, that all the factors, except the phosphorus
content of the soil, remain constant in the future. This implies t h a t phosphorus loading
by erosion will increase in parallel t o the increase in the phosphorus content of the soil.
T h a t would mean that the phosphorus loading of freshwater caused by erosion which has
increased in the last forty years by 40 t o 85 %, will increase in the next hundred years by
150 t o 300 %. Figure 5 presents the estimated changes of the soil P-content in the past
and the not-impossible changes in the future for the four countries investigated. The
trend of the phosphorus loading by erosion may be assumed as approximately the same or
even stronger, taking into account the preferential selectivity of erosion for fine soil particles (clay, silt), onto which the phosphorus is mainly adsorbed.

Figure 5

Changes of the phosphorus content in the soil since 1950 and expected for the
next one hundred years for the four countries investigated. Estimations are
based on annual phosphorus accumulation in the soil. For changes in the future the same rate of applications are assumed as for the period between 1980
and 1985. In 1950 phosphorus content of soil was assumed as 1600 kg P/ ha
for all four countries.

Because some of the other parameters listed above have changed in the past as well, due
to an increase in the mean size of agricultural fields caused by concentration of production, and a higher level of mechanization, the effect of erosion in the past has probably
been even greater than the percent increase in phosphorus content in the soil. The same
applies to future development, if no measures are taken against erosion. N e v e r t h e l ~ ,
only a small fraction of the phosphorus transported by erosion reaches the watercourses.
It is also mostly insoluble, but may, under conditions that favor desorption, be
transformed into water-soluble phosphorus, which is available for uptake by algae, causing subsequent eutrophication.

However, the highest risk of increased phosphorus loading stems from the limited phosphorus sorption capacities of soils. If the current practice of overfertilization continues,
the phosphorus saturation of the upper soil will cause leaching to deeper soil layers.
There is a positive feed-back with respect t o leaching because the phosphorus sorption
capacity decreases with decreasing redox-potential, and the redox-potential decreases with
increasing soil depth. However, currently a substantial lack of knowledge and observed
data exists in this special field.
It can be assumed that the generally higher phosphate concentrations in drainage waters
compared t o natural springs (DRIESCHER pers.com.) are indicative of this phenomenon.
Also, measurements of the phosphorus content in soil profiles show an increase of phosphorus concentration in the upper and deeper layers of agricultural soils. (See for example
ERNST and van DAMME, 1983, PANNIKOV and MINEJEW, 1980).
Recently, Dutch researchers have described this problem in more detail (BREEUWSMA
and SCHOUMANS, 1987 a, SCHOUMANS et al, 1987 and BREEUWSMA and SCHOUMANS, 1987 b). In these studies soil data were used to assess the total phosphate sorption
capacity of the soil. Long-term effects on soils of different manure application scenarios
were simulated, using a regional model. The conclusions authors were:

-

-

High application rates of manure in areas of intensive livestock production may
eventually cause phosphate leaching to ground and surface waters.
At some locations the soil has become saturated with phosphate t o the groundwater
level.
If present application rates are maintained, a significant increase of P-saturated soils
will occur.

These rather worrisome results suggest that further investigations should be conducted.
Because other values of phosphorus sorption capacity do not exist, the data of
BREEUWSMA and SCHOUMANS (1987 a,b) were used for further analysis. The aim
was t o estimate the time scale in which the problem of phosphorus-saturated soils may
occur in other agricultural areas. The calculations suggest that serious problems may arise
in soils with low phosphorus sorption capacities and high water tables. Perhaps 10 % or
more of agricultural areas of the investigated countries belong t o this category.
An average depth of the phosphorus saturated zone in a certain year (or the time needed
until P-saturation reaches a certain depth) was calculated, assuming a P-sorption capacity of 30 kg P/(ha cm) and an annual accumulation of phosphorus equalling current application rates. In the next 100 years the P-saturation of soils would reach a depth of more
than one meter. That means that in all regions with a high water table, phosphorus leaching might occur. The time period needed for leaching is probably even shorter, because
the current application methods aim a t increasing the phosphorus supply of the upper soil
layer, so that more phosphorus may be applied t o soils with a low sorption capacity.
(Compare regional differences in P-fertilizer application with soil maps).
Characteristic time scales for phosphorus saturation of soils is long, because the inputs to
the soil are small compared t o the sorption capacities. This implies that in most areas
there is still time t o study the phenomenon in more detail, and t o find preventive measures.

Changing environmental conditions may also affect the phosphorus sorption capacity.
For example, changes in pH caused by acid rain, and changes in climate are factors which
should be considered in this connection.

In general it is aaeumed that the adsorption of phosphorus does not depend on pH because
phosphorus can be bound by different ions over a wide range of pH. Some authors claim,
however, that phosphorus sorption capacity decreases with decreasing pH (ANDERSON,
1987), while others have concluded just the contrary (HARTIKAINEN 1985). The a p
parent differences in results are very likely due to the different pH ranges discussed by the
authors. Regarding possible changes of climate, two main processes have to be considered.
Firstly, climate may influence yields in a given agricultural area (e.g., higher outputs of
phosphorus may reduce the load t o the soil). Secondly, changes in precipitation and other
parameters of the hydrological cycle are very important, because the phosphorus loading
by erosion as well as by phosphate leaching are influenced very strongly by the hydrological cycle.

3.2.2.

The n i t r o g e n cycle in a g r i c u l t u r e a n d i t s consequences

3.2.2.1.

Input

- o u t p u t analysis

In contrast t o the phosphorus cycle in agriculture, the nitrogen cycle is characterized by
strong connections between air, soil and water compartments. An overview of the main
processes is given in Figure 6.
Several authors have investigated the nitrogen cycle of agricultural systems, and have
tried t o estimate the different fluxes (SCHRODER, 1985; STEWART et al, 1983;
BOSSHART, 1985; KOSHINO, 1975; see also ETCHANCHU and SOUCHU, 1987). Of
the nine fluxes comprising the nitrogen cycle, five may in general be estimated on the
basis of available data. The difficulty is to quantify the other four t o get an estimate of
nitrogen leaching. Different authors have obtained quite different results. Therefore, generalization of the results for nitrogen leaching in different countries or regions is not possible. For such an analysis, the same assumptions and sets of parameters have t o be used
for the different countries or regions.
The magnitude of the difference between nitrogen inputs and yield output and its changes
with time were estimated in the same way as for phosphorus. The losses due to volatilization and ammonia emission were included, using the ammonia emission factors for livestock and fertilizer by BUIJSMAN et a1 (1985). These data were selected because they a p
pear t o be the only data suitable for quantifying the process of volatilization with respect
t o regional differences and changes over time. The emission factors given by BUIJSMAN
et a1 (1985) are based on the total emissions of each source independent of where the emission occurs, so that the method does not distinguish between emissions on the field, during transport or storage, and in livestock sheds.
The results of the input-output analysis are shown in Figures 7 and 8 for Germany, F.R.,
and G.D.R.. In contrast t o the phosphorus cycle, the difference between nitrogen input
(fertilizer and manure application minus volatilization) and nitrogen output by crop yield
was negative or close t o zero up t o the end of the 1950s in both countries. Thus, inputs
like nitrogen fixation and deposition were required up to this time t o produce the recorded
yields. In general, the balance between N-input and N-output seems to be positive only
when the nitrogen input exceeds about 100 kg N per hectar per year. On this basis it can
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Main processes determining the nitrogen cycle in agricultural areas.

be assumed that significant nitrogen loading into watercourses did not occur before the
beginning of the 19608.
Input-output analysis can be used for a rough approximation of the mwimum amount of
nitrogen fixation, which is a general problem for an analysis of the nitrogen cycle on such
a high level of abetraction. The approximation is based on the relation between the
difference in input and output, and the nitrogen input other than from fertilizer and
manure. The relations are presented in Figure 9 for all four countries. The regression
lines for the two parameters (N-yield and N-input minus output versus N-input intersect
the y-axis at about 65 kg N per hectar and year. This intersect may be interpreted as the
rate of nitrogen fixation, which occurs on average for all four countries, even if fertilizer
and manure are not applied. The same calculations for each country separately show
significant differences in the potential N-fixation. In The Netherlands and Denmark it is
about 100 kg N/(ha yr), and in Germany, F.R. and G.D.R. it is about 30 kg N/(ha yr).
The reasons for theee regional differences may be the different climatic conditions, and
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Estimated time trends of nitrogen input by fertilizers and manure, nitrogen
output by crops, and the difference between input and output for Germany,
F.R. from 1938 t o 1985.

differences in the structure of agriculture (for example the relation between cropland and
grassland).
For further analysis of the nitrogen cycle, a maximum value of 65 kg N/(ha yr) was assumed for nitrogen fixation. Moreover, a linear decrease in N-fixation with increasing a p
plication rates of fertilizer and manure was assumed (see STEWART et al, 1983). The
calculated N-fixation approximately agrees with the estimates of SCHRODER (1985) for
Denmark in the years 1950 and 1980.

Figure 8:

Estimated time trends of nitrogen input by fertilizers and manure, nitrogen
output by crops, and the difference between input and output for G.D.R. from
1946 to 1985.

3.2.2.2.

Nitrogen loee procesaee

Six of the nine fluxes of the nitrogen cycle shown in Figure 6 have thus far been estimated. The remaining three are nitrogen accumulation in the soil, denitriiication and nitrogen leaching into aquatic ecosystems.
The process of nitrogen accumulation ia connected with the question of humus supply in
the mil, or more generally with the organic matter content and the rate of mineralization.
The comparison between the average nitrogen content of the mil (about 2400 kg N/ha
given by s~DERLUNDand SVENSSON (1976) for the upper 1 m) and the total inputs
to agricultural areas (200-400 kgN/ ha.yr in the 1970s for the four countries) shows that
the capacity of the mil to accumulate nitrogen is more limited than for phosphorus. The
time delay for i n c r e d nitrogen leaching could be only about ten years. This ia in agree-

Figure 9:

Relationship between nitrogen input by fertilizers and manure, nitrogen output by crops, and the difference between input and output in the agricultural
areas of Denmark, Germany, F.R., G.D.R., and The Netherlands during the
time period 1945-1985. (n = 156). Regression equations: N OUTPUT =
65.4 0.314 * N INPUT; r2=0.762 N (INP-OUTPUT) = -15.4 0.686 * N
- INPUT; r2=0.939

+

-

-

-

+

ment with the time delay observed between the beginning of nitrogen overfertilization and
the k t sigm of increased N leaching. Because the net accumulation of nitrogen has to be
small a t present, this process was neglected in the further analysis.
A separation of the calculated residual losses (denitrification and leaching) is necessary in
order to estimate the amount and the trend of potential nitrogen leaching into watercourses. Such a separation is very difficult, because the processes are closely connected.
The rate of denitrification is mainly determined by the nitrate content in soil water, temperature and the redox potential. B d on various studies (SCHRODER, 1985,
STEWART et al, 1983, SODERLUND and SVENSSON, 1976, PANNIKOV and MINE

JEW, 1980, BOSSHART, 1985 and KOSHINO, 1975) the denitrification rate can be assumed t o increaae linearly with increasing N-inputs, amounting to about 15% of the total
nitrogen inputs. On the baais of this assumption, nitrogen leaching from a given agricultural area can be calculated aa a difference between all input and output fluxes considered.
The reeults of t h b calculation are presented in Figure 10. The same behavior as for phosphorus is t o be seen for this procese too: the potential of nitrogen leaching increases nonlinearly with increasing N-inputs. This behavior corresponds to the qualitative reeults of
several authors (LAWA, 1982; STEWART et al, 1983 and SCHRODER, 1985).

Figure 10: Relationship between the nitrogen input by fertilizers and manure, nitrogen
output by c r o p (N-yields), and nitrogen leaching in the agricultural areas of
Denmark, Germany, F.R., G.D.R., and The Netherlands over the time period
1945-1985 (n = 156). Regression equations: LN (N-OUTPUT) = 1.17 0.67
* LN (N-INPUT), r2=0.827; LN (N-LEACHING) = -5.08 1.70 * LN (NINPUT), r2=0.719

+

+

Only part of the leached nitrogen enters the surface waters. According to KOPLAN-DIKS
et a1 (1985), 25% of the total amount of leached nitrogen reaches the surface waters, and
the remaining 75 % goes to the groundwaters. Denitrification can still continue on the
way from the upper soil layers to the groundwater, resulting in actual N-leaching rates
lower than calculated in this paper.
The estimated ratio of nitrogen leaching in the 1960's and around 1980 is about 2.5,
which is in a good agreement with the changes in nitrate concentration observed in the
Baltic Sea for the same period of time. NEHRING (1985) estimated a ratio of 2.4 based
on measurements in different parts of the Baltic Sea. A similar increase of nitrate concentration with time was described by PROCHASKOWA and BLAZKA (1986) for,
Czechoslovakian rivers, by BENNEKOM and SALOMONS (1981) for the river Rhine and
by ETCHANCHU and SOUCHU (1987) for French rivers.
Consequences of increased nitrate leaching are contaminated drinking water supplies and
eutrophication of aquatic ecosystems. These problems have already been observed since
the 1970s. Therefore, efforts were undertaken in all countries investigated to stop the increase of nitrogen inputs. In connection with increasing agricultural yields, a slightly decreasing trend in nitrogen leaching has been observed in G.D.R., where the nitrogen inputs are smaller than in the other three countries.
Because nitrogen leaching and other processes in the nitrogen cycle are closely connected
with hydrology, the cycle is expected to be highly sensitive to possible changes of climate.
However, quantitative predictions regarding changes in the amount of nitrogen leached
have not been made.
According to current knowledge of the processes determining the nitrogen cycle, decreasing rates of nitrogen leaching are guaranteed by a further increase in crop yields together
with constant or decreasing N-inputs. A significant reduction in nitrogen leaching might
be possible in the future assuming the implementation of new technologies, which might
affect greatly such processes as N-fixation and denitrification.

3.3.

Nutrient losses from forest areas

Regarding forest ecosystems and nutrient loading into watercourses, a similar detailed
analysis was not possible due to time limitations and insufficient data bases.
Therefore, only a summary of the results of other authors is given of the nutrient balance
and the various components of nutrient cycles for forest ecosystems.
FIEDLER et a1 (1985) presented a detailed quantitative overview on the phosphorus balance processes in forested watersheds. At present the phosphorus cycle of forest ecosystems is well-balanced. The P-inputs from deposition and weathering roughly equal the Poutputs by yield and phosphorus losses into water courses. Only whole tree harvesting
leads t o phosphorus impoverishment of the soil.
On this basis, changes in land use from agriculture to forestry might be advantageous for
soils vulnerable to phosphate leaching.

The average P-output from forested areas into water courses is on the order of about 0.1
kg T P / ha.yr, ranging from 0.03 to 0.25 kg P / ha.yr. An increase in phosphorus leaching
is proposed by ANDERSSON (1986) in connection with acidification. But due t o the
small difference between P-input and P-output by trees, phosphorus leaching will increase
significantly only if phosphorus deposition increases as well, or if the uptake by trees decreases as a result of direct effects of acidification on forests.
While phosphorus seems t o be well-balanced in forested ecosystems, the nitrogen budget
is characterized more and more by a surplus of nitrogen inputs (deposition) compared to
the output by plants. In the past, the N-inputs into forests by deposition were small in
comparison t o the total nitrogen content of the soil, and the increase of nitrogen deposition was compensated by increased tree growth (ANDERSEN, 1987 and DICKSON,
1987). However, if the current accumulation of nitrogen in forested ecosystems continues,
a saturation point will be reached resulting in increased leaching of nitrogen (DICKSON,
1987).

4.

Not-impossible f u t u r e changes in nonpoint n u t r i e n t l o a d i n g f r o m agricult u r a l areas

On the basis of the analysis of the four countries, the environmental consequences caused
by different possible future changes in agriculture and land use can be assessed. In this
Section, the not-impossible changes associated with the currently discussed strategies of
agriculture will be evaluated. Three general, quite different scenarios for the development
of agriculture are discussed: continuation of the present trend, separation of agricultural
and natural systems, and integration of agricultural and natural systems.
1.

Continuation

This scenario is based on a continuation of current trends in agricultural productivity. Agricultural activity is focused on increasing the yield by increasing labor productivity. Because a significant overproduction already exists in Western Europe
and in G.D.R., the surpluses must be exported.
2.

Separation

The outlook for the further separation of the different ecosystems is based on the
idea that agriculture and environment might be best served by physical separation.
In this way both interests could be optimally served in their own right and by their
own means (de WIT et al., 1987). The basic assumption of this perspective is that
significant increases in yield are still possible, so that all demands of agriculture can
be met with greater efficiency on a smaller area than a t present. Because the total
output from the agricultural sector should be constant in the future, designated
areas must be phased out of agricultural production. These might be transformed t o
forest or other nature reserves.
Integration

The concept of integration assumes that agriculture and environment are mutually
interdependent, and that both interests are best served by spatial intervention and
integration of their functions ( de WIT et al., 1987). From this perspective, present
day agriculture is too much concentrated on increasing labor productivity and yield
at the expense of the productivity of soil, energy consumption, and other basic
resources, as for example nutrients.

Each of these scenarios may be associated with certain advantages and disadvantages,
depending on one's point of view and time frame. But from the environmental perspective, the third scenario is preferred. All four countries investigated in this report have attained an agricultural productivity level such t h a t food self-sufficiency is secure. Currently
this level must be regarded as the upper limit t o which deleterious influences on the environment can be tolerated. Our analysis has shown that the relationships of nitrate
leaching and of phosphorus accumulation in the soil t o the agricultural inputs have been
strongly nonlinear in the past and present. (See Figures 4 and 10). This implies that the
first two scenarios would lead t o even larger increases of nutrient losses t o the environment in the future.
Exceptions might be the s-called marginal areas, where no intensive agriculture would
exist in the separation scenario. A quantitative example can be used t o elucidate the
effects of the different strategies on the nutrient load. Assume t h a t currently a given
watershed is used for agricultural purposes only. Assume also t h a t although an increase
in yield per hectar is possible, the total yield remains constant, by taking some of the land
out of agricultural production and converting it t o forest. Assume further t h a t yield has
increased by 50 %, and that 33 % of the area has been converted t o forest t o maintain a
constant total yield. Using the correlations of nutrient inputs and outputs in agriculture
t o inputs and losses t o soil and water (Figures 4 and l o ) , the following results are obtained:
Total nitrogen leaching and phosphorus accumulation in the soil increase by about
20 - 30 % for the whole area, excluding the losses from the new forested areas.
Although one third of the agricultural area is converted t o forest, the nutrient losses
from the two thirds remaining in agricultural use increase so strongly (by more than
loo%), that the total losses from the whole area are higher than before. The reason
is the decreasing nutrient utilization rate with increasing yield as the result of higher
inputs of fertilizers and manure.
Nutrient losses would not increase further only if nutrient utilization were t o increase by
an amount t h a t compensated for the increased inputs. Assuming t h a t nutrient utilization
could increase by about 10% under the condition that yield and land for agricultural production remain constant, less inputs of fertilizer would be required and losses t o soils and
water could decrease by up t o 30%. This situation could be realized only in the integrated system. A t the same time, a better utilization is of course advantageous from the
economic point of view.
This example illustrates t h a t introducing integrated agriculture into practice could substantially reduce environmental risks, and t h a t in general, more effort should be undertaken in agriculture t o increase nutrient utilization.

5.

CONCLUSIONS

This study is merely the first step in the analysis of potential environmental problems
stemming from agricultural inputs of major nutrients. Although the results are preliminary, three important conclusions can be made:

-

The problem of nutrient loading (nitrogen and phosphorus) into water courses is not
only a problem of our century, but also of the next if we are not able t o solve the
problems of increasing nutrient deposition and the poor utilization of nutrients in

-

agriculture. Especially in the case of phosphorus inputs, accumulation in soils may
result in deleterious effects that may be manifested only in the next century.
Both input-output analysis and mass balance calculations are suitable for investigating leaching and accumulations of nutrients into the environment from nonpoint
sources, and for estimating historical changes and projecting into the future. The
analysis can be extended t o other substances with a minimum of effort, because the
analytical procedure was designed such that only substance-specific parameters and
processes need to be changed. The relationship between the inputs and the carrying
capacity of different environments enables us to determine the time scale over which
effects might occur.
More interdisciplinary and international research is needed regarding nutrient loadings into water courses, because the associated problems are so closely connected
with complex socic+economic questions, and occur on spatial scales that do not
respect national boundaries. Thus, investigations should be extended t o cover a
greater time horizon in the past, and a larger spatial scale than that of the four
countries investigated in this paper. On the other hand, more detailed, processoriented models are needed on reduced spatial scales in order to quantify more accurately some of the processes comprising the major nutrient cycles. Point sources and
their changes in the past and future should be taken into account as well.
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