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FOREWORD

The International Institute for Applied Systems Analysis is a
nongovernmental, multidisciplinary, international research
institution whose goal is to bring together scientists from
around the world to work on problems of common interest.

IIASA pursues this goal, not only by pursuing a research program
at the Institute in collaboration with many other institutions,
but also by holding a wide variety of scientific and technical
meetings. Often the interest in these meetings extends beyond
the concerns of the participants, and proceedings are issued.
Carefully edited and reviewed proceedings occasionally appear

in the International Series on Applied Systems Analysis (pub~
lished by John Wiley and Sons Limited, Chichester, England);
edited proceedings appear in the IIASA Proceedings Series
(published by Pergamon Press Limited, Oxford, England).

When relatively quick publication is desired, unedited and only
lightly reviewed proceedings reproduced from manuscripts provided
by the authors of the papers appear in this new IIASA Collabora-
tive Proceedings Series. Volumes in this series are available
from the Institute at moderate cost. :






PREFACE

In many developed and developing regions throughout the world,
water supply and management agencies are confronted by a steadi-
ly increasing demand for water. Water supply is usually con-
strained by natural, technological, and economic conditions.

The limit on the guantity of water which can be tapped grows
more severe, because deteriorating water guality necessitates
more and more complex utilization constraints. Operating with
this in mind, regional water managers attempt to satisfy differ-
ent supply interests, especially when these interests conflict
with each other. Therefore, the competing interests of agricul-
ture, environment, and municipal water supply become increasingly
important. For example, in recent years, water supply agencies
have become progressively more concerned by high nitrate levels
in municipal water supply sources.

In 1980, an exploratory study on "Analysis and Control of Non-
point Nitrate Pollution of Municipal Water Supply Sources" was
initiated at IIASA. The project, which formed part of the
Research Tasks "Regional Water Management” and "Environmental
Problems of Agriculture”, was carried out as a collaborative
effort between IIASA's Resources and Environment Area (REN) as
well as scientific institutions in several National Member
Organization (NMO) countries. In concluding the project, a

Task Force Meeting was held at IIASA from 10 to 12 February 1981.
At the meeting, which was attended by 16 scientists from 7 NMOs,
the OECD and IIASA, the study results obtained by IIASA and the
collaborative institutions were discussed in depth and topics
for further research were suggested. At the closing session,

the participants expressed their appreciation for the unique
opportunity to discuss important practical problems in water

and agricultural management from a broad systems point of view.
It was particularly appreciated that the meeting brought to-
sether experts from different fields, as there were hydrologists,
hydrogeologists, engineers, and agricultural economists dealing
with the problems in question.

Janusz Kindler
Chairman
Resources and Environment Area






ACKNOWLEDGMENTS

As the editor of the proceedings I express my gratitude to all
those who contributed to the Task Force. 1In particular, I would
like to thank the chairmen of the working groups at the meeting,
R.C. Ward and P.E. Rijtema, whose reports have been used to pre-
pare the introduction to the proceedings. I also wish to thank
Elisabeth Jaklitsch for helping with organizational arrangements
for the meeting, Anna John for assisting with preparation of the

proceedings, and Vicky Hsiung for typing portions of the manu-
script.

Karl-Heinz Zwirnmann






CONTENTS

INTRODUCTION

K.-H. Zwirnmann

EFFECTS OF REGIONAL WATER MANAGEMENT ON N-POLLUTION
IN AREAS WITH INTENSIVE AGRICULTURE

P.E. Rijtema

HYDROGEOLOGICAL ASPECTS OF GROUNDWATER NITRIFICATION
L. Alfoldi
THE IMPACT OF NITROGEN FERTILIZER APPLICATION ON THE

NITRATE CONCENTRATION IN GROUNDWATER: COST BENEFIT
ANALYSIS CONSIDERATIONS

H. de Haen
THE ADVISORY SYSTEM FOR FERTILIZER APPLICATION IN

THE GERMAN DEMOCRATIC REPUBLIC EMPHASIZING THE
MINIMIZATION OF NITROGEN POLLUTION

K. Beer, A. Ansorge and H. Gorlitz

POSSIBILITIES OF CONTROLLING NITRATE CONCENTRATIONS
IN DRINKING WATER

M. Roman

POSSIBILITIES OF WATER MANAGEMENT FOR PROTECTING

AND TREATING DRINKING WATER RESOURCES IN CASE
OF NITRATE POLLUTION

D. Lauterbach and H. Klapper

WATER QUALITY MONITORING: A SYSTEM'S PERSPECTIVE
R.C. ward

NITRATE POLLUTION OF GROUNDWATER RESOURCES--
MECHANISMS AND MODELLING

D.B. Oakes

MODELLING NITRATE POLLUTION IN WATER RESOURCE
SYSTEMS: THE THAMES NITRATES PROJECT

J. Blake

AN INTEGRATED PHYSICAL~ECONOMIC SYSTEMS ANALYSIS
OF IRRIGATED AGRICULTURE

D.J. Dudek and G.L. Horner

LIST OF PARTICIPANTS

Page

43

81

117

138

207

247






INTRODUCTION

K.,-H. Zwirnmann
International Institute for Applied Systems Analysis,
Laxenburg, Austria

THE REN NITRATE STUDY

The Resources and Environment Area (REN) of IIASA deals
with, among other problems, the pollution of water resources
caused by intensive agricultural activities. In 1980, one of
the major environmental problems of agriculture addressed was
nitrate leaching due to the use of nitrogen fertilizers. Two
levels of analysis were introduced; the field and the global
level. 1In field level investigations, the CREAMS model of
the U.S. Department of Agriculture (Knisel, 1978) was applied
in several case study areas in IIASA member countries. Golubev
(1980), conducted a global survey of nitrate leaching hazards.
Both studies as well as findings of the regional water manage~-
ment projects revealed the nitrate problem to be of great prac-
tical relevance to agricultural and water management.

To ensure a safe drinking water supply while attaining
agricultural production goals is a complex, interdisciplinary
problem, which has to be attacked in its entirety by the adop~-
tion of some sort of systems approach. The exploratory study
on "Analysis and Control of Nonpoint Nitrate Pollution of Munic-
ipal Water Supply Sources" carried out as a collaborative pro=-
ject between REN and several external institutions represents a
preliminary attempt in this direction. While aiming at gener-
ating a methodological outline of a multidisciplinary approach
to the problem, the study at the same time aimed at providing
practical guidelines for dealing with the nitrate pollution of
water resources., Its main focus was agricultural nonpoint pol~-
lution sources and the use of inorganic fertilizers in partic-
ular. An approach has now been formulated, which appears to be
generally suitable for most other types of pollution control in
water quality management (Zwirnmann, 1981). The principal is-
sues which best illustrate the findings of the study are sum-
marized below.



Nitrate Pollution of Water Resources: Sources and Control

The specific concern about nitrate pollution of municipal
water supply sources stems from the hazard to public health
caused by the toxic effects of nitrates in drinking water.
Nitrate removal from water supplies cannot be accomplished by
conventional treatment procedures, conseguently, there is a
clear necessity to clarify the potential extent and severity
of the situation in order to understand the constraints imposed
by nitrate pollution on water supply planning. There is a tre-
mendous variety of nitrogen sources in the environment which
contribute to water pollution. However, among the major sources
of nitrogen pollution of water supplies, chemical fertilizers
have been found to be the dominant cause of the recent, rapid
increase in nitrate concentrations in water resources. Agricul-
tural interests are also served by looking at the problem, be-
cause the amount of nitrogen which pollutes water resources con-
stitutes waste of a valuable resource which must be prevented by
better management practices in agriculture.

Nitrogen and Water Resources

The initial step in developing options for the control of
nonpoint nitrate pollution of municipal water supply sources is
the analysis of the physical system to be controlled. The inter-
actions of various components of the system, such as the water
resources of a region, or the input and output of nitrogen to
and from the water resources system, need to be identified. When
considering a regional water resource system, the amount of ni-
trate present in water supply abstraction is basically controlled
by the various processes taking place in the nitrogen cycle, par-
ticularly by the interaction of water with the soil-plant system.
Consequently, the system to be controlled can be divided into
three generalized parts: surface water, groundwater, and the
soil-plant system.

The relative importance of water supply sources (rivers,
lakes, reservoirs, and aquifers) generally depends on the given
conditions of a specific region. Golubev (1980), proved that
the hazard of nitrate leaching is particularly high in certain
countries because of their general climatic features. Often,
the effect of this natural situation is compounded by the use
of supplemental irrigation. It is important to note that for
those countries identified as having a particularly high poten-
tial for nitrate pollution, groundwater resources play a key role
in potable water supply. Groundwater resources then deserve
special attention, especially because there is an important
difference between groundwater and surface water pollution and
their respective management strategies. While the decision to
purify river water is made with the knowledge that water quality
can be restored relatively quickly after removing the pollution
source, the same does not apply to lakes, reservoirs, or
particularly to aquifers, where pollutants may be retained for
decades or even centuries. Nevertheless, examination of the
effects of fertilizer nitrate water pollution in a regional
context usually requires a conjunctive consideration of the
groundwater and surface water resources of a region.



Outline of a Control System

The physical system considered so far is now ready to be
fitted into a more general management system for the control of
nitrate pollution in municipal water supply sources. As seen
from the preceding analysis, the major concern in outlining such
a system 1is controlling nonpoint pollution sources in agricul-
ture, such as organic and inorganic fertilizer, with most impor-
tance given to the latter. Hence the system must provide a frame-
work for the analysis of the various factors affecting regional
water resources management, and consider the interests of the
competing users of soils and waters. In order to understand how
water supply and management is influenced by increasing nitrate
concentrations in water resources and to ensure a safe drinking
water supply, management must link land use and water supply
development. In the study the framework for analysis therefore
followed the concept of a decision-making process based on the
control system shown in Figure 1. The major components con-
sidered are:

a) the system to be controlled, encompassing

~- the municipalities (representatives of the general
public) which are supplied with water and agricul-
tural commodities and govern the overall control
system by setting the management objectives; they
also contribute to nitrate pollution of municipal
water supply sources through the disposal of human
and industrial wastes;

-- the environment, especially the atmosphere, which
provides the background load of nitrogen to the
two environmental subsystems of interest, the soil-
plant system, and the water supply sources;

-- the water supply and management agencies managing
the municipal water supply sources and responsible
for ensuring potable water supply;

-~ the agricultural production sector which strives to
achieve production goals, causing nitrate pollution
of water supply sources as a side effect of the
technologies used for crop production and waste
dispersal in the soil-plant system;

b) the management objectives of the overall control system
which should be accomplished through management measures
appropriate to the specific system;

c) the management subsystem, where management objectives
are achieved through planning and implementation of
management measures not only in the field of water
supply and management, but also in the agricultural
sector.

The components of the system to be controlled (the munici-
palities and the environment, with its subcomponents, the water
resource system and soil-plant system) are physically connected
oy mass flows (nitrate polluted water, drinking water, agracul-
tural commodities) and constitute the basis and target for
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decision making. In contrast, components of the management
subsystem are linked by the flow of information. The conjunc-
tion between these two main parts of the overall control system
is provided by the implementation of management measures.

Control Options

Water management objectives are generally achieved through
an integrated implementation of technological, institutional,
and economic measures. Depending on the system to which they
refer, two general alternatives for water supply pollution con-
trol can be distinguished; first, controlling potential pollution
sources and second, treating polluted water and taking special
measures to ensure water supply.

Nonpoint nitrate pollution control measures used in the
agricultural sector to manage fertilizer application, animal
waste disposal, land use, runoff, erosion, and leaching, are
generally preferred to the elimination of nitrates by water
purification. The development and application of new kinds of
fertilizers and inhibitors for controlling fertilizer release
or transformation also must be taken into account. However, in
reality, due to the advanced state of water pollution, one has
to consider problems facing municipal water supply in the short
run, for example, the need for alternative supply sources, new
water treatment technology, or special supply measures. As
practical implementation of pollution control strategies is
largely based on institutional, legal, and economic actions, it
strongly depends on the existence of regional authorities, and
their capabilities. The management policies pursued by such
authorities must recognize that water purification technologies
for nitrate elimination cause a tremendous increase in expenditure
in the water industry. Even when neglecting the long-term require-
ments of water supply protection, short-term social benefits can
only be received through the overall control system when the
benefits gained from agricultural production outweigh the addi-
tional costs of municipal water supply.

Moreover, when dealing with nonpoint source pollution control,
it is important for researchers, practitioners, and policy makers
to realize that only a beginning has been made. While the control
of point source discharges of wastewater is based on over hundred
years of research and testing, continued investigations into
nonpoint source control are necessary to establish a comparable
level of technology.

Issues of Analysis

To answer the question of how water supply and management are
influenced by increasing nitrate concentrations in water resources
and how a safe drinking water supply can be ensured, the goals
of the agricultural production sector should be coordinated with
public decisions regarding land use, water supply development,
surface and groundwater systems. Therefore, water pollution



control management must be based on an effective planning proce-
dure. The tools applied in the analytical process must be capa-
ble of matching both the ability of data to yield information
with confidence and matching the expectations of the decision
makers. Hence, the study did not mainly focus on methods for
detailed analysis of the physical, chemical, and biological
processes constituting the behavior of nitrogen in water resour-
ces. It was intended rather, to show how such means as monitor-
ing and modeling can support the decision-making process in ni-
trate water pollution control management with particular refer-
ence to nonpoint source pollution. To comprehensively analyze
the nitrate problem obviously requires the integration of phy-
sical processes and decision oriented aspects. At least three
aspects seem to be of general interest. First, there is a gen-
eral methodological issue concerning problems in analyzing and
modeling, such as those of scale as well as risk and uncertainty.
Many questions about how to translate model results from field
studies into regional terms, how to precisely consider long and
short term effects of pollution and its control, how to deal
more comprehensively with uncertainties in the control objectives
and alternatives, as well as in the structures, parameters and
input data of the applied models still remain unsatisfactorily
answered. Second, the physical processes have to be given atten-
tion. A comprehensive evaluation of the spatial and temporal
development of nitrate pollution has to be carried out by moni-
toring and modeling the processes (mechanisms, pathways, etc.)
relating pollution sources to water resources in order to achieve
a meaningful water quality impact analysis. Third, the decision
aspect has to form an integrated part of the overall analysis.
Planning and socioeconomic evaluation of control strategies re-
guire the analysis of tradeoffs in and between water supply and
management, as well as agriculture., Moreover, an assessment has
to be made of the potential or proved impacts of pollution and
its control, on man, the environment, agricultural yields, etc.,
before control methods can be designed for implementation.

The issues mentioned above were discussed at the Task Force
meeting and these proceedings summarize the results of the re-
search activities which began in 1980.

THE PAPERS OF THE TASK FORCE MEETING

All the papers presented at the Task Force meeting appear
in this volume. The IIASA Collaborative Paper (CP-80-34) is
included although it was not presented at the meeting, as it
was specifically prepared in the framework of the study.

The presentations given by the participants dealt with
selected aspects of the problem thereby providing a meaningful
overview of its complexity. In keeping with the issues discussed
in the previous section of this introduction, the papers are di-
vided into three groups. One group is mainly concerned with
identifying the problem from the point of view of hydrology,
hydrogeology and agricultural economy, while a second group
deals with control options in the field of agriculture and water



supply and management. A third group represents more methodology-
oriented approaches ranging from water quality monitoring through
modeling groundwater and complex water resource systems, to an
integrated physical-economic analysis of water resource develop-
ment and land use planning.

The paper by P.E. Rijtema on the effects of regional water
management on nitrogen pollution, in areas with intensive agricul-
ture, represents a typical hydrological view of the problem. It
deals with a pilot region situated in the flat south-~eastern part
of the Netherlands where very intensive agriculture and livestock
breeding are accompanied by an increased use of chemical fertil-
izers. Using hydrological water balance models, the author cal-
culates the net subsurface inflow to the aquifer for the different
soil types in the region. The inflow values are assumed to in-
dicate the potential of the soils to pollute the aguifer by ni-~
trate transport from the unsaturated zone. In continuing this
approach, the improvement of local drainage as a strategy for
reducing nitrate water pollution is investigated. Improved lo-
cal drainage would cause a reduction in the amount of surface
runoff and discharge by interflow through the soil system. This
results in an increased residence time of the precipitation ex-
cess in the soil system, i.e. additional denitrification may take
place, which would reduce the nitrogen load in surface water.

In his paper, L. Alf81di deals with hydrogeological aspects
of groundwater nitrification. He states that nitrogen accumula-
tion in subsurface waters is not the result of a simple infiltra-
tion process, but it is the result of complex and intermittent
biochemical and chemical processes closely related to the peri-
odical variation of the groundwater budget. The soil zone is
taken to be an independent nitrogen budget in which the above
mentioned processes take place. Following this line of discus-
sion, the author proposes three basic hydrogeological types of
soil, those with a self-contained water budget, soils where the
water budget is affected by subsurface waters, and soils with an
independent water budget. The characteristics of the different
categories are discussed in detail. As groundwater nitrifica-
tion is shown to be an irreversible process resulting in the
accumulation of nitrate in aquifers, the conclusion in the paper
is that more attention should be paid to controlling the soil-
plant system by improving agricultural management practices.

The latter suggestion is, t0 a certain extent, also of
interest to H. de Haen, who develops a cost-benefit analysis
concept for dealing with the impact of nitrogen fertilizer
application on the nitrate concentration of groundwater. He
starts his discussion by raising the gquestion: What would be
the costs and the benefits of reduced nitrate concentration? To
avoid the difficulties involved in finding a "socially optimal"®
degree of nitrate concentration, the author proposes assuming
certain nitrate standards to be exogenously given and looks for
least-cost alternatives to meet them. However, some technical
difficulties remain in this case as well. In comparing the costs
of alternatives, e.g. reduction of fertilizer levels or water
treatment, not only direct costs but also external effects as
well as administrative efforts and institutional implications
have to be compared. Moreover, as de Haen says, the debate on
the role of agriculture suffers from a lack of information,



especially on the guantitative relationship between the amount
of nitrate leached or runoff from a given field and the amount
which finally reaches the drinking water source at a certain
distance. He suggests that for further cost calculations a
Nitrate Leaching Matrix should be employed, to assess the
leaching for entire farming systems under alternative fertili-
zer levels and exogenous soil and climate factors. This con-
cern of de Haen clearly links the agricultural economics prob=
lem to those discussed in the first two papers addressing hydro-
logical and hydrogeological issues related to soil systems.
Moreover, knowledge on nitrate behavior in the saturated zone
of aquifers is required in order to answer the author's major
guestion: is the nitrate pollution problem manageable within
narrow bounds of catchment areas (or protected areas) of drink-
ing water resources? The author concludes the answer to this
question will eventually determine the borderline between local
{(control of fertilizer levels, prohibition of certain crops,
etc.) and sectoral (nitrogen tax, guota, etc.) policies to be
implemented in agriculture.

The three papers which appear next deal with pollution
control options. As an agricultural control strategy chosen
from a set of feasible alternatives must be appropriate for
local conditions and acceptable to the farmers, nonpoint source
pollution control programs also have to provide general informa~
tion and education to assist farmers. The paper by K. Beer,

H. Ansorge, and H. GOrlitz discusses a computer-aided advisory
system for fertilizer application as an example of such infor-
mation and education programs. Two major objectives can be
fulfilled by the advisory system. First, the system serves

to plan the demand for mineral fertilizers (amount, type)

on farms, in districts, and in regions, taking into account

the availability of organic manure. Second, it determines the
type of fertilizer used and timing, rate, splitting, and tech-
nological method of fertilizer application on specific fields.
Although it has proved to be a useful tool for planning and
control of fertilizer use in agricultural practice, the authors
list some problems yet to be overcome. An important one, if
not the most important one, is the need to consider more
precisely, in advance, the meteorological conditions and impacts
of irrigation because they have a particularly noticeable in-
fluence on the effects of fertilizer use.

As all the above papers show, in looking at agricultural
systems, it is mainly the inputs of nature which remain
uncontrolled and cause the stochastic features of the outputs,
including fertilizer losses. Since the outputs can be controlled
only by varying the inputs, or the system itself, the overall
control problem is very complex. Perhaps we will never be able
to completely control agricultural crop production systems in
order to efficiently prevent water pollution. At least in the
short run, the water supply industry therefore faces and will
continue to face a nitrate problem which has to be solved by
water treatment and management.

The papers by M. Roman as well as D. Lauterbach and
H. Klapper recognize this fact. For example, Roman points
out that the improvements in agricultural technology may, at
least theoretically, prevent water contamination by nitrogen
compounds, but in practice significant results cannot be
expected, because the acricultural industry concentrates above
all on increasing food production.



In dealing with the nitrate problem from a water treatment
point of view, Roman stresses the fact that nitrogen compounds
other than nitrates have to be taken into account. The various
forms of nitrogen, such as organic nitrogen, ammonia, nitrite-,
and nitrate-nitrogen could undergo changes and depending on
conditions, could be converted into other compounds. Doubtlessly,
in arguing in this way a phenomenon is uncovered which has to be
clearly understood before water treatment technologies are
designed.

The paper by Lauterbach and Klapper which was presented by
R. Enderlein deals more explicitly with water treatment and
management options. Three general options are distinguished,
namely reducing or preventing nitrate input into water bodies
through sewage treatment and water protection zones, hydraulically
controlling or biologically treating surface water bodies with a
high nitrate content, and raw water treatment by ion exchange.
According to the authors, the additional costs of nitrate elimina-
tion by ion exchange almost equals the cost of the complete con-
ventional treatment of medium polluted raw water. However, the
authors consider it wrong to take decisions only because of
current economic and technological conditions. Moreover, ag
.nitrate pollution of water resources is a consequence of inten-
sified industrial and agricultural production as well as urbaniza-
tion, they conclude that assessments of benefits or costs must
not be made one-sidedly with regard to any one of these sectors.
Further, they point out that fresh water resources are limited
and future generations also have a right to sufficient water
supplies and a healthy environment. It should not be forgotten
that nitrates which enter groundwater now cannot be eliminated
at all or would require several decades to disappear. Therefore,
measures should be taken to prevent or reduce pollution and for
both ecological and economic reasons, these should be given
priority.

After identifying some of the many faces of the nitrate
pollution control problem, the need for effective tools and
methods for analyzing them in their complex setting becomes
obvious. The remaining four papers of the proceedings deal
with exactly that. '

The paper by R.C. Ward addresses an issue that is, of course,
not unigue to the nitrate problem but has become a key problem
in designing water pollution control programs, namely water
quality monitoring. Past approaches to that issue have con-
siderably suffered from a system's perspective. Ward gives one
of the very few known examples for overcoming this situation.
His approach takes an integrated view on the activities involved
in the design and operation of monitoring programs. Major
activities such as data acquisition and data utilization are
defined and discussed, as they are related to each other. Ward
1s much more interested in methodologically following the flow
of data and information within a monitoring program than in the
purely technical aspects of monitoring networks. But this seems
exactly to be the point to be made where so much effort is spent
on improving monitoring by installing modern electronic measuring
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devices. As the author points out:

In many cases, the true monitoring objectives are extremely
difficult to formulate.... How can management be made to
understand the importance of clearly defining monitoring
objectives? The system's perspective illustrates clearly
the interaction between data collection and data use and
notes how ultimate accountability of the monitoring programs
rests on the data's use. Such a view ¢f monitoring wiil,
hopefully, assist designers in getting access to monitoring
objectives.

In contrast to Ward's paper the other three analysis-oriented
papers address nitrate water pollution control from different
perspectives in mathematical modeling. D.B. Oakes deals with
the mechanisms and modeling of nitrate pollution of groundwater
resources. Field investigations on the impact of agricultural
practices on the nitrate content of groundwater in the principal
aquifers of the United Kingdom have been carried out. A strong
correlation has been found between the high nitrate concentration
of the water in the unsaturated zone and arable farming regimes.
Transport models for the unsaturated and saturated zones have
been developed. A vertical flow model describes nitrate leaching
from the soil with a rate that depends on the infiltration and
pore water content of the rock, taking into account the history
of land use and fertilizer application rates. The nitrate movement
in the saturated zone of the aquifer is simulated by a model
referred to as a catchment model. In fact, this model is one of
a fully mixed single-cell type model which uses as input the leached
nitrate generated by the vertical flow model. The author reports
that the model has been applied to chalk, limestone and sandstone
catchments and has been able to accurately simulate nitrate con-
centrations in pumped abstractions.

J. Blake in her paper gives an overview on the nitrate
project of the Thames Water Authority, U.K. According to the
author a three-phase approach was adopted to devise a regional
strategy for dealing with the nitrate problem. The first phase
was aimed at assessing the potential severity of the problem,
while in the second phase a technique was devised for evaluating ’
options to be employed in the third phase for the selection of a
preferred strategy. To accomplish the aim of the first phase,

a time series analysis was used, based on Box-Jenkins' transfer
function models. After establishing the fact that the Thames
Water Authority is likely to have a serious nitrate problem,

the agency is proceeding with a simulation approach to produce

a regional nitrate model compatible with the water resource

model already in existence. Major components of the model are:
river reach, soil, aquifer, sewage treatment works, channel,
reservoir and water denitrification plant. The model is intended
for use in assessing potential new sources of nitrates, and
evaluating options for nitrates management throughout the water
resource system. Since cost estimates for each option configura-
tion and mode of operation will be made in parallel with model
runs, the final strategy can be selected on the basis of a
performance-cost ranking.
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D.J. Dudek and G.L. Horner state in their paper:

Increasingly, an awareness of the complex interdependencies
between bio-physical and socio-economic systems has stimulated
the initiation of comprehensive resource planning methods

and the abandonment of single-purpose approaches. However,
irrespective of the recognition given to these concepts,
examples of their practical application in resource plan-

ning efforts are scarce.

One of these examples is presented in the last paper of the
proceedings and deals with an integrated physical-economic
systems analysis of land use and water resource development
planning in irrigated agriculture. To consider the four basic
economic concepts such as commodity demand, commodity supply,
resources demand, and resource supply, the whole analytical
system, which is based on a linear programming approach, consists
of four interrelated models. A projection model for specifying
commodity demand is linked to a regional production model to
estimate commodity supply as well as the demands for land and
water resources. The latter are the basis of valuations in the
land use model. Two location specific components form the water
quality model. Again, a linear programming model derives optimal
cropping patterns as well as use of water and fertilizer and is
linked to a physical model encompassing three specific inter-
dependent sub-models to analyze the hydrology, salinity balances,
and nitrogen concentrations in the basin. In applying their
model system to a real world planning problem, the authors found
it to be sufficiently comprehensive and flexible, and felt it
provided the opportunity for testing alternative water quality
policies and evaluating their effects upon related resource uses.

In concluding the overview of the papers given above, one can
doubtlessly agree with the following statement made by Dudek and
Horner:

Resource and environmental planning cannot be separated.
Planning for resource use without recognition of the
environmental goals or objectives of society may result

in resource allocations which are socially suboptimal.
Similarly, planning for environmental gquality without
assessing the suitability, availability, and productivity
of the resource base may impair the efficiency and distribu-
tion of output.

CONCLUSIONS OF THE TASK FORCE MEETING

After the presentations two small working groups were formed,
chaired by R.C. Ward and P.E. Rijtema. The discussions within
the groups were mainly aimed at identifying topics for future
research at IIASA or elsewhere. The reports of the working group
chairmen provided an excellent basis for discussing such topics
at the closing session.
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It was agreed that pollution of municipal water supplies
by nitrogen compounds is and will remain a real world problem
in years to come. There are three topics of particular interest
for further research:

o The health hazards of nitrogen compounds in water and
food

o0 Agricultural activities as an important nitrogen
pollution source

o The nitrate problem in municipal water supply and
management.

The Health Hazards. The exact nature of the human health
problems are not yet well understood nor documented, as witnessed
by the variation of standard limits set in national regulations.
There is a need to establish consistent criteria for safe (low
risk) limits of nitrogen compounds, nitrates in particular, in
drinking water and food. More toxicological and/or epidemiologi-
cal studies are required to dispel uncertainties by accounting
for factors such as the size and susceptibility of the population
exposed, the number of water systems involved, the relative dose
in water compared to the total burden, the positive response of
nitrate in tests for carcinogens, teratogens, mutagens, etc.

Agriculture. There is a need to document the sources of
nitrogen compounds from agriculture under various conditions
{climate, soil type, cropping pattern, fertilizer type and
application technology, etc.). The aim should be to derive
cause-effect relationships between agricultural practices and
the generation of nitrogen compounds leaving the agricultural
system. Hence technological changes in agricultural production
should be evaluated in terms of fertilizer use and environmental
impacts. Based on this, policies to be used to encourage better
agricultural management practices have to be identified and
evaluated in terms of tradeoffs between agricultural production
and pollution control.

Water Supply and Management. To deal with the nitrate
problem from tﬁe point of view of water supply and management

all sources of nitrogen (agriculture, industry, households,
atmosphere, etc.) as well as all types of nitrogen compounds
(organic nitrogen, ammonia, nitrite, nitrate, etc.) contributing
to water pollution should be taken into consideration. Hence

one has to deal with a "nitrogen problem". On account of the
variety of municipal water supply sources (rivers, lakes, reser-
voirs, aquifers, etc.) the nitrogen problem eventually has
multiple constituent pollutants, multi-source and resource aspects
contributing to its complexity. As 1t can only be controlled by
conjunctive water resource management, sufficient attention must
be paid to the pollution of groundwater, which is of the greatest
long-term concern.
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Any pollution changes in time and space, as well as the
total nitrogen balance need to be understood, i.e., there is
a need to analyze water quality data in different settings to
document trends and eventually correlate trends with activities
which generate pollution. After proving that the limits set are
likely to be exceeded, water treatment technologies (structural
and nonstructural) have to be identified and evaluated. Policies
for implementing them need to be designed after analysis of the
tradeoffs between water treatment technologies and pollution
source controls.
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EFFECTS OF REGIONAL WATER MANAGEMENT ON N<POLLUTION IN AREAS
WITH INTENSIVE AGRICULTURE

P.E. Rijtema
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Wageningen
The Netherlands

The effects of the improvement of local drainage and of deep
well pumping on the hydrological conditions in the areaare dis-
cussed. Local drainage does not affect the net subsurface in-
flow of the groundwater agquifer to a great extent. The main
effect of local drainage appears to be the reduction in surface
runoff. Due to this and to the increased residence time of the
precipitation excess, a large reduction will be noticed in the
nitrogen load in surface waters.

Deep well pumping for municipal water supply strongly affects
regional water management. Low-lying areas, which did not
originally feed the groundwater aquifer, do so when deep well
pumping occurs. It was found that the N-flow to the groundwater
aquifer in the intake area of deep well locations, greatly de-
pended on the hydrological conditions in the area and land use.
Some results of calculated N~inflow for 17 deep well locations
are presented.

15
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1. INTRODUCTION

Where in lumid areas the ground surface has only relatively small
differences in elevation and the transmissivity of the soil and subsoil
is not very small, the excess precipitation is mainly carried-off by
groundwater flow to a system of rather closely spaced drains of
different size and level. The depth of the groundwater table and the
rate of discharge by the drains are variable owing to the seasonal
fluctuations of evaporation and the irregular variations of precipitation.
Under these conditions river discharge will generally be large in winter
and small in summer.

The landscape more or less prohibits the construction of large
artificial reservoirs to store the winter discharge for municipal and
industrial water supply. The needs for water supply in these areas
force the water supply companies to explore the groundwater resources.

Deep well pumping of groundwater from thick phreatic aquifers or
from semi-confined aquifers will cause a decline of the phreatic level,
particularly in the case of phreatic aquifers. Primarily this results in
a smaller discharge of water by surface drains. In those cases where
formerly during summer - the period with main evaporation — the
depth of the phreatic level was rather small a reduction in evaporation
during periods of drought alsc has to be taken into account. As the
growth of crops depends on the available soil moisture, which in its
turn depends on the depth of the phreatic level; groundwater extraction

can cause reductions in yield of agricultural crops in most regions.
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Intensification in agriculture has led to an increased fertilizer use.
The potential of livestock waste to pollute surface waters and ground-
water is large, particularly when plant nutrients are supplied in excess
of crop requirements. The extent of the problem of manure disposal was not
discerned in the early stages of intensive farming. Difficult soil and
drainage conditions oan part of the farm limit the area suitable for winter
application of slurry and may result in local overdosing. The consequences
of fertilizing with regard to nitrogen pollution of the groundwater are
dependent on land use, soil type, fertilization level and the hydrological
situation. Leaching of nitrogen occurs for nearly 100 percent in the form
of NO'3.
one has to deal, apart from the transport of matter under influence of

When analyzing the consequences for water quality management

the hydrological situation, with aerobic and anaerobic biological
degradation of organic matter, mineralization and denitrification, N-uptake
by organisms, as well as growth and dying-off of organisms.

The conditions described above exist in the eastern and southern
parts of the Netherlands, where the ground elevation is mainly between
5 and 30 m above sea level. Pleistocene sands form a thick and highly
permeable aquifer., The discharge is provided by an irregular network of
natural brooks and man-made ditches, of which only the major ones
discharge throughout the year.

As the groundwater consists of fresh water, extensive pumping for
municipal and industrial water supply is carried out or planned for the

near future.

2. DESCRIPTION OF A PILOT RECION

Although the population density of the Netherlands' province East
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Gelderland is below the country's average, the supply with high quality
water may become a serious problem in this region of about 150, 000
hectares. The region (fig. 1) is located between the frontier with
Germany and the river IJssel, a branch of the river Rhine. In the South
it is bounded by the river Rhine. East Geiderland is still predominantiy
rural and has a population density of about 500, 000. The present water
demand for municipal and industrial supply is about 50 million m> per
year. At the end of this century the expected demand will increase to
about 136 million m3 per year. The Water Supply Company 'Oostelijk
Gelderland' has estimated that of the total demand some 98 million m3
can be withdrawn from the groundwater, whereas the remaining quantity
have to come from other sources. The problems in this region can be
used as a guide in the discussion of the nitrogen problems in regional

water management,

2. 1. Precipitation excess and drainage

A The average yearly precipitation in the area of about 780 mm is
fairly regularly distributed over the year. The yearly actual evaporation
is about 450 mm. During the summer period the precipitation is, on
the average, in balance with evapotranspiration, so the precipitation
excess of about 330 mm is restricted to the winter period. About 80
percent of this precipitation excess comes to discharge during the
winter half year leaving 20 percent as discharge in summer.

The groundwater table in the region is high, with an average value
of 40 cm below the ground surface in winter and about 130 cm below
the ground surface in the summer period.

Three classes of drainage channels can be distinguished in the

region., Primary channels with a spacing of 1500 to 6000 m, such as
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Map of the eastern part of the province of Gelderland (Nether-

lands), showing the major topographic features and the locations

of borings
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larger rivers, brooks and other drainage channels of major importance.
A secondary system with a spacing of about 250 to 1000 m, as large
ditches and other medium sized drainage channels. A tertiary system,
such as small ditches, trenches, furrows and subsurface tube drains,
with a spacing of the open conduits of about 50 to 200 m and of the tube
drains of about 10 to 40 m. This tertiary drainage system functions only
during winter.

The insufficient drainage capacity of the drainage system, although
narrowly spaced, may cause inundation and surface runoff in the lower parts

of the area after excessive precipitation.

2.2. Agricultural development

Agriculture in the region is very intensive, with a stocking rate of
4 to 6 standard livestock units per hectare. A standard livestock unit
(SLU) is defined as the added value equivalent of different types of
livestock expressed in that of a dairy cow. Such a standard livestock
unit has a nitrogen production of 102. 6 kg N per year in slurry. About
60 percent of the agricultural soils are in use as grassland and 40 per-
cent as arable land. About 75 percent of the arable land is used for the

growth of fodder maize.

3. NITROGEN CONCENTRATION AND LAND USE

The nitrate concentration of the shallow groundwater in nature areas
. . . -3 . . s
in sandy regions is on the average 0.3 g.m ~ N, which also gives an indica-
tion of the natural nitrate in deep aquifers, The nitrate concentration in

the shallow groundwater under forests seems to be dependent on both the
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age of the forest and the depth of the phreatic level, Data given by
Oosterom and Van Schijndel {1979) vary from 0. 2 to 22 g. m. -SN, with
an average value of about 5 g. m-a.

Many data for arable lands were given by the Curatoriurn Landbouw-
emissie (1980), For sandy soils with a crop rotation of twice cereals,
potatoes and sugarbeets, with a mean yearly application of 150 kg N
per ha in the form of chemical fertilizer, an average concentration of

3

28 g. m " N in the shallow groundwater must be expected. When animal

slurry was applied instead of fertilizer-N the concentration increased to

3

50 g. m °N. On soils where fodder maize was grown each additional
overdosing of slurry with a quantity being equivalent to 50 kg N increased
the concentration with4.5g. m. -3. Sufficient evidence is present that about
50 percent of the nitrate in the groundwater system will disappear by
denitrification.

A nitrogen emission model for grassland has been given in a
previous study (Rijtema, 1980). The average data under mean meteoro-
logical conditions at a standard livestock density of 4 units per ha are 127,
104 and 41 kg N per ha for poorly, moderately and well-drained soils,
respectively, Steenvoorden (1980) givel data of the nitrogen concentration
(organic N and NH‘;-N) of surface runoff water in the case of winter
application of slurry, The data vary from 80 to 2 g. 1'!1.3 N, depending
on the difference in time between slurry application and the occurence
of surface runoff, as well on the quantity of surface runoff.

For the present discussion these average data will be used to give
an idea of the order of magnitude of the contribution of diffuse nitrogen

sources to the pollution of groundwater and surface waters.

4. WATER BALANCE EQUATION

For the investigation of groundwater flow problems of relatively
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large areas, the water balance as presented in fig. 2 can be given by

the equation:

Q. Q. +Q
P+ lnet " inf _ E + dr dw + AW (1)
58 A A At

where:

A = horizontal surface area;

P = precipitation’

E = evaporation ;

net _ - - - . .

I" = I" O" net subsurface inflow per unit of time and per
unit of horizontal surface area equals subsurface inflow (Iss)
minus subsurface outflow (Ou_);

Qin.f = influent seepage from open channels with relatively high

water levels;

Qd = effluent seepage to open channels with relatively low water
levels;

Qd = discharge by deep wells;

AW/At= change in soil water storage per unit of time and per unit

of horizontal surface area.

When both Qi.n.f and de are that small that they can be neglected
and when, moreover, only periods of long duration are considered so
the change in storage (A W/At) is very small, equation (1) can be re-
placed by:

- Inet

= 2t 4 (P- E) (2

This equation clearly shows the practical significance of knowing

: net iy
the net subsurfaces inflow, as Is: represents the additional amount

of water which on the average is to be drained above the average

supply (P - E). It is clear that the value of 12:[ can be positive or
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negative, depending on the values of I" and O“. In the undulating
landscape of the sandy soils in the southern and eastern part of the
country, areas with a negative value of I':_::t generally coincide with
the higher parts, whereas the river valleys receive a positive sub-

surface inflow,

t

The value of I:: hardly changes with tirne as the major diffe-

rences in water level generally are found over large distances, and these

differences in water level are almost independent of time. Values of

I::t can be considered constant when compared with the large and

frequent variation in drain discharge (er) caused by rainshowers.
The flow of groundwater can often be considered as taking place
in a horizontal aquifer. This implies that the net subsurface inflow can

be calculated as:

net

s vphr +

Qg = Qpe *+ Q) 3

e

The values of er and Qin.f generally are small in summer, indi-

cating that in areas without deep well pumping equation (3) reduces to:

net _
Iu vphr 4
where v is the intensity of vertical flow through the phreatic surface

phr

taken positive for upward flow.
Model calculations in regional studies of the water balance of the un-
saturated zone, using soil physical data have been performed by

Rijterna and Bon (1974) using the equation:

t, t, t, ty rA

e
J Pdt - j Edt 4+ J' vphrdt = J’ j Tt dzdt (5)
ty ty ty t 0

where:
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Fig. 2. Agquifer with the inflow and outflow components as given in
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z = the height above the deepest summer watertable;
8 = the volume fraction of soil water as a function of z and t.
net

During the summer period Vphr can be replaced by Iss . With
known soil physical properties and available climatological data the
depth of the phreatic level can be calculated during this summer period.

Some data of the relation between the maximum depth of the phreatic
level under mean meteorological conditions and the value of vphr for
pleistocene sand are given in fig. 3. The maximum values for capillary
rise (vc) also are given. The calculated values of vphr approach these
v =-values when vpbr is positive. The curves are slightly dependent on
the depth of the phreatic level in winter. When the maximum depth of
the phreatic level under mean meteorological conditions is known from
soil surveys, and used to describe the hydrological conditions, this

information can be used to determine the regional distribution of vphr

during the summer, which in its turn quantifies I::t.

The values of
er/A can now be calculated with equation (2) for the winter period.
Surface runoff is not only present when the infiltration rate of
the topsoil is less than the intensity of the precipitation, but also when
due to poor drainage conditions the phreatic level rises to the soil
surface. It appears from data given by Steenvoorden and Buitendijk
(1980) that surface runoff varies from year to year, depending on the
distribution of the precipitation. Some results of their calculations are
given in table 1.
Rough estimates of surface runoff can be made with the calculations
performed by Rijtema and Bon (1974). This approach is useful to
transfer a hydrological classification system, as used in soil surveys,

into estimated values of real hydrological data. The results of this type
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Table 1. Total surface runoff (mm) during the period 1 September 1961

to 1 June 1962 for soil with a drainage depth of 70 ¢m and a

drainage intensity of 3, 5 and 8 mm. day~

at a phreatic level

of 20 cm below the ground surface (Steenvoorden and Buitendijk.

1980)

Drainage intensity (mm. d.ay'l)

3

5

8

Surface runoff (mm)

118

69

30

Table 2. Average hydrological data, as derived from a soil survey

classification system for Pleistocene sand

Phreatic level net
Hyc%ro- Humic mean mean E ” er/A Q"_/A
logical topsoil i max. mm Tm.day’ mm. year~!
class cm. cre surface
1 20 0 60 530 + 0.8 542 163
2 20 0 70 510 + 0.5 453 124
3 30 20 90 490 + 0.3 400 86
4 30 40 90 500 + 0.4 426 53
5 30 30 120 447 - 0,4 187 -
6 40 60 140 422 -0.9 30 -
7 40 90 160 415 -10 - -
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of calculations for pleistocene sand are given in table 2.

The table indicates that soils in the hydrological classes 1 through
4 have positive values of I::t. indicating that these soils will not pollute
the groundwater aquifex;. The discharge of the precipitation excess occurs
by interflow through the rootzone and by surface runoif.

The soils in the hydrological classes 5 through 7 have negative values

of Ine!
88

, which indicates that these soils have a large potential to pollute
the groundwater aquifer. The hydrological clagses 1 through 4 generally
will have a great influence on surface water guality, whereas the classes

5 through 7 give only a very small contribution to pollution.

5. IMFRCVEMENT OF LOCAL DRAINAGE

The main objective of improvement of local drainage is to lower the
phreatic level in winter and during extremely wet periods. The order of
magnitude of I!;:t generally is not very much affected by local drainage.

By improvement of drainage conditions on a larger scale a slight reduction
of I::' might be present, whereas it increases somewhat in other parts of
the area. Areas with a positive value of Il::t will keep a positive value.
The main effect of the improvement of local drainage will be a reduction
in the amount of surface runoff and an increase of the discharge by
interflow through the soil system. The resulting increase in residence
time of the precipitation excess in the soil system results in an additional
denitrification, reducing the ultimate nitrogen load on the surface water.

Some results of model calculations are given in fig. 4. Surface runoff
decreases with increasing depth of the drainage basis. Data of the total
nitrogen load to the surface waters in relation to drainage depth are given
in fig. 5. The figure shows that improvement of drainage conditions gives a

large reduction in the nitrogen load to the surface waters.
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6. EFFECTS OF DEEP WELL PUMPING ON GRCUND AND SURFACE

WATER PCLLUTION

Each groundwater extraction results in a decline of the phreatic
level. The pattern of drawdown of the phreatic level in the eastern and
southern pleistocene sands in the Netherlands depends on the presence
of different types of drainage systems. Near the center of the intake area
of the well the drainage system does not function anymore, whereas at
greater distances from the center the drainage system still operates.

Ernst (1971) gives a model for the calculation of the mean decline
(¢) of the phreatic level in relation to the distance (r) from a deep well.

The following relations have been used in the present calculations:

- For the area where the drainage channels are dry:

‘1;+ (rlz. - rz) de T ~
¢(r) = T RH * ZwkE P CF (y) rerp (6

- For the area, where the drainage channels contain water:

Ko( r/C) ~

¢ (l') E I K—Q(?VET P (Ye) r> Z'l (7)

The unknown quantity ry can be determined by the expression:

Qiw ry { T K1 (rl/E) }

—= = | ~ * 2

mE 2y g £ 0'T1/ ¢
where:
¢ (r) = decline in phreatic level;
Qi = constant extraction in m>. day” 1;
=+ . . -1
P = mean precipitation excess in m, day ~;
r = radius of the sphere of influence;

T = maximum radius for the area with dry drainage channels;
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K = horizontal permeability in m. day'1 ;

H = depth of the waterbearing in m. day'l:

KH = transmissivity in mz. d.ay'l ;

Ye = effective drainage resistance of the area in days:
£ = VKHY,

Ko, K1 = modified zero and first order Bessel functions.

Transmissivity and deep well extraction data in East Gelderland
were obtained from Water Company East Gelderland (W,0.G., 1973).
Additional transmissivity and drainage resistance data were given by
Ernst, De Ridder, and De Vries (1970). The data of 17 deep well
locations have been used in the analysis of groundwater extraction
effects on the hydrological regime. The basic hydrological data of the
locations are given in table 3 and land use data in the intake area are
given in table 4.

It is necessary to determine the environmental consequences when
evaluating the possgibilities of future extension of groundwater extraction
for municipal water supply. The same holds for the choice of suitable
locations. With the aid of the data of the existing deep wells the following

questions can be answered:

a. the area of the sphere of influence to be expected;

b. the distribution of the decline of the phreatic level over the area;
c. the change in the net subsurface inflow over the area;

d. the nitrate inflow in the groundwater aquifer in relation to land use

and hydrological conditions,

Sub a.The relation between the yearly capacity of the deep wells and

the surface area of the sphere of influence with a decline of the
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Table 3. Basic hydrological data of Q, de. KH, Y, and r| for 17

deep well locations

Capacity Q
Location x 10°m Q4w KH Te "1(one)
per year ma/day mz/day days m
De Pol 35 9600 1000 675 1068
Van Heek 3.7 10200 1500 600 996
Olden Eibergen 1.2 3300 750 550 462
Lochem 3.0 8200 2000 550 682
Ruurlo 0.9 2600 1750 475 155
't Klooster 5.0 13700 3250 550 923
Harfsen 1.5 4100 1500 550 363
Vorden 5.0 13700 3750 550 804
Haarlo 1.7 4700 1250 528 486
Dinxperlo 2.0 5500 3000 575 236
Aalten 2,0 5500 3000 575 236
Baak 2.0 5500 3000 575 236
Stille Wold 4.0 11000 3000 550 719
Enghuizen 4.0 11000 1250 650 1127
Gorssel 3.0 8200 1500 575 789
Noordwijkerveld 3.0 8200 750 700 1051
't Loohuis 2.0 5500 1000 575 652
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Table 4. Distribution of land use in the intake area of the deep well

locations
Land use in percent
Location forent urban acrossx hydrological classification
area rivers 7 6 5 4 3
arable land grassland
De Pol 13.5 12,0 19. 4 18,2 10,8 13.6 10. 8
Van Heek 100, 0 - - - - - - -
Olden Eibergen 6.9 - - 12. 6 5.4 36.4 - 38.1
Lochem 21. 8 25.9 8.0 14.9 10.7 11. 0 - 7.7
Ruurlo 14.7 25.0 - 35. 8 8.9 14,3 - 1.3
't Klooster 17.7 - 10. 6 2.9 30.7 - 18.1
Harfsen 9.3 - 18.1 34.9 8.0 - 23. 6
Vorden 48,1 - 13.0 12. 0 13. 8 - 38.8
Dinxpe rlo 1.8 6.5 17.9 28.7 33.6 - 9.9
Aalten 6.2 - - 24,3 12,3 41,6 - 15,6
Baak 4.3 - - 22, 6 9.8 1.8 20,6 37,6 3.3
Stille Wold 9.8 4.8 - 35,2 18,9 9.6 - 20,2 1.5
Enghuizen 21,1 2,9 2.9 34.0 11, 6 3.0 - 24.0 0.5
Gorsael 46.5 2.7 - 25.3 5.0 - - 18.8 1.7
Noordwikerveldll, 5 - 3.8 2.5 14.4 28.4 - 34.2 0.4
't Loohuis 0.7 5.5 - 24.3 12.3 41,6 - 15. 6

* This column contains the area situated at the opposite site
of rivers influenced by groundwater pumping
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phreatic level of more than 0. 05 m is given in fig. 6 for 17
locations. The relation apprears to be reasonably linear, with

a slope of 6,38 mz per m3 groundwater extraction. This indicates
that about 50 percent of the mean precipitation excess is used

for feeding the deep well extraction.

The distribution of the decline in the phreatic level over the area
is not only dependent on the yearly capacity of the deep wells, but
also on the transmissivity (KH) of the aquifer and on the drainage
resistance ( Ye). Fig. 7 gives the relation between the percentage
of the affected area exceeding a certain decline of the phreatic
level and the value of Q/KHY e The area with a decline of more
than 0. 05 m is taken as 100 percent. Future locations can be
chosen, with the aid of transmissivity and drainage resistance
maps of the region,

The effect of the mean decline of the phreatic level on the mean
highest winter groundwater table and the mean deepest summer

groundwater table had been analyzed by Rijtema and Bon (1974).

These effects can also be described in terms of Il::t , er and
Q"_. giving a hydrological classification for the situation with

groundwater extraction. The results of these calculations are
given in table S.

The data show that the amplitude of the groundwater table
fluctuation grows with increasing decline of the mean phreatic

level. It also appears that the value of the net subsurface inflow

(I::t) decreases and hydrological classes with positive values
net

of I in the original situation obtain negative values with
increasing decline of the phreatic level. Consequently, the
values of er and er sharply decrease. The data show that

soils not contributing to the quality of the groundwater in the
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Relation between percentage of the affected area with a decline
of the phreatic level exceeding 0. 10, 0. 20, 0.30, 0.40, 0. 50,
0,60, 0.70, 0.80, 0.90 and 1.00 m (area exceeding 0.05m =

100%) and the value of Q/KI-IYe for 17 locations
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Table 5, Influence of the decline in phreatic level by deep well pumping
on the mean minimum and mean maximum depth of the ground-

water table, I’::t, er/A and st_/A for the different hydrological

classes
Mean Mean Mean
decline minimum maximum In:: Qd,/A Q.,/A
phreatic groundwater groundwater
level table table mm. d‘ay'1 mm. yeax-'1 mm. year
cm cm-surface cme-surface
Class 1
0 4] 60 + 0.8 542 163
20 10 30 + 0,1 350 136
40 22 118 -0.5 127 27
60 36 144 - 1.0 . R
80 50 170 - 1.1 - -
100 64 196 - L1 - -
120 80 220 <11 -
Clags 2
0 0
20 " ves 453 124
1%}
99 -0.2 179 74
40 24
126 -0.6 114 6
80 39 151 ‘Lo ) )
80
54 176 - L1 . i}
100 69 200 -1 .
120 86 224 = L1 -
Class 3
0 20 90 + 0.3 400 86
20 35 115 -0.3 188 32
40 49 141 -0.7 85 -
60 65 165 - 0.9 30 -
80 81 18¢ - 1.0 - -
100 98 211 - 1.0 - -

120 107 233 - 11 - -
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Mean Mean Mean
dechnle minimum maximum I":: er/A Q"/A
phreatic groundwater groundwater
level tabie table mrr., day'l mm. year-l mm. year
cm cm-surface cm-surface
Class 4
[+] 40 90 + C. 4 426 53
20 54 116 -0.2 232 21
40 68 142 - 0.6 120 -
60 83 167 -0, 8 30 -
80 98 192 -0 - -
100 118 215 -10 - -
120 133 237 - 101 - -
Class 5
0 30 120 - 0.4 187 -
20 41 144 -0.8 55 -
40 63 167 -10 - -
60 81 189 - 1.0 - -
80 100 210 -1.0 - -
100 119 231 -1.0 - -
120 138 252 -1.0 - -
Class 6
0 60 140 -0.9 30 -
20 78 162 -1 - -
40 97 183 -1.0 - -
60 116 204 -1.0 - -
80 135 225 -1.0 . -
100 154 246 -1.0 - -
120 174 266 -10 - -
Class ?
] 90 160 -10 - -
20 110 180 -1.0 - -
40 130 200 -10 - -
60 150 220 -10 - -
80 170 240 -to - -
100 190 260 -1.0 - -
120 220 280 -1.0 - -
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aquifer of the original situation, are contributing in the situation

with groundwater extraction. With the aid of soil survey classification
data in the original situation, values of Ix;:t for the situation with
groundwater extraction can be calculated.

Sub d.Estimates of the nitrate content of the precipitation excess
feeding the groundwater aquifer can be made with the date derived
under a, b and ¢. These data are to be combined with data on
land use and agricultural intensity. The latter must be expressed
in terms of fertilizer application and slurry production, The
estimated N-inflow in the groudwater aquifer for the 17 existing
deep wells is given in fig. 8. Based on the given discussion of
some N concentration data in the shallow groundwater, it is
assumed for the present calculations that the inflow concentration

3

from grasslands equals 10. 7 g, x'n-3 N, arable land 36.0 g.m ™~ N,

forests 2.5 g. m-3 N and urban areas 10.0 g. m-s N. The mean
nitrate concentration of the precipitation excess in the intake area is
given in relation with the percentage of arable land. The total
agricultural land use is also indicated. The scatter in the data

is mainly caused by the variation in hydrological conditions in

the intake areas.

The nitrate inflow will become a much more serious problem in
regions with very high livestock densities, where dumping of

slurry is more or less regularly practised on fields used for

the production of fodder maize,



39

Nig.m?)
w -
30 .
oM .
%
0 agricultural land (%)
<70
° 70-30
ok *390
A e i 1 -l L i 1 A
0 20 0 60 & 100

arabie iond (%)

Fig. 8. Relation between nitrate inflow in g. m.3 in the groundwater

aquifer and percentage of arable land in the intake area of

17 deep well locations
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List of used greek letters and other symbols

) = delta capital
é = delta undercas:
5 = théta undercast
¢ = phi undercast
Y = gamma undercast
m = pi undercast
§ = xi undercast

1 = Tone

mm. day” " = mm. day  °°¢
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HYDROGEOLOGICAL ASPECTS OF GROUNDWATER NITRIFICATION

L. Alf8ldi

Department for Research and Technical Development
National Water Authority

Budapest

Hungary

With respect to their nitrogen budget, surface and subsurface
waters constitute two separate subsystems, and the processes

occurring in these subsystems can be described independently

of each other, while their potential interconnections can be

characterized by simple input-output relationships.

The accumulation of nitrogen in subsurface waters is the result
of complex and intermittent biochemical and chemical processes

closely related to the periodical variation of the groundwater

flow and the hydrogeological conditions.

Independent of the form in which nitrogen enters the subsurface
zones, the first, and determinative part of the nitrogen dynamics
takes place in the soil profile. The soil zone constitutes an
independent nitrogen system in which the processes occur in
complex interaction.

Along the transport route between the soil and the aquifer,
under the conditions of unsaturated flow, and while in contact
with adsorbing surfaces, the nitrogenous material is exposed

to further chemical reactions, finally resulting in the further
oxidation of ammonia. The unsaturated transport zone cannot be
considered an independent subsystem, but the saturated zone,
i.e. the groundwater, can be. The accumulation processes de-
scribed, are for basic hydrogeological types of soil in the
near-surface zone.
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INTRODUCTION

As is evident from the literature and also on the basis
of our experiences, streams are mainly polluted by nitrates
via nonpoint source runcff from watersheds. There is a close
connection between the increased use of nitrogen fertilizers
and the nitrogen monitored in streams. The water quality
however can be restored relatively quickly after removing the
sources of pollution (Figure 1). There is no doubt that the
excess nitrate originates from inappropriate fertilizer use.
The nitrate export from cultivated areas could be prevented
by improving the agricultural technologies currently in use
especially by paying attention to hydrological and biological
cycles and by using organic fertilizers instead of inorganic
ones, or at least by putting them directly into the soil. This
problem can and should only be solved by improving fertilizer
application technology. Quite often however, when one problem
is solved another is created, therefore, interference with the
hydrological cycle could cause further problems.

There is direct interaction between the water courses and
the system of aquifers only if the stream bed cuts into the
aquifer. The water transfer between these two systems is con-
trolled by well known hydrological laws. The quality of the
water exchanged will depend on the controlling effect of the
filter system, which develops along the interface of the two
systems. Owing to the biochemical and physicochemical micro-
filtration occurring in this filter system, water of essentially
different quality from that of the surface water will enter the
aquifer, resulting in practically nitrogen-free inflow, due to
the removal of nitrate and nitrite by this filter system. Nitrogen
influx can only occur in the case of excessive ammonia pollution
or due to some flaw in the filter system. It is very advantageous
therefore to draw water from wells drilled in the embankments,
thus making use of this efficient filter. In Hungary, along the
Danube, the bank-filtered agquifer yields water of good guality
from the river trough via the natural filter systems but not from
the aquifers further away from the bank.

It follows from the above that with respect to its nitrocgen
budget, surface and subsurface waters constitute two separate
subsystems, and the processes occurring in these subsystems can
be described independently of each other, while their potential
interactions can be characterized by simple input-output rela-
tionships.

The nitrification of groundwater is a somewhat separate
problem from that of surface waters. 1In an area with little or
no runoff, a part of the nitrogenous materials applied on the
land surface will infiltrate vertically into the soil. It will
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partly be absorbed by the vegetation and partly accumulated in
the subsurface waters, causing an increase in their nitrogen
concentration.

The nitrogen accumulation in subsurface waters is not the
result of a simple filtration process, but it is the result of
complex and intermittent biochemical and chemical processes
closely related to the periodical variations in the groundwater
flow (Figure 2).

As a result of agricultural production technologies, organic
materials and fertilizers with nitrogen content will be brought
into the soil. The protein in the organic matter will decompose
into carbamide which on further decomposition results in ammonia;
the latter in the form of ammonia ions, dissolves in water;
however, depending on temperature and pH values, free ammonia
might also occur. Both forms of ammonia are well adsorbed by
the soil and are readily utilized by plants, or they are oxidized
by bacteria into nitrate.

Among the fertilizers most commonly used, ammonium nitrates
have the highest nitrogen content. 1In water they dissociate
into ammonium ion and nitrate ion, both with a nitrogen content.
The nitrogen content in carbamide, ammonium phosphates and
sulphates is only half that in ammonium nitrate. In addition
to this, the decomposition of ammonia into nitrate largely
depends on temperature conditions. In experiments (Literathy and
Pintér, 1979) carried out with Danube water, the ammonia-nitrate
process begins only above 150C temperature (Figure 3). It can be
assumed that in the soil, this process starts at temperature
levels some degrees lower than that, however one may take it
as certain, that during periods with a moderate climate and
during the cool or cold periods, the ammonia oxidation process
is interrupted, and the ammonia gets fixed on the surface of the
generally highly absorbent soil particles,in the period when
filtration across the soil profile is the most marked, due to
the cessation of water utilization by plants. Biological
investigations have unambiguously proved that ammonification,
that is, the generation of ammonia from organic materials,
continues at lower temperatures in the unfrozen soil zones,
even during the winter, conseguently, only as the result of
excessive fertilizer use will the adsorption capacity of the
soil become exhausted. This would then result in pollution of
groundwater by ammonia. It is clear that the magnitude of
nitrogen pollution depends also on the type of fertilizers
used and the nitrogen-soil interactions.

NITROGEN~-SOIL INTERACTIONS

Independent of the form in which nitrogen gets into the
groundwater, the complex processes of nitrogen dynamics take
place in the soil profile. The nitrogen dissolves in soil
moisture, and is adsorbed on the surface of soil particles;
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oxidation then takes place in this zone and finally plants
utilize it. The soil zone constitutes an independent nitrogen
budget in which the above processes occur in complex interaction.
As is known, the nitrogen balance is determined by the meteoro-
logical conditions and the physical parameters of the soil,

the biochemical conditions, and the type and form of the
substances through which the nitrogen was brought into the soil.

Processes which affect the nitrogen dynamics are governed
by the seasonal biological rhythm. It follows that the effects
of meteorological factors are also significant. The occurrence
of nitrogen below the ground surface is decisively determined
by hydrogeological and geochemical conditions. In this context,
the following basic hydrogeological types can be differentiated
in the near-surface zone of influx:

(a) soils of self-contained water budget;
(b) soils with water budgets affected by subsurface waters;
(c) 8oils of independent water budgets.

Soil zones with self-contained water budgets are those which do
not receive additional water from the subsurface aquifers by
capillarity (Figure 4). Such soil zones are those covering
gravel layers, karstic carbonate formations, or chalk rocks of
irregular structure. Under arid and semi-arid conditions,
downward water transfer rarely occurs in such self-contained

soil zones, but it occurs along the erosion pathways only in

the case of heavy rainfall. It follows from the above

that under such conditions, the annual average of nitrogen
transport is also of negligible guantity. Under humid conditions,
systematic water transfer takes place, while mobilization of the
unutilized, stored nitrogen in the soil may also be subsequently
transported by the water which has infiltrated into the subsurface
aquifers. This nitrogen output could be minimized by improved
agricultural technology.

Along the transport route through the soil to the aquifer,
in the conditions prevalent in the unsaturated zone, and while
in contact with adsorbing surfaces, the nitroagen undergoes
chemical changes resulting in the further oxidation of ammonia.
The geochemical character of this thick unsaturated zone is the
so-called open oxidant system (Champ et al., 1979) in which
excess oxygen is present, and the additional supply of oxygen
is assured.

In the upper part of the saturated zone with thick gravel
layers and below the soils with self-contained water budgets, the
water flows along the hydraulic gradient; thus the nitrate and
other dissolved pollutants are transported in a lateral direc-
tion. In these zones nitrate reduction does not take place;
this results in the continuous accumulation of nitrate.

In the saturated zone, i.e., in the groundwater, there is
a closed oxidant system where dissolved organic carbon (DOC)
is always present and which gradually exhausts the oxygen content.
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Following a downward direction, the reduction system develops
after the oxygen has been utilized, and according to Champ

et al., (1979), the reductive decomposition of NO3 will occur
first. 1In the deep alluvial zonesg, the reduction process is
further increased by the reduction of bivalent Fe**, originating
from organic decomposition, into a trivalent compound.

Processes taking place in the transport zone will not
transform the guantity of nitrogen that has entered the
unsaturated transport zone, and the nitrogen originating from
the soil zone will be transported into the saturated zone with
a rate that depends on the thickness and physical parameters
of the transport zone; consequently the unsaturated transport
zone can not be considered an independent subsystem.

The water budget of near surface soil zones is not self-
contained in flat lands with fine sand, loess, chalk or other
formations where the increase by capillarity is in the order of
magnitude of one meter, as in periods without precipitation,
the water leaving the system via evapotranspiration will be
replaced from below due to the effects of capillarity. This
situation can be considered the second basic hydrogeological
group B (Figure 5).

In this system the excess water in the soil zone will infil-
trate into the groundwater with a time lag, as the water
filling the pores has to be displaced first. 1In periods of
poor precipitation or without precipitation, the capillary soil
water will replace the water already consumed, thus inducing a
reverse flow.

In arid and semi-~arid conditions, the dynamic balance of
the soil zone water budget will be maintained by the deficit
in the groundwater balance and consequently the pollutants
dissolved by the flowing water will not get into the deeper
saturated zones. In humid areas or in irrigated lands, this
process is reversed and the annual net balance might show a
downward movement of the water.

In this system, the transport zone is thin and saturated
and therefore only a part of the soil zone operates as an open
oxidant system and the transport zone forms a closed oxidant
system where the dissolved organic carbon (DOC) reduces the
excess oxygen, while the water which moves downward still
contains unreduced oxides. Moving downward, reduction will
become characteristic, soon turning the system into a reducing
one.

Water seepage in the system is slow in all directions and
due to the thickness of the open oxidant system, reduction
processes are so significant that they, depending on the capacity
for reduction, may prevent nitrate flux into the deeper zones.
During the increased activity of the reducing agents--caused
by accelerated or excess nitrogen pollution-~the extent of the
closed oxidant zone increases, thus depressing the upper level
of the reducing zone, and allowing the nitrate flux to permeate
the deeper zones.
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It readily follows from the above that in hydrogeological
type "A" the transport zone is geochemically attached to the
soi1l zone, while in type "B" it belongs to the saturated aquifer
zone; this grouping is also justified hydrologically.

In the third hydrogeological group "“C" (Figure 6), the first
near-surface aguifer is covered by impervious rock formations
and no rain water can get below the soil zone, i.e., the soil
water budget is independent of the groundwater. It is thus
obvious that under such conditions the aguifer cannot be polluted
by dissolved pollutants via vertical transport, and only lateral
transport might cause nitrogen pollution. The conditions of
such systems are very similar to those of the confined aquifers.

Under natural conditions, no nitrogen oxides, originating
from the atmosphere and from organic decomposition, accumulate
in the near-surface aguifers. Nitrogen accumulation occurs,
however, due to the excessive use of fertilizers and this might
even be accelerated by other human activities. Under natural
conditions, the downward movement of water towards the deeper
agquifers is slow and the order of magnitude is 10 cms/yr.,
i.e., there is no danger of nitrate influx into the deeper
layers. In developed countries, however, deep aquifers are
also utilized, so the increased water production and resultant
flow may also accelerate the downward flux of nitrate.

Actual hydrogeological and geochemical conditions are
obviously much more complex than those illustrated by the three
basic types described above. However, natural systems can be
well represented with these basic structures and/or by their
combinations.

CONCLUDING REMARKS

The nitrification of groundwater seems to be an irreversible
process resulting in the accumulation of nitrate in groundwater,
so the water polluted by nitrate will remain polluted for a long
period of time, even after the nitrogen input has ceased.

The nitrification process could be or should be governed
by control (optimization) of the nitrate input into the soil-
plant system.

The key to the solution therefore lies in the improvement
and control of agricultural practices.
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THE IMPACT OF NITROGEN FERTILIZER APPLICATION ON THE NITRATE
CONCENTRATION IN GROUNDWATER: COST~BENEFIT ANALYSIS
CONSIDERATIONS

H. de Haen

Institute for Agricultural Economics
University of Goettingen
Federal Republic of Germany

In this paper, a concept for-cost-benefit analysis is developed
for dealing with the impact of nitrogen fertilizer application
on the nitrate concentration of groundwater. The discussion
starts with some empirical evidence from data collected in the
Federal Republic of Germany. After ocutlining basic issues of
cost-benefit analyses in market economies, a proposal for em—
pirical research is dealt with in greater detail. Major compo-
nents of the concept are modeling nitrate flows in soils and
aquifers. It is shown how those physical models have to be in-
corporated into economic approaches for estimating costs and
optimal fertilizer adjustment. Finally, the paper makes some
recommendations regarding the choice of policy instruments.
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1. Nitrate Concentration in Groundwater - Some Empirical Evidence from the

Federal Republic of Germany
1)

lic of Germary (FRG) about the threats to human health of high nitrate con-
centration in drinking water (vgl. z.B. OBERMANN and BUNDERMANN, 1977). A recent
study, based on water quality data for nearly 40 million people with samples
taken between 1974 and 1977, indicates that 6.6 ¥ of the population had access
to water which exceeded the 1imit of 50 mg/1 N03, recommended by the World
Health Organization (AURAND et. al., 1978). Figure 1 indicates that 1 % of

the population was supplied with water which even exceeded the high 1imit of

90 mg/} NO3 which is currently effective in the FRG (Trinkwasserverordnung).

As in many other countries there is a growing concern in the Federal Repub-

Some countries maintain such low standards as 20 mg/1 N03. According to the
samples from FRG, nearly one third of the population receives water above this
standard.

In so far as long run trends of the nitrate contents of drinking water have-
been measured, they indicate a steadily rising concentration {0OBERMAMN and
BUNDERMANN, 1977; see also for the United Kingdom: OAKES, 1981).

Certainly, the contaminated water does not reach the consumers permanently.
Yet, since one cannot exclude that even occasional or periodic high concen-
trations may threaten the health, especially of children, the data tend to

give sufficient evidence for the urgency of measures against further nitrate

concentrations.

Whether or not and to which extent the farm sector contributed to the observed
nitrate pollution is a question which obviously requires further analysis.
Nitrate concentrations may theoretically also come from the atmosphere or

from reserves stored in the soil. Yet, a breakdown by size of water plants and
by location does at Teast support the suspicion that the farm sector is a ma-
jor cause of nitrate pollution since the limits are more frequently violated

1) Recent publications and their implications are summarized in GOLNREV (1980)
and in ZWIRNMANN (1981).
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in small water plants which are mostly located in rural areas (Table 1, Figure
2). Such plants are often supplied from agricultural areas rather than trans-

regionally from mountainous forest covered watersheds.

Unfortunately, the debate about agriculture's role suffers from lack of in-
formation, especially about the quantitative relationship between the amount

of nitrate leaching or runoff from a given field and the amount finally reaching
the drinking water source at a certain distance. Those trying to keep agri-
culture out of the growing concern and the resulting call for nitrogen redu-
cing measures emphasize that almost 1/3 of the drinking water supply comes

from surface water with 1ittle connection to agricultural emissions and that
groundwater supplies are taken from protected catchment areas {"Trinkwasser-
schutzgebiete") where intensive fertilizer application is often prohibited.

However, there are also reasons to be particularly concerned with agriculture's
contribution to the nitrate pollution, namely in long-run perspective. This
concern is substantiated by

- available empirical studies which demonstrate clearly a positive impact of
fertilizer levels on nitrate concentration, even within protected water sheds
(CZERATZKI, 1973; OBERMANN and BUNDERMANN, 1977).

- the expectation that nitrogen fertilizer application levels will continue
to grow, in spite of declining real prices of farm products (as in the past).
Increased fertilizer levels per hectare will - at standard application tech-
niques and application frequencies - lead to increased proportions leaching
into the groundwater.

- the perspective that the total size of catchment areas will have to be clear-
1y expanded in order to meet the growth of water consumption as well as react
to the rising share of drinking water taken from groundwater. According to
available projections the total water utilization in the FRG may grow at
an annual rate of 1.5 % from 30 to 44 billion m3 between 1975 and 2000. The
water used in private households is expected to grow even at a rate of

1.8 % per yearl).

1) Projections by the Federal Ministry of the Interior (BATTELLE, 1972)
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- the uncertainty about the underground water flows. It seems to be not at all
evident that groundwater sources in catchment areas are not interconnected
to more remote aquifers. Since some aquifers tend to recover very slowly from
contamination one cannot exclude that nitrate is horizontally flowing from

agricultural fields to water catchment areas cver longer distances.

Table 1: MNitrate Content of Drinking Water by Size of Municipalities
- thousand inhabitants -

Size of Nitrate mg/1

Municipalities < 20 20 - 50 50 - 90 > 09
<1 608 249 15 3

1~ 5 550 198 11 2
5- 10 147 46 8 3
10 - 50 257 96 13 -
50 - 100 48 13 4 -
100 - 500 46 12 2 1
> 500 7 2 - -

Source: Institut fiur Wasser-, Boden- und Lufthygiene, Bundesgesund-
heitsamt Berlin, 1979

Qur conclusion from the available evidence is that nitrate pollution should

be of concern to the farm sector, presently at least within the catchment areas,
in future possibly in much more extended zones of agricultural production. Yet,
the amount of nitrate leaching and nitrate flows cannot be Known without spe-
cific empirical analyses. Moreover, recommendations concerning policies to re-
duce the nitrate concentration in drinking water require some fundamental wel-

fare economic considerations.

2. Cost-Benefit Concept

2.1 The Basic ielfare Economic Problem

The basic welfare economic consideration can be expressed in the gquestion:
what would be the costs and the benefits of a reduced nitrate concentration?
Benefits result from reduced dangers to human health, costs from measures to

prevent a higher concentration. Since any reduction of the existing nitrate
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content is likely to create costs and since the marginal costs of nitrate re-
duction tend to increase while the marginal benefits would decrease with fur-
ther nitrate reduction, standard welfare economics lead to suggest that there

is something like a “"socially optimal" degree of nitrate concentration, say

Po in Figure 3. A nitrate concentration below Po would cause costs which

exceed the benefits to the water consumer and vice versa. Hence, the fundamental

Costs,Banelita

Benelits (damage prevented )
of NO3 Reduction

\ Costs of NOy Reduction

]
]
{
)
[}
[}
]
1

NOy (mg/t
P P s (mg/t)

NO, - Reduction == NO, - Emission

Figure 3: "Optimal” Nitrate Concentration in Drinking Water

economic rationale behind this simple consideration is the statement that
pollution 1imits are not solely technical standards, but depend also on the
social costs in terms of resources required and profits foregone to meet such
limits. Situations with higher costs of installations for nitrate removals or
higher agricultural prices and, hence, higher profits foregone from reduced
fertilizer levels are represented by an upward shifted marginal cost curve
say A'A' in Figure 3. A society in this situation might, compared to the
marginal cost curve A A, consequently accept a higher nitrate 1imit in drin-
king water, for instance P.

To quantify the benefits from a reduced nitrate content in drinking water is

a rather difficult task involving at least two problems. One is the measure-
ment of the effect on human health of alternative nitrate concentrations. This
would not only require knowledge of the total daily nitrate/nitrite intake per
person, which depends on the overall diet. It would also require a clear
assessment of the adverse health effects of alternative nitrate concentrations,
which are not sufficiently understoodl). The other problem relates to the value

1) See the survey of related literature in ZWIRNMANN (1981).
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of such effects. Even if the medical implications were known, their quantifi-
cation in monetary terms touches the borderline of social science and is prac-
tically infeasible, unless some questionable value judgements (e.g. medical
treatment costs saved) are used. In spite of these measurement difficulties
there seems to be little disagreement among medical scientists that a reduced
nitrate intake would reduce the threatto human heaith.

If one gives up the ambitious goal of finding something 1ike an optimal pollu-
tion within the tradeoff between costs and benefits, then the economic consi-
deration remains to take certain nitrate standards as exogenously given and

to find least cost alternatives to meet them. Our analysis will be based on
this approach. COnce a certain nitrate 1imit is predetermined the guestion arises
whether this 1imit should be met by avoiding the nitrate pollution at its
origin, for instance by reducing fertilizer levels, or whether it should be
met by removing the nitrate from the water at the plant. Technically, both
ways are feasib1e1). The difficulty of cost comparisons is that not only di-
rect costs but also external effects as well as administrative efforts and
institutional implications have to be compared.

Moreover, the choice of the least cost alternative may depend on the level of
the predetermined nitrate limit. Hypothetically, the profit foregone from fer-
tilizer use (evaluated at appropriate shadow prices) may be higher than the
costs of nitrate removal (or of blending with cleaner water) if the limit is
set at 40 mg/1 and it may be lower than the removal costs if the 1imit is set
high, say 90 mg/1. This would result from a yield function with decreasing
marginal product and an almost linear cost function of nitrate removal as de-
monstrated in the following Figure 4. If this hypothesis could be supported
empirically the conclusion would be to reduce fertilizer levels if high limits
are in effect, but to install technical equipment at the waterworks if the
lower 1imit of 40 mg/1 is to be implemented.

1) See the references given ZWIRNMANN (1981).
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Figure 4: Least Cost Strategies to Reduce Nitrate in Drinking Water

2.2 Social Versus Private Costs

Welfare economic consideration are based on the concept of social as opposed
to private costs and benefits. This distinction is in two ways relevant for
the assessment of a cost comparison among alternatives. One relates to diver-
gencies between market prices and economic values. In the European Community,
for example, many farm prices clearly exceed the level at which the society
could i{mport farm products, hence farmers receive a price subsidy. As a conse-
quence, social costs (income foregone) of a fertilizer reduction would be
lower than the private income losses of the farmers. This is demonstrated in
Figure 5. It is assumed that farmers are currently realizing a nitrogen ferti-
lizer level N (a) with a related concentration, a, of leached nitrate. If they
were to reduce this level to N (8) in order to lower the nitrate content of
groundwater to (B; B < a), they would suffer an income loss of Ye. The loss

of national income, however, would only amount to YS' In other words, the im-
plementation of a nitrate reducing policy at the farm level may be much more
in the interest of the society than of the farm population and possibly re-
quire additional compensating payments to avoid those adverse income effects.

The other aspect of the distinction between social and private costs is related
to possible external effects of alternative nitrate reducing measures. For
instance, a reduction of nitrogen fertilizer levels as opposed to nitrate
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Figure 5: Private and Social Costs of Fertilizer Reduction

removal at the waterworks might avoid direct toxic effects of nitrates or
nitrites in food or feed. Such effects through nitrosamines are increasingly
considered as another threat to human health.

If quantification were possible this would again appear as a lowering of the
curve of social costs of fertilizer reduction without affecting the private

cost curve.

3. A Concept for Empirical Research

In order to assess cost functions of alternative ways to reduce the nitrate
content of drinking water, both the empirical problem of measuring physical
input - output as well as input - pollution relationships and the problem of
assigning prices to those physical effects have-to be solved. Among them, the
estimation of physical relationships is most problematic.

It would be beyond the scope of this paper to discuss the technical alterna-
tives of reducing the nitrate content of water in the waterworks. They include
biochemical and physicochemical procedures on the one hand and the develop-
ment of new water supplies or the blending of various water qualities on the
other handz). In spite of remaining technical problems rough cost estimates

of these alternatives should in principle be possible.

1) This concept is based on the assumption that agricultural prices are not
affected by the respective anti-pollution measures. Hence, the economic
costs exclude losses of consumer surplus. This is a realistic simplifica-
tion where either the region where such policies are implemented is relati-
vely small or where the respective country is small compared to the world
market.

2) TWIRNMANN (1981) discusses alternative techniques and mentions related
references.
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The estimation of the impact of agricultural production on water pollution

is much more complex, especially since it is a typical nonpoint pollution
where any localization of sources emitting nitrate is rather difficult. Yet,
if one wants to include a reduction of fertilizer levels in a cost comparison
of alternatives to reduce nitrate concentrations in drinking water, one has

to estimate the impact of nitrogen use in farm production on the nitrate con-
tent in drinking water. Methodoiogically, this requires a two-step procedure,
namely the simulation of the vertical flow of nitrates from the field surface
to the groundwater zones and the simulatfon of horizontal flows, possibly over
far distances.

Both steps, but mainly the second, leave a wide range of open guestions. The
following is not an attempt to present a complete model or even results of
such a model. It may rather serve as an outline for a research concept and
framework for a detajled discussion of methodological procedures.

3.1 Modelling Vertical Nitrate Flows

The purpose of this submodel would be to simulate the amount of nitrates leached
under alternative soil and climate conditions, fertilizer levels and cropping
systems. Not all nitrates not accounted for in the crop yields contribute to

the pollution of drinking water. Depending on the soil condition, on the re-
ductive capacity of the ground as well as on the surface water system a consi-
derable proportion is leaving the ground through runoff and through chemical

and biological denitrification. DBERMANN and BUNDERMANN, 1977), for instance found
that within their catchment study area, 50 % of the nitrate intake leaves

the aquifer as N2 gas. Much of this process takes place during the verti-

cal water flow and, hence, has to be accounted for by the related submodel.

Various models seem to exist which simulate this vertical flow of nitrates.

An overview is given in HAITH (1980) and ZWIRNMANN (1981). Not all of them

were empirically tested against direct observation. Such tests require field
level information about cropping patterns, fertilizer levels and frequencies,
soi1 and climate data as well as nitrate concentrations in groundwater at va-
rious depths. What is finally needed for further cost calculations is a Nitrate
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Leaching Matrix (Figure 6) allowing assessment of the nitrate leaching for whole
farming systems under alternative fertilizer levels and exogenous soil and

climate factors:

Nitrogen Nitrates Leached in kg/hs (mg/1)
Fertilizer | Soil and Ciimate Type 1 i... 1Soil and Ciimate Type n
I?Eeyzggy Land Use Activity Land Use Activity
9 Grains Vege- Grass- ... Grains Vege-  Grass- ...
tables 1land tables 1land
0
40
80

Figure 6: Schematic Nitrate Leaching Matrix

In the FRG we are bound to experiments in a few catchment areas, where we are
currently in the process of validating the CREAMS mode]l), described else-
where (USDA). The model gives results for intra-year seasonal quantities of
Teaching water and nitrates, depending on the respective crop, the leaf area
index, weather and soil variables.

To exemplify results, simulations of nitrate leaching for grassland and vege-
tables, both for two levels of nitrogen fertilizer, are presented in Figure 7
and in Table 2. The data relate to a catchment -area in Northwest Germany with
a sandy and stony aquifer and mixed agricultural production. This first very
preliminary test of the model was only possible for average yearly levels of
nitrate concentration in groundwater underneath the root zone (Table 3). It
is quite satisfactory for grassland, but does not match well the nitrate
leaching under field crops.

1) The model is being worked out by Mrs. Sabine STEMMLER, Institut fir Agrar-
okonomie. ’
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Table 2: Simulation of N03-1each1ng to groundwater with the CREAMS-model
(preliminary results) - yearly averages in mg N03/1 deep percolated
1)
water / -

1973 1974 1975 1976 1977

Grassland

200 kg N/ha 39.6  45.1 5.5 82.2 86.6
Vegetables

420 kg N/ha 60.1 91.9 11.3 192.1 160.8
Sugar beets

285 kg N/ha | 19-6  49.9 205 68.6 93.8
Maize

220 kg N/ha 19.9 34.7 11.9 9.2 122.1
Grain

64 kg N/ha 8.2 14.9 6.1 9.9 14.8
Grain + )

second crop 10.6 43.2 16.4 a4.7 54.6
180 kg N/ha

1) The results of the CREAMS-model in comparison with actual measuring of
NO,-leaching in a water command area (Mussum) are not yet satisfactory,
exéept for grassland, as the following three-year-averages {mg NO./1)
indicate. The original version of the model was used for the simuTation.
So far no adjustments of the model and no tuning of parameters were done.

Table 3: Measured and Simulated Nitrate Leaching at the Mussum Catchment.
Area (mg/1) Average 1973-1977

Simulation Heasurement

(CREAMS- Average Extrema
Model)

. max 130
Grassland 44.3 46.2 min 9
max 570
Vegetables 98.4 236 min 180
max 157
Arable Land 33.5 90.9 min 24
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Figure 7 Simulations of N03-1eaching to groundwater with the CREAMS-model
{preliminary results) - Monthly averages of a S5-year simulation
(1973-1977) in mg NO3/1 deen percolated water

Grassland 181.8 kg N/ha and year

mg NO3/1
lSOjr 221.6 kg N/ha and year ----—---
100 J
50 7
. . ) A s t
J F M A M J J A
Vegetables 383.6 kg N/ha and year E 268.2
455.2 kg N/ha and year —-{%
mg NO3/1 I \
1
200 ]
150 4
1007
50
1 — 1 1 > t
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3.2 Modelling Nitrate Flows from Field to Pumping Station

In order to infer from a required drinking water nitrate standard on the per-
missible nitrogen fertilizer level it is necessary to simulate the fiow of
nitrate from the field to the pumping station. This is obviously a difficult
task, especially in so far as the officially defined boundaries of current
catchment areas do not correctly delineate the real bounds of the intake areas.

A model of horizontal nitrate flows should account for two processes. One is
the flow of water from the field location to the related pumping stations, the
other is the flow of nitrates leached from the entrance into the aquifers to
the pumping station. Although less important in the deeper zones of the aqui-
fers, denitrification has to be accounted for as in the vertical fiow model.

Various model types are conceivable which simulate the fiow of water from the
field to the pumping station. Depending on the intended model output they efther
simulate the water flow through consecutive cells following hydraulic gradients
or they represent average mass balance equations of water and nitrate movements
for larger areas. IWIRNMANN (1981) analyzes recent publications of three em-
pirical studies and arrives at rather favorable conclusions with respect to

some of the models' predictive capabilities.

Whether or not §uch models can be applied to extended agricultural areas or
even - in appropriate regional disaggregation - to whole states, as the study
of REEVES (1977) for England and Wales, remains to be fnvestigated.

One interesting feature of several of the available studies is the long time
lag of 10 to 30 years between nitrogen application and the resulting impact
on the nitrate content of pumped water. The time lag seems to depend, ceteris
paribus, on the thickness of the unsaturated zones, the speed of the horizon-
tal water flow and the distance between field and pumping station (see e.g.,
YOUNG et. al., 1979). Hence, an apparent lack of correlation between farming
activities and water po11utiop may be the result of taking a toc short time
horizon. Especially where the aquifers' capacity to recover is limited, one
cannot exclude that intensive nitrogen application even outside the officfal
catchment areas might pollute the drinking water resources of the next gene-
ration.
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4. Issues for lModel Applications

Various issues can be raised on the basis of the aforementioned models. 9ne
is the cost comparison of alternative instruments. Concerning the farm sector
such cost estimates can either be based on current fertilizer technologies
and production patterns (status quo analysis) or on appropriate adjustments
(optimal adjustment analysis). Moreover, the models could be used to identify
critical regions with high pollution potential.

4.1 Status-quo Cost Estimates

In order to estimate the social or farm income loss {depending on the respec-
tive prices) of a required reduction of nitrates in drinking water, one addi-
tional set of empirical information is necessary: the nitrogen-yield functions
of various crops as well as production functions of those livestock categories
which use fodder areas or provide manure to be spread on the fields.

A model to be used for cost estimates has essentially to be dynamic and account
for the time lag between production activities and nitrate intake into drinking
water. In other words, such a model should be able to indicate the tradeoff
between current income losses resulting from anti-pollution measures and later
ecological damage from not taking action today. -

Such dynamic models are complex and require a large amount of time dependent
information. Therefore, it might initially be advisable to exclude adjustment
lags and discount factors and 1imit the analysis to comparative static cost
estimates. The cost comparison would comprise the situation before implemen-
tation of anti-pollution measures and the new steady state situation after
implementation.

The starting point of a comparative static cost analysis is the required nitrate
concentration 1imit, n, If, for simplification, one assumes that this limit,
expressed in mg nitrate per litre, is to be met by the leaching water under

each land use activity (and not just a rotation), then one can define the re-
quired reduction, dni, of the nitrate concentration as

dn, =an (FHi) -n
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where:

a = location specific denitrification parameter, indicating the propor-
tion of leached nitrates which finally reaches the pumping station
{a < 1);

ni(FN1) = the current concentration of nitrates in leached water and land use
activity 1, with n being a function of the nitrogen fertilizer level
FNi;

n = ypper 1imit of nitrate concentration at the pumping station,

The costs of realizing this reduction through a lower fertilizer intensity are
derived from the profit foregone

#N, .
e * (¥N'1" P71 - Pey) dng - S

where:
Ky = income foregone per hectare of activity i
aFN1
P — = inverse incremental nitrate leaching (mg/1) per unit of marginal
an1 .
change of nitrogen fertilizer level. This function is to be genera-
ted by the vertical flow model
BY1
N = marginal product of nitrogen fertilizer
i .
PY = price per unit of output 1
i
P = price per unit of nitrogen, including the costs of other compliementary
FN

crop specific inputs which would be varied parallel to the nitro-
gen level {e.g. other nutrients, chemicals, stem shortening treatment) |

To give a rather hypothetical example for the grassland use for which a preli-
minary simulation of nitrate leaching was presented in the previous paragraph,
it 1s assumed, that 50 % of the leached nitrate leaves the aquifer by
denitrification (a = 0.5), that the current nitrate concentration reaches
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150 mg/1 in October (n (FN) = 150), and that the required nitrate limit is
50 mg/1 (n = 50). Hence, the nitrate content in drinking water is to be
reduced by dn = 25 mg/}.

If one further assumes that the marginal leaching effect is 1.33 mg/1 nitrate
for each additional kg/ha nitrogen fertilizer (tentative model result for
month of October) (3FN/an = 0.75); that the marginal product of nitrogen on
grassland is 13 KSU (kilo-starch-units) per kg nitrogen (3Y/3FN = 13), that
the revenue per unit of output is PY = 0.50 DM/KSY, and that the price of one
kg of nitrogen plus other complementary inputs is PFN = 2.5 DM/kg, one arrives
at a farm income loss of K; = 150 DM/ha. The social income loss would presum-
ably be lower, depending on the shadow prices, PY and PFN'

The average costs for a given region with homogenszous sofl and climate conditions
follow from aggregation over all land use activities

where x; = relative share of 1 in total land use (I = 1)

Finally, the income foregone per litre of leached water (K' = 5), is to be
compared to the costs of direct nitrate elimination at the waterworks and

other related external effects of the alternative policies.

4.2 Optimal Fertilizer Adjustment Model

An economic analysis of nitrate pollution should not stop at this stage of
status quo analysis. An important factor of adjustment has so far been left
out, namely the farmers' possibiltittes

- to change the production structure {e.g. reduce tha share of crops with

high nitrate emission)

- to change the frequencies of fertilizer applications (e.g. apply more small

portions), and

- to use alternative techniques and take better account of nitrate reserves
in the sofl at the beginning of the growing season.
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Any of these measures will potentially reduce the costs of fertilizer redu-
cing measures. They will enable farmers to apply less fertilizer without or
with only small reductions of yields and income per hectare.

It has to be mentioned in this context that farmers will - in pursuit of
even private profit maximizatjon - have a rising interest in such adjust-
ments, as real fertilizer prices rise so drastically as in the recent past.
One outstanding example for this tendency is the rapid diffusion of the
socalled Nmin-method, where the nitrogen doses is related to the actual
nitrogen stock in the soil at the field level.

One method of analyzing the so defined optimal adjustment is a Jinear program-
ming model. Linear programming can not only be used to compute minimum “Tong-run"
adjustment costs to meet certain nitrate 1imits (as opposed to the short-run
costs at status quo conditions). It can also help to search for appropriate
policy measures. Further it may be developed as an educational tool for farm
extension. An example including external effects of nitrogen fertilizer was
presented by SWANSON et al., ( 1978).

These long-run costs of optimal adjustment to certain nitrate l1imits will again
have to be compared to the costs of nitrate elimination from drinking water.

The conclusions with respect to an optimal policy may possibly differ from those
of the status quo calculations, 1.e. measures to enforce revised fertilizing
strategies and cropping patterns may be recommended although the status quo
costs of nitrogen fertilizer reduction exceed the costs of direct nitrate
elimination.

4.3 Identification of Critical Regions

While the empirical basis of analyses at the watershed level seems to be quite:
sound, many uncertainties arise when one attempts to draw conclusions for the
regional or sectoral level.

Basically, there is empirical evidence that intensive nitrogen fertilizer
leads to considerable nitrate leaching, especially under 1ight soils and where
green cover can't be assured in winter time.

At the watershed level several studies support the hypothesis that this nitrate

directly pollutes the drinking water sources. Policy measures can be im-
plemented specifically for the respective zones of catchment areas.
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But how can critical regions outside those watersheds be identified? How large
are they? What measures should be taken here to prevent further pollution?
What is the total damage of nitrate leaching in the overall sector and what
costs would be involved if sector wide policies (e.g. nitrogen tax, quota
etc.) were applied?

These are very important questions to which we don't have answers yet and where
we can only attempt approximate calculations.

Lacking an operational water flow model we can try to estimate the upper bound
of the nitrate pollution caused by agricultural production when we start from
the hypothesis that all leaching water exceeding a certain nitrate limit, say
of 50 mg/1, is adding to the potential poliution of drinking water at some
point in time. Based on this assumption, the following procedure is conceivable
to arrive at regional or sectoral estimates:

1. Classify a given region (or country) according to soil types and rainfall
into a 1imited number of locational types.

2. Simulate the seasonal nitréte in leaching water per hectare for the typical
cropping patterns and fertilizer levels.

3. Estimate the necessary fertilizer reduction for those crops where nitrate
concentration 1imits are exceeded.

4. Compute yield and cost effects of the required fertilizer reduction, based
on regional production function estimates and standard gross margins.

5.'Compute aggregate cost and yield effects by summation over the locational
types of the respective region.

6. Location types or regions with significant violations of nitrate limits and
resulting high costs of fertilizer reducing policies are identified as po-
tentially critical areas. They are candidates for more detailed studies of
leaching problems and field to water source flow analyses. Horeover, re-
commendations for those regions have to be developed with respect to ad-
justments of cropping patterns and fertilizer frequencies.
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Such a procedure certainly has the shortcoming, that it only approximates

the maximum conceivable damage, that it has to rely on poor regional data for
yield reiponse functions and production cost estimates, and that it necessa-
rily has to work at a high level of aggregation and neglect site specific
conditions.

Yet, compared to the field level analysis the region-wide estimate of maximum
damage has the advantage that it illustrates the relevance (or irrelevance)

of more indepth investigations in weéll-defined regions, that it yields preli-
minary estimates of external costs of intensive agricultural production which
may improve the evaluation of agricultural policies, and that it finally may
help the decision maker to choose among site specific anti-pollution measures
versus region or sector wide policies in order to achieve a desired reduction
of nitrogen levels, 1f the latter should turn out to be preferable to a direct
nitrate elimination from the water.

5. Conclusions for Choice of Policy Instruments

The purpose of this paper was to discuss open questions in the field of ni-
trate pollution through agricultural production and to present an analysis
concept. It was not the purpose to present results and policy recommendations.
We started from the widely accepted assumption, that intensive agricultural
production causes considerable nitrate leaching into the groundwater and that
this is already causing damages in many catchment areas.

We therefore propose an initfal economic analysis at the level of catchment
areas in order to define least cost alternatives to meet certain nitrate 11-
mits and in order to analyze economic feasible adjustmenis of production pat-
terns and fertilizer application strategies. This analysis has to include
cost estimates of nitrate elimination from the water without affecting agri-
cultural production.

If the nitrate pollution problem turns out to be manageable within narrow
bounds of catchment areas, location specific policies (control of fertilizer
levels, prohibition of certain crops etc.) could be applied, and the major
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agricultural sector would hardly be affected. This perspective would
drastically change if suspicions should be realistic that much larger ground-
water sources contributing to human water supplies and that nitrate leached

into tne groundwater outside the official catchment areas may finally

also pollute those supplies. The relevance of this hypothesis is actually the
major open question reguiring the advice of experts in hydrology and soil
science. It will eventually determine the borderline between local and sectoral
policies to reduce the nitrate problem.

In so far as it can be shown that more extended areas of agriculture

contribute to the nitrate pollution - and this is not unlikely for certain lo-
cational types and farming systems -, one may have to consider sector or region
wide policy instruments, e.g. taxation of fertilizer use, quota or prohibition
of complementary inputs (e.g. stem shortening chemicals such as CCC). These
policies would certainly have sizeable negative impacts on farm income, espe-
cially since quite drastic taxation may be required in order to stimulate a
sensible reduction of fertilizer inputs.

This latter perspective indicates potentfal political pressure against more
ecological considerations in agricultural policy. Compensations of income
foregone may have to be included in policy analysis. Generally, there is an
urgent need for more empirical evidence on which cost-benefit considerations
can be based. They are necessary in order to provide more objective and less
irrational arguments for the public debate in the domain of environmental
implications of agricultural production.
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THE ADVISORY SYSTEM FOR FERTILIZER APPLICATION IN THE
GERMAN DEMOCRATIC REPUBLIC EMPHASIZING THE MINIMIZATION
OF NITROGEN POLLUTION®*

K. Beer, H. Ansorge and H, Goerlitz

Institute of Fertilizer Research Leipzig-Potsdam

Academy of Agricultural Sciences
German Democratic Republic

This paper describes one of three operational computer systems
used to give advice to farm operators in the GDR. The system,
employed nationwide, fulfills two objectives. First, it serves
to plan the demand for mineral fertilizers on farms, in dis-
tricts, and in regions, taking into account the availability of
organic manure. Second, it determines the type of fertilizers
used, timing, rate, splitting, and technological methods of
fertilizer application in specific fields. The system has
proved to be a useful basis for decisions to be taken in the
management, planning, organization and control of fertilizer
use.

‘This paper originally appeared as CP-80-34 in the Collaborative
Paper series of the International Institute for Applied Systems
Analysis, Laxenburg, Austria.
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1. Introduction

agriculture in the German Democratic Republic (GDR) faces
the task to coatinuously supply hiche-guzlity food to the
population and rew ameterials to the manufacturing industry.
To fulfillthis task, emricultural production has to be
further intensified. Among the intensificztion factors,
extensive chemicalization is of great importance. For this
reason, special sttention has to be given to the

effective use of the available ecounts of nitrozen fer-
tilizers.

Whereas the share of nitroren effectiveness in farm-ecale
dispersed triasls on loamy sands and very candy loams at a
fertilization level of 100 kg li/ha under the condition in
the GDR comes up to 25, 40, and 22 , in winter wheat, winter
rye, and potato, respectively, it totals 66 % in field

erass at a fertilizetion level of 160 ke i/ha (SCIHLEE, ii.,
1976). Thus nitrogen takes an important part in yield
formation. Cn light soils, hovever, it is not to be excluded
that fertilizer nitrogen and nitrogen orisineting from
mineralization of orzanic metter in the soil will penetrate
into ground ard surface watem. In urnfavorable cascs, the
nitrate content in the vater mey exceed the limit of tox-
icologiczl sefeness. Hence, science ic obliged to attend
61111 nmore carefully to the elaboration of envirommentally
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acceptable and protective solutions.

Consequently, the use of nitrocen fertilizer is aimed not
only at reacning hizh yields per unit area but also at im-
proving the utility velue of the crop products and at amini-
mizing nitrogen pollution. Tne realization of taese

aims will reunder the applicetion of fertilizers, particulerly
of nitrogen fertilizers, highly effective.

To bave the environment impaired as little as possible
when carrying out fertilization operations, numerous meas-
ures to protect environment heve been tsken and will be
taken in the GDK.

The state, society and each citizen in the GDR are obliged

to protect nature and ite resources. This obligation is laid
down in the Conegtitution of this country. Thercfore, stete
management and agricultural research bodies have been concerned
with introducing parallel to the application of increased
amounts of minerel and organic fertilizers,a variety of measures
contributing to a risein soil-fertility and, thus, to further
improve the 'kidney function' the soil hes in nature (RUBLLSAL, L.,
1379) as well as continuously complete the scientific
fundamentals of fertilizer use. Furthermore, it is not only a
matter of balancing energy spent on the production, transport,
handling, treatment, and spreading of mineral fertilizers by &
hiph energy gain through plant yield, but of increasing this
energy gain. It is started out from the fact that the use of
larce quzntities of nineral fertilizers and orcenic nianures
constitutes an essential preconditicn for raising agricultural
production end improving soil fertility. At the sane time,

the possible effects on envirorment, on the one aand, and the
demands in the field of water wmanavexent and environment
protection, on the other hand, expand. Guch effects heve to

be differentisted as direct snd indirect ones.

The direct effects are insicuificant after spring application
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of .itrosen Tertilizers 2t the start of the crovic~ s2eon
zs, if done properly, the nitrogen generally will not be
tranelocated to the subsoil. Experiments with small lysi-
meters on five sites between 1965 aua 1972 revealed the

N leaching to vary between 8.8 and 16.7 kg Ii/ha and year
(below 1 m). Of these only 10 to 15 per cent accounted for
fertilizer nitrogen. A certain exeption are sandy soils
where nitrogen'may be washed out eventually in spring

if root and tuber crop are cultivated and high precipi-
tation occurs in the period when the plants do not yet take
up nutriente or do only to a small degree. The same holds
true of high quantities of supplemental water from sprinkler
irrigation. High rates of organic manure applied in sutumn,
however, may result in N translocation to deeper soil lasyers,
particularly when slurry is used.

while properly applied mineral fertilizers generzlly do not
heve any direct influence on nutrient translocation, a direct
effect may be czused et high fertilization level by 'nutrient
recsidues' left after too high fertilizer applications or very
low crop yields. This nitrozen is found in the eo0il in form
of nitrate and, thus, is mobile. :

The chznce of nitrogen being built up in tne soll is due to
cnother indirect relationship with fertilization. The inten-
eification of crop productién and the increasing use of min-
eral fertilizers as well ag of ever higher amounts of organic
manuree lead to a site-specific level of soil orzenic matter,
which is an important cheracteristic of soil fertility.
Organic manuring and soil orrpanic matter are known to have

a positive effect because they do exert a most favorable
influence on the soil's physicel, chemical, anl biological
properties. The same holds true of the cleaning efficiency,
the 'kidney function' of the so0il for contaminants to the

environment.
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As in 1377/73 129 kg N, 66.1 kg PZOS and 63.4 kg K,0 were
applied on average per 1 ha oi farmland area in the GDR
(according to Statistisches Jahrbuch der DDR 1379, economic
year), fertilization has to te organized in such a way that
crop yield and quality are strongly influenced and environ-
ment is impaired as little ac possible. To meet these demands
EDr programs have been established to an increasing extent
since 1971 for the use of macronutrients (N, P, K, ig, Ca) and
micronutrients (B, Cu, in, bio, Zn) and organic manures

and have been put at the disposal of the GDR farms for crop
production as decision aids for the planning and application
of fertilizers and manures (Table 1 - Application range of

the EDP-project 'Fertilization' and of plant analysis, in per
cent related to the area attended to by the Agrochemical Analysis
and Advisory Service of the GDR; BEER, K. and KCLBE, G., 1978).

The computation of recommendations is based on EDP programs
including a variety of parameters from which decisions are
derived by logical linkage of facts during the computing op-
eration. It is possible by changing parameters and computing
operations to have new scientific findings and experience of
outstanding farms immediately introduced to e broad range of
farms.

For mineral fertilizers and organic manures recommendations
are given on quantity, splitting, time, fertilizer forﬁ. and
application technique related to the respective crop in the
field and the meadows end pastures, respectively. Further-
more, calculatione of organic manure productiorn and accounts
of fertilizer requirements by quantity and sssortment are made
for planning purposes under conesideration of the temporal
demand of sections and departmente of a farm as well as of
the whole farm. Simultaneously these recommendatiuns ere
further summarized and then serve the state mznagement as
fundumental material for planning the fertilizer requireme..ts
and the regional distribution of the total amount of minerazl
fertilizers to counties and districts as well as agrochemical



86

a6 S0 33 1% [4% L1 ¥ - SJC0100 dojupm 1apun
vauaw Jo 9DOjULDID
sisAjeur Jueig
vo o6 90 ov at - - - JWunuepy oruedayy,
owwveadoad (3
€¢C 3¢ (43 4 v1 A S 14 - §SIUSTINUO DL AL,
swweadoad Jg |
001 0ot 00T 66 96 S 9 1471 $SIUDINUOIDY
swwaaioad Qi

8201 22061 9261 GSL6T viot €L61 cLOT 1267

(80T "D ‘IUTONM pPue *M ‘UiyId)

AI0SIADY PUT SISARUY (Lo1waydoady ay)] AQ 0) Popuadlie ©oJr ay)] 0} pojRlaa judd aod :C

(aao aw jo adeg

sgsAleue jueld Jo pue [ U O Y B Z Y 1L} aa ], 19oload i 24y JOo oBuva uonedpddy T 9lqe L



87

certers (.CL) thet aave been founded as inter-farm estab-
ligh.ents by the farme for crop production end nostly per-
form the epreadine of mineral fertilizers., The rapid =rowth
of the GOR arricultural production, the reeults obteined in
research work, end the evaluation of nurerous proposals of
experienced v.orkers as well es the ever increacing informa-
tion demand reandered it nececsary to review and improve the
computine tecaniques and parzmeters of the existing LJP fer-
tilization pro-rams along witn the current prosram WOTK .

2. wdt fertilization project DS 73

The new fertilization project DS 79, progranmed in iL 1
lancuace for the LDP unit Robotron &S 104C allowed to link

the individual sub-prosrams (uacronutrients, micronutrients,
orcanic manuring). The latter mey be cowputed in combinetion
or separately. i survey of the structure of the ©ZDF project
‘Fertilization® is given in Ficure 1 'Sciiene of the Tertili-
zztion syctem' (BLzR, K. et 8l., 1978).

The fertilization project corsists of the following linked
sub-programmes:'

- orcauic rmanuring

- mineral fertilization - necronutrients

- nineral fertilization - uicronutrients

se for rezsons of planiing and 85 2 basis for decisions

on PR advance fertilization and liming, the fertilization
reconmendations must be computed :zlready in the sum.er of the
preceding year; the operztional adaptation of nitroren
fertilization to the actual meteorclogical conditions forms
znother intecral part of the fertilization project. The

crect deterwination of the I fertilization is based on soil
analvges ior plant-azveileble nitromen coutent in ecarly

spring (fopical advice on Fertilization) es to the first
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N dressing, and on plant analysis as to the 2und N dressing
to winter cereals. The technolorical run of working out
EDP fertilization recommendations ies ehown in Figure 2,

Data collection and provision as well as the filling in of
the input documents are done under the supervision of coop-
erators of the igrochemical Analysis and Advisory Service

of the GDR (ACUB). ACUB belongs to the Institute of Plant
Nutrition, Jena, of the Academy of Agricultural Sciences of
the GDR, It hae divisions in Jena, Halle, Bergholz-Rehbriicke,
Dresden and Hostock, The staff members of these service
divisions are responsible for advising the farms for crop
production in their region. The samples of soil and/or plants
as well as manures are analyzed in specialized laboratories
in Jena, Rostock and Halle., The staff meumbers of ACUB check
the input documents filled in. All input data are punched

in the Dresden division of ACUB.

Checking of the punched input data, ruaning of the EDP
program, and printing of the fertilization recommendations
are carried out in the computer centre of the Ministry of
Agriculture, Forestry and Food. Then the steff members of
ACUB check the EDP fertilization recoamendations, hand them
to the farms aud agrochemical centers, and give the necessary
explanations.

To ensure a wide application raige of the program, it was
laid out for 207 crop species and utilization types. The
crops are included in the computation as crop to be fertil-
ized and for their propcrties as first and second preced-
inz crops or catch crop. Table 2 gives a survey of the crop
groups to be included.
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Organization of data collection, computation and output of

fertilization recommendations

| Data collection

Selection of computation system

Data provision

Filling in of input documents

&

Sending the input documents to ACUE 1)

f

--‘ Checking by ACUB

J

Punching of innut data kty ACUD

*

Computation centre

Checking of input data

Running of the programme

Trinting of the fertilization
recommendations

|

Checking of the print-outs by ACUR

Handing over of fertilization r%a)ommendations to farms
of croo production and ACZ

|

1) ACuUB - Agrochemical Analysis and Advisory Service

2) ACZ - agrochemical centre
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Takle 2 Groups of cron species and utilization covered ty the
EDF project 'F e rtilization' DS 79
(ANTORGE, H,, 1978)

Number of the crop species
or utilization types incluced

Cereal crops 10
Leguminous crops 10
Qil crops 10
Fibre plants 2
Field vepgetables 32
Dolatoes 5
Sugar beet 5
Root crops for fodder 10
Forage plants for fodder 8€
Forare plants for seed 2¢
Tobacco 1

Grassland 10
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The cropping form,and in several crops also the varietal
type grownyas well as the intended use, are considered to
further specify the fertilization recommendations,

The intended use of the harvested crops is required to
consider in fertilizer application the influeunce of fer=-
tilization on the quality of the hervested crops.

The followinz uses are included:

- industrial processing of the harvested crops (e. g. malt-
ing barley, starch potato, manufacture of babvy food from
vegetables)

- feed and bread grain with increased crude protein content

- whole=plant harvest

- artificial drying of forage

~ hay-making and feeding of fresh forage or pasturing,
respectively

- ensilage

- immediate consumption of vegetables and potatoes

- storage of vegetables and potatoes

- multiplication

The effect and the dynamics of the nutrients supplied ere
strongly influenced by the site conditions. Therefore, the
different soil properties and tahe climate are larrely con-
sidered when computing fertilization recommendations within
DS 79. In this context, it is not only the soil nutrient
content being systematically determined in the GDIR since
1952 on the basis of respective laws, that plays an impor-
tant role, Table 3 shows the soil groups for arable land
included in DS 79.

The first ficure of the so0il goes for the texture of the
topeoil, the second ficure forhydraulic conductivity and
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Takle 3 Soil groups DE 79 - arable land (ANTCRGE et al, 197¢)
Soil Fine particles Soil class Characteristice of
group <%6 pm arable soils
1.1 <7 Sanda (S) Low ground-water level
1.2 <? Sand (&) Influenced by ground-water
2.1 € - 15 Lightly loamed sand Low ground-water level
= loamy sand
(s1/18)
2.2 T - 15 Lightly loamed sand Inftluenced by ground.water
- loamy sand
{<1hs)
3.1 16 - 25 Very loamy sand Without waterlogging
- san loam
(sL/sL
3.2 16 - 25 Very loamy sancdl With waterlogging
- sandy loam
(sL/sL)
4,1 26 - 3¢ Loam (L) Wihout waterlogging
4,2 26 - 3¢ Loam (L) With walerlogging
4,4 26 - 37 Loam (L) Chernozem soils
5.1 > 39 Clay (™) Without waterlogging
5.2 > 39 Clay (7) - With waterlogging
6.1 Half-bog, 20 - 40 cm peat
shallow bogs 15 - 30 <t organic matter
6,2 Bog 40 cm peat

? 30 S organic matter
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vcterlomeing (water level). Excepted are cheri.ozem scoils
(soil group 4.4), half-bog soils (soil =roup 6.1), and bog
soils (s0il group 6.2).

To be able to consider the differcnt influences of the

climate on the level and efrect of nutriexnt sup.ly, it vas

necessary to delfine four racrocliratic zones for tihe farme
lzcd aree in the GDx,

Climatic zone 1

Ciiimetic zone 2

Cliamatic zone 3

<lictic zone 4

Lowlands uncer reritime inf'lucnce in zhe
north znd the rilly country vith hwunid,
mild clinate in the souta of the GDR

Dry region 2ud marsinal zreas in the usiiddle
znd the southern parts of the GDR
Transitional region Letween the ailly
country and the foothills up to the
rediua~altitude elevations of the low
mountein rencge of the GDR

wlevetions of the lov mountains of the ZIR,
exceeainy 5.0 w above sce level

The re~ioncl distribution of the climatic zones to the GDR
counties is siown in risure 3.

The deliiitation of the climatic zones is based on .ieteorolori-
cal limits (leble 4).

Thie oezcroclimatic approach necessarily includes inylueices

or thc uicro- aund local climctes, waicn zre the reasons Zor

exceeding the linits quoted, These influences siuould be con-

cidered by assirnine them to the respective clivztic zone in
accordance with the .eteorolorieal limits,
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Figure 3. Climatic Zones DS 79
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Por the cract determination of the fertilization periods
in the difrerent GDR renione in depondence on climcte and
weather, four phenolorical zones zre cifferenticted:

Fheuolosical z2one 1 = Rersjoa with normzl stert of veceta-
tive periocd

Ihexzologicel zone 2 = Region with slizhtly late start of
vecetative period

rhenolosical zone 3 = secion vith norral start of veccta-
tive period and very early grain
karvecet (early thresaine)

inenolorical zone 4 = necgion with very late staert of vereta-
tive period

The structure of the flow chert of the sub-procrems accorc=-
ing to the unit aesembly principle znd en excct edaptetion of
the respective input and outyut inrormetion ellow in DS 79 to
compute separztely and ir coubinztiorn the sub-progremnes
mentioned ir i'isure 1. Therefrom result the followine poecible
computation s,ste.s (Tchle 5).

Sorputation cystems 1 end 2 sre tnose most frequestly used
by the farus for crop production, Computation systen 1
'Lirerzl rertilizction {(lizcro- and licronutriente)' serves
to conpute crecp- and field-related reco.urendations for
fertilization with wecronutrients (i, r, i, mé, ca), snd if
results from soil znalyeis for micronutrients are aveilable
eleo for fertilization vith wicrouutrients (5, Cu, n, Lo,
in), in terns of quantity, splitting, time, Jertilizer form,
and lertilization tecanique. If :icrouutricnts cre required,
fecdback takes places to the use of .acrouutrient rertilizers
conteining nicrouutrients. Site conditions, econowic fzc=-
tors, and the iufiuence on the quality of the crop products
cre congiuered in the conmputetion,
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Survey of the computation systems of the DE 79
(ANSORGE, H. et al, 1979)

Computation system

Information

Print-outs

(1)

(2)

()

(4)

(s)

(6)

(?)

Mineral fertiliza-
tion (macronut-
rients and micro-
nutrients )

Organic manuring

Organic manuring
and mineral ferti-
lization

Fertillzation with
micronutrients

Production of
organic manure

Additional comnuta-
tion of nitrogen
fertilization in the
spring of the crop
year

Straw kalance

- Straw

N, P, K, Mg, Ca
fertilization

B, Cu, Mn, Mo, Zn
fertilization
Balance for repro-
duction of organic
matter

Available organic
manures

Straw balance

Use of organic ma-
nures

Dalance for repnro-
duction of organic
matter

As for systems

2 and 1

Organic manuring
is immediatly in-
cluded in mineral
tertilization

Fertilization to crop species
and fields

Summary on field and farm
level

Summary regarding labour
organization on farm level
Summary by crop species
Balance for reproduction of
organic matter

Amount of organic manures
produced, straw balance
Straw removal

Orgpanic manuring to crop
species and fields
Summary on field and farm
level

Summary regarding latour
organization on farm level
Summary by crop species

As for systems 2 and 1

B, Cu, Mn, Mo, Zn - Application of micronutrienis

fertilization without
any fpedback to the

use of macronu-

trient lertilizers con-

taining micronu-
trients

Amount and time of

organic manure pro-

duction

- N Jertilization with
special regard to
the inorganic N
content in soil

belance

to crop species and fields

Amount and time of organic
manure production in the
animal houses

N fertilization to crop species
and fields

- Straw balence
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The farms have to provide duta on the intendei or~uznic
manuring to enable the ilitecration of the nutrients supplied
by the or-anic :enuring aud the counutation of tae vilz.ace
for the reproduction ¢f =oil or~zuic .ztter.

Coiputation systex 2 'urrenic cnurine' is uced %o compute
the availability of tae different orcez.uic wanures in terms
of quantity aund time, and tueir Aictrivution to crocps aud
.if'ields under consideration of factors of seronc:y and culti-
vation, demands of environnuntal ecolosy e well as aspects
of labour orzanization znd econony. (nece data may aleo
serve as input data for computing minerel fertilization,
Jfurtnermore, buzlarnces azre ectablished for the quantity end
uge of straw znd reproduction of soil oreanic matter.

Of the revaining computation c¢ystems, csystem 6 ’i.itroren
vertilization in Sprinc' is of speciel importance for con-
sidering the problems of enviroument. It is intended to ad-
ditionzlly compute reconisrendations for nitroscn rertiliza=-
tion within a short tine in spring. It serves to correct
caanges in the cropping plan snd the use of or~znic unc.ures,
which pzrticularly influence uitroren fertilization of the
fields. ..oreover, nitrosen fertilization is adjuszted to the
conditions of the precedines year (crop yield, nitroren ex-
traction and nitrozen residucs in soil) and to nitrocen
dynznics in soil durine the wianter r.onths. Taus the a.ounts
of inor~unic nitrogen compounds (N, = Ln:-N and NO;'—N)
evailable in the soils in early spring are considered.

'he fertilization recom .endations zre corputed by fields for
the respective crop specics or utilization trpe. The Ier-
tilizer cmounte required to reach tue planied yields zre

orinted out.

Xle level of L rertilizatiorn is computed by meanz of roduction
[urctions (solynonizls of 2ad order) reprecc.tiss tae relatious
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between N fertilizgtion and crop yleld. In a special .
program, the yield increments reached per kg N at the
respective yield level are viewed against the additional
expenditures for fertilization (technological costs for
N, P, and K), taking the harvesting costs for the yield
increment into account. The optimum is reached when the
returns for the yield increment come up to the costs for
the additional expenditures required for ivs production.
the optimal N rate (N opt.) is calculated by means of the
optimal yield (Y opt.) (RUBENSAM, H.; KUNDLER, P.; WIEN=-
RICH, B., 1972).
PN v°
Y opt. = - — o+
(Py =by - =B . pp . £E | px)? . 4c 4c
Ap Ak

2
=b - b _ a Y opt
N opt. = —zc— VTE st T

In this context, the symbols mean:

a, b, ¢ -~ partial regression coefficients of the production

function
PN - technological costs of N tertilization
Py - price of crop products in /100 kg
My - harvesting costs in K/100 kg
Ep - P uptake by plant in kg/100 kg of yield

~ site-dependent P utilization coefficient
- technological costs of P fervilization
K uptake by plant in kg/100 kg of yield
- site-dependent K utilization coefficient
- technological costs of K fertilization

RERIE

By correcting the optimum N rates it i1s possible to system-
atically influence the crop yields and especially the quality
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of the crop provducts from certain species if there is the

respective dem'nd in nationel ece:uomy. The optimal I, retes
are not calculated from year to year, but are included as

table values in the DS 79 computer procram.

Crop species grown to a smaller extent are not optimized
throush production functions. In such cases, tables wvere
worked out on the basis of experimental results.

Uue to the stroncly varying yields, the level of I fertilization
to vegetables ie investizeted by wey of balancing, tae planned
yields being included (GEISLLER, TH.; GEYZR, B., 1376).

L kg/ha =L *a *A + b where
is  planned yield in 10U kz/he
a is N upteke by plant in ke/100 kg

t

A is factor for crop- and site-specific assimilation
capacity
b is addition depsnding on vegetables species and

fertilization group

Tae bagic value of optimel nitrogen fertilization relating
to cercals as precedius crop, nor.al ..eteorological condi-
tions, and sbsent orrenic manuring is furtner preesented by
adcitions and subtrections for:

- yield level

- preceding crop and position in the crop rotation

- usc of the crop products

-.cultivation fomm

- nutrient sup:ly by orreric :c:iuriip to the crop or
residues from the fertilization of the first crop or
preceding growth

~ residugl effect of orranic .icaurine to the preceding
crors

- variety in vegetzbles, cercal :lante, potstoes, and
seed croviue crops

- application of culm stobilicers,
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’he zdditionzl coxputation of nitroren fertilization in the
cpring ol the crop year includes furthermore:

- nitromen uptake by the precedine crop in dependence on
the yield lcvel
- lcvel of I fertilization to the precedingz crogp

- nitrogen residues from the preceding yeer, cud
-~ I trauslocation during the winter months.

Conslderine these factors of i:ufluciice on the level of the
overall nitrogen require..ents allows an almost full adapta-
tion to thc recspective production conditious so that it is
poseible in elmost every cace to avoid damaces from over-
dressing end strouger L translocgtions into the sround-water
even on low-sorption soils durine the growing season.

& further measure for eliminating nitrogen overdreseing and
leacaning coneists in splitting N fertilization and obeerving
optinsal application dates. Thus, it is recor.ended to split
I. fertilization into two dreseines for cereal crops and
suger beet and tvio to four dressines for almost all vege-
tables, perennial forage plante (including rressland) and
seed crowine crops. Iun this way, camasmes {rom overdressing
will be avoided, tae gquality of the croy products will be
improved and strons i trenslocations will not occur even
after heavier precipitations.

The farms for crop production receive reconmuendations on

the optimal aprlication dates for all fertilizer dressings
(includine eplit dressingzs). They are given in form of
print-outs ou thc time spans indicated in 1C-dey »eriods

zndé .on.ths and the res.ective stage of plant develo...ent.
fius it is gu rontced thet even in a year vhen the weteor-
olocical concditions deviate nwuch froan tae standard, L Ter=-
tilizotion will be cerricd out &t the time vien the nutrients
are needed aind due to & rozid uptake by the plant will not

be vashed out to z crvater extent. Recowmmendatione on

o

autu.mn i drescsines of 3¢ kr/na arc o:.ly fiven for the cul=-

tivation of winter rape ~rovi ofter cereals ian orier to
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ensure a euliicient juvenile deveclopuent of the plauts
before winter. ~utumn I. dressinge are not recowsended for
other crop epecies, nor for winter cereale ond after straw
maunuring, to prevent stronger iv translocation to lower soil
layers, which iiay become possible particularly during mild
vinter moi.ths with heavy precipitaticn.

Calculation of P, K, and .')g fcrtilization ie done within
nutrient balencireg vhere nutriezt uptakes by the croos

are viewed arainst nutrient supply by miueral fertilize-
tion aund organic mauurin~ under considerstion ol autrient
utilizaetion and nutriexnt status of the soils,

At an excessive nutrient content of soil, it is recomnmended
not to epply winersl F or k fertilization. The field will
even be excluded fror orranic maanuring supplyias & aizh
anownt of nutrients, when tiae range of toxic action (e. =.

in potaceium) is reacaed. $oil analysis thus hms a reculating
function in the celculation to eve:ntually compensate for
errors occurrins in dzlencing (e. g. errors czuccd by
geveral-yecar deviations of the ectucl yield from the planned
yield).

On the besis of znelyticel results on the lime status of
5011 the level of linins ie determined is dependcuce on the
s0il class, humus coiitent and tiie crop species as well as
utilization type. lhe lime quanities are fixed to reach
optimal soil response,

The LOI progran for computing recounendatioas on uicro-
nutrieits is swiructured in such a way that 211 influencinz
fectors aitherto known Jrom fertilizztion trials and prac-
tice, cuch as level, technigue, time, cnd form of lertiliza-
tion with wicrousutrieats, sre cousidered.

In this coutext, a vcluatio: is ade of the irndiviiucl face
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tors ecxertint a2 cillerertly ctron~ ini'luencec. opecizl atten-
tion ig piid to weth the different micronutrient rejuire-
ments of the individuzl crop specics and the sur;ly of the
€01l viti: the respective zicronutrient.

The celculzation of or-aonic monuring indicetes the evailcble
amouints of the orcanic manures and then defines tueir dic-
tribution to crop cpecies and fields. The available aiounte
of organic mesures are determined on the bzeis of the riven
quantities or tihe riven livestock in dependeice on the type
end size of livestock maunezement durins the yeer, nousing

of tihec animols, end storase of the orsenic m-nures. The exist-
ing ctocks, supply fron other ferms zrd cdelivery to other
farns are taken iuto account.

rejuircments of e..viron-—ental ecology have to be considered
in plezuineg the uce of orvcaic anures, particulsrly of
slurry. sor taie rezeon, the conditions of enviromental
ecolory and tiae epecific farm conditionc sre taiing a
special pocition anon=st tae complex of fzctors co.sidered
for the rccom endations on fertilizer use (Tecble 6).

To have them included for each f£icld, tae followvine licite-
tions nay be civen:

- exclusion of auny orrmanic maanurine,

- co.finenent to solid orcunic manures (exclusion of liquid
orrznic .a.ures),

- te porzry rrohibition of slurry spreacinnm durine the year,

-~ 1i..itation of applicatioun raetes in km/ha of total nitro-en
by £0lid and/or ligquid orrsnic wanures in various lcvels

(1c¢ and 200 kg Ni/ha, respectively)

The corpiuation of these poscibilities allows to include
21l relevant couditious oJ wuter ncorcement vwita recpect
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Takle & Factors for ferlilization recommendation on organic manuring

Factors of agronomy and cultivation

- Nutrient requirements and utilization by the crop species

- Organic matter requirements of soils

- Position in the crop rotation and organic manuring to preceding crops
- Soil class and nutrient losses

- Kind, nutrient content, and amount of organic manures

Demands_of environmenlal ecology and water management

- Limitations regarding quantity

- Limitations regarding time

Factors_of labour organizaiion

- Ridatility of the ground

- Special conditions for straw harvesting

- Application methods

- Transporl distances

- Time of manure production, removal of preceding crop

- Etorape capacity

- Suitalrility of crop species for fertilization

- Given times prohibiling the apslication of liquid organic manure

- KKind of organic manures

Zpecific_farm_ conditions
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vo water protection zones, ground water level, inclination of
slope, management, and the like in fertilization recommendations.

Fertilization recommendations are given on the basis of the
. quantity and time of organic manure production

. storage capacity

« field data

. given transport distances, and

. parameters for the use of organic manures

The fields are selected by rank order (GORLITZ, H., 1978).

The recommendation of fertilizer use starts out from the opti-
mal time spans for the individual crops. In how far it is
necessary to recomuwend manure spreading beyond these time
spans, depends, first of all, on the area available for ap-
plication (cropping pattern and removal of the preceding crop)
and the existing storage capacity. These problems are impor-
tant in connection with factors of labour organization, par-
ticularly in case of slurry application, as partially it has
not yet been possible to sufficiently coordinate cropping
pattern, crop rotation, storage capacity, and spreading ca-
pacities to the quantity of slurry available.

Farmyard manuring is carried out according to the known
crop-specific parameters. Due to the high proportion of sol-
uble nitrogen content, the rate of slurry application must
be in accordance with the nitrogen requirements

of the plant stands. It, therefore, results from the N
requirements of the plant stands, the N content of the slurry,
and the mineral fertilizer equivalents.(The mineral fertilizer
equivalents allow the comparison between the nutrients of
slurry and those of mineral fertilizers.)

A special problem arises in that the slurry must be spread
over the whole year, that means in the autumn and winter
months, too, as for economic reasons the storage capacity
cannot have any dimensions desired and spring spreading cannot
be performed within a short time for reasoos of labour
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organization in vicw of the large animal houses and, hence,
the high quantity of slurry produced.

To keep the N leaching as low as possible, it is recommended
to mainly apply slurry on the better soils of the farm in
autumn. Furthermore, the application date in the autumn months
is fixed as late as possible in dependence on the storage
capacity. At the same time, it is attempted to combine it with
catch cropping or straw mgnuring. The decline in N leaching
due to straw manuring is caused by an immobilization of the
soil nitrogen (Table 7).

Thus, straw manuring in general must be stressed as & meas-
ure to reduce N leaching attributable to nitrogen residues
from fertilization or mineralization of scil organic matter.
Catch cropping particularly effects a reduction of the perco-
lation water rate through the water uptake by the plants and
the N uptake from slurry application and soil (Table 7).

To reduce N leaching after autumn application of slurry,
investigations have been made during the last years into

the use of nitrificides. The addition of N-BServe or Cyano-
guanidin to slurry inhibited the nitrification of the

slurry pnitrogen in incubation experiments (loamy sand, 20 °C,
50 per cent water capacity) and field trials.

3, Operational nitrogen fertilization recommendations
%.1. Topical advice on the 1st N dressing to winter cereals

As for reasons of plahuing and as a basis for deciding on
PK advance fertilization and liming the fertilization recom=
mendations must be computed already in the summer of

the preceding year, it is only computation system &
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Takle 7 Leaching losses after slurry manuring at various snreeding
dates on a Sand-Rost- Ercde soil (S 5§ D 20/17), 1 Septemker,
1971, until 31 August, 1972 (potato)

Manuring Date of slurry Nutrient losses in kg/ha
spreading

N K Ca Mg »
320 kg N/ha as slurry August 37 31 174 32 2
320 &g N/ha as slurry August 23 25 106 8 2
+ ¢ t of straw/ha
320 ;g N/ha as slurry August 12 2 48 7 1
+ manuring with green
winter rape
320 kkp N/ha as slurry Novemter 3 23 144 19 2
320 g N/ha as slurry November 2r 22 77 15 1

+ 4 t straw/ha



109

'Nitrogen Fertilization in Spring' which includes the
meteorological conditions of the preceding year and winter.
But in this case, too, it is not possible to include into
the calculations the actual meteorologicel conditions
duripg the growing season and their influence on fertiliza-
tion. It is, therefore, necessary to adapt the N fertiliza-
tion to the actual meteorological conditions later om.

Starting out from the necessity of oconsidering the different
contents of inorganic nitrogen in the soils (Niu = NOE-N and
NHA*-N) in N fertilization to winter cereals, comprehensive
iovestigations in this field have been carried out in the

GDR since 1972. It appears that an essential factor of influ-
ence on the yield is covered when including the Nyp content
in the dimensioning of the first N dressing to cereals, and
hence the relations between N fertilization and yield are
described in a better way.

The N contents in soills summarized for the soil groups of

the DS 79 programme in Table 8 show a marked dependence of
these contents on soil, weather and the crop yield in the

preceding year.

To give an example it shall be stated that as compared with
the average of the years, the Nin quantities were higher in
1977 due to the low crop yields of the preceding year, than
in 1975 when heavy precipitations occurred in winter.

Since 1973, concrete comments have been made im 'Topical
Advice on Fertilization' in early spring on the exact deter—
mination of the first N dressing to winter cereals under
consideretion of the inorganic¢ N quantities in soil.
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These corments on the correction of ik fertilization are
giver in ke l./ha as additions to or subtrections from the
first 1. dressinge recommerded in the print-outs on
fertilization which are haided to the ferms for crop
production ani the zgrochemical ceatres. They are vorked
out for 21 cliamatic zones of the so0il &nd 211 the soil eroups
occuming there {(altogether 52 correction values). These
correction values are based on the contents of nitrete ani
ammonium nitrogen determined every year in late sutumn end
early spring in a tctal of 1,600 eo0il sazmples from 0=3¢ and
31-60 cm (partially also 61-10C c¢m) depth in 5 fields per
acrochemicasl centre.,

hs eleo the leaching losses after autumn spplication of slurry
do not only depend on the so0il class but decisively on the
meteorological conditions in autumn and winter, these values
heve to be cqually considered in the correction of mineral
nitrogen fertilizetion. Thus the uutrient supply will be
sufficient and the residues kept in limits. Srectest variations
in Lin content are found on medium soils as on sandy soil the
nitrate nitrogen is almost completely washed out by normal
precipitatione, wherees on heavy soils with hich water capacity
nitrocen traunslocetion is low even after heavy precipitations.
The annual differeuces may reach considerable values,

e evaluation of plot and farm-scale cispered trials and
deta collection on the farm show tanat it is rossible to reczch
better ;ield c€tability and to improve utilization of tue
existine yiecld potential by means of au eimed ii supply to

vinter cercals.
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3.2 zlant analysic

In the ZDR, plant znalysis as a measure for ‘'operationzl
fertilization edvice' is being cerried out in wiater cerezls
and shall bo zpplied to other crop species (sucar beet,
vegetables) in future. Under the conditions of the GDRt it

has been shown that the ii ratec recuired for rcacaing hizn
crop yields and maximum utilization of the yield potentizle,
ag a rule, chould be split in two dressings beczuse of tihe
diesposition of the cultivzted cerezal cropc to loising. lais
should also apply to future varieties viith better recistance
to lodeging. “hereas the Hin content in soil, winter precipi-
tation, aud the goil climatic rerion zre meinly used for
exactly cdetermining the first nitroren dressing sccording to
EDP fertilizetion recommendations, it is the plant's nitroge=n
content at the start of shooting that forms the besis for the
exact determination of the second nitrogen dressing to winter
cereals.

Sempling takes place when the cerecal plants ere 20 - 40 cm
nigh and heve reached FIELLS stages 4 to 7. It is Jjointly
rrepared and carried out by the ferms for crop procduction
and their egrochiemicel centrcs under the supervision of the
aCUs staff members. ,ttention has to be pzid that sufficient
tine is left between the first nitrozen drcscing a:id plont
sempline, The optimal time for plant analysis is given with
the cereal plants reeching a height of between 3L and 35 cm.

vithin 4 days the ACUB az.alyzes the samples for their nitroren
contert and conveys the recommendation for 2 secona nitroren
ireesine to the ferms for crop rroduction.

2he following standaris zre valid for tne elaborztion of tae
Tfertilizetion recommeandation on tie basis of the nutitritionasl
status of the plant:
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Very high nitrogen content C kg N/ha
High nitrogen content 30 kg N/ha
kedium nitrogen content N fertilization according

to EDP recommendation
Low nitrogen content "
Very low nitrogen content "

The effectiveness of N fertilization is expected to be
highest in the low to medium range of plaant nutrition.
Therefore the complete EDP rate is applied in this case.
Very low N contents indicate N deficiency calling for
immediate fertilization; an increase of the EDP rate is,
however, not necessary in general, unless the EDP rate is
very low (below 45 kg N/ha) or the first N dressing had been
higher. In this case an addition of 10 to 20 kg N/ha may

be advisable.

Very dry weather after the first N dreessing may cause further
corrections in the following stages of nutrition.

Deviations of the mentioned scheme for fertilization recommen-
dations may also result from abnormal crop densities. If it
is noted on the data sheet that high crude protein cereals are
to be produced (without providing for a third dressing), the
second N dressing ia fully applied even at high N contents.

All the other factors of influence on the N regime (soil
class, preceding crop, orgaenic manuring to preceding crop
and main crop, the use of culm stabilizers, sprinkler irri-
gation) are considered in the optimal level of the second
dressing as is to be seen from the EDP programme, and gene-
rally need not be judged separately.

4, Final remarks

The introduction of the fertilization system allowed to plan
fertilizer use for the whole farm for crop production as well
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as for eccn {ield of the fzrm zand to furtaer improve the
effectiveness of nitrdeen {ertilization by reane of the _LOF
recom:endation znd the operational recomtcndations 'Topical
ndvice' and 'Plant anelysis' on nitrozen fertilizer appli-
cationr to winter cereals. rurther limitction of the pogsible
leaching of fertilizer nitrogen is one objective of this
fertilization system. i certain disadvantece cof this systen
consiste in thnat it is neccessary to proceed from long=term
nean values determined in ficld aand farn-sczle dispersed
trizls in elzuvorating zDr fertilization recomencationsg, and
tnat it is not posceible to exactly coxsider in adveiice the
meteorological conditions vwaich have a particularly strong
influence on tne effect of nitrogen fertilization. The 'op-
erotional' recommnendetions on the epplication of nitrogen
fertilizers to winter cereals and in future to further crops,
too, at the start of the growing season and in spring shall
reduce tnie problem.

The Zdr project 'Fertilization' and the ‘operctional’ fer-
tilizaetion recomiendations 'Towical Advice' znd 'Plant
analysis' constitute a vell proved basis for decisions to

be talken by the heads of farms for crop production in the
management, plenuing, or-anizeation end control of fertilizer
use, Extensive resezrch work has still to be done to com-
plete the scientific character of these fundamental decision
elds particulaerly witia a view to overcore uicertzinties re=-
sultinsg from reteoroclogical couditions and further minimize
the uitrogen locses, especially on licht soils. It becomes
recesaary to care for the complex eifect of field-related
fertilization recommnenictions, LDP spriaxzling advice, and the
5DF system of pcet control. To tnis end, it is advisable to
sct up ountinization models f{or the coavlex intersction of

the intcusificcoticn focctors to be eble to :ulie better use of
the poscible combinire effeccts tirouzi wcmatienaticel and
eyoerzetic .ethods includi.g systeus enslycis cud to organize
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nore efiectively the production processes in their cexntirety
(Ruielioa., 1373). This will cowtribute to meke matter
circulations i: szture and the reletions between man and
environmernt ore efficient for the veiefit of the population
and the protection of uzture.
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POSSIBILITIES OF CONTROLLING NITRATE CONCENTRATIONS IN
DRINKING WATER

M. Roman

Institute for Water Supply and Hydraulic Engineering
Warsaw Polytechnic University
Poland

In this paper, it is emphasized that the analysis of the problem
of nitrate concentration in tap or drinking water should also
take account of other nitrogen forms (organic nitrogen, ammonia,
nitrites), which under certain conditions may be transformed
into nitrate nitrogen. Three integrated non~point sources of
nitrogen entering tap water can be identified, including both
natural and anthropogenic factors: (a) nitrogen substances
contained in storm-water, (b) nitrogen substances leached out

of scil and farmlands, entering the groundwater, and (c) nitrogen
substances in surface runoff. Based on the results of various
studies carried out in Poland, the three nitrogen sources are
described in detail. Taking account of the allowable standards
of nitrogen concentration in water resources for public supply
and in drinking water, the current nitrogen hazards threatening
potable water are presented. The risks occur mainly in small
local water distribution systems which rely on shallow ground-
waters. In large water supply systems utilizing surface water,
the main problem is organic nitrogen and ammonia compounds.

In conclusion, the main directions of research on nitrates in
tap water are presented. Operational experience has shown that
the traditional methods of water treatment are quite ineffective
as regards nitrate elimination. In view of this, attention is
drawn to the significance of "non-treatment methods" involving,
among others, implementation of a dual water supply system.

Such a system of varied quality water distribution permits a
rational utilization of good quality water resources for safe
drinking water supply to the population.

117
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VARIOUS NITROGEN FORMS IN WATER

Discussion of the problem of water nitrates shouid also take
account of other nitrogen compounds occuring in water, As known,
the practical evaluation of water quality involves assessment of
the following nitrogen forms:

-~ organic nitrogen /K-org/ contained in organic nitrogen
coumpounds /proteins, peptones, amino acids, pyridine, urea,
amines, etc./,

- ammonia - nitrogen /N=NH,/,

- nitrite - nitrogen /N=NO3/,

- nitrate - nitrogen /N-N0%/.

These various forms of nit;ogen are to occur as interrelated
and, depending on water conditions, the individual nitrogen sub-
stances may undergo changes, one being converted into another, as
in the following diagram:

.
ﬁofg' N =— Mo = Yo,

The above diagram does not include the whole cycle of conversions and
all the nitrogen forms occurring in this cycle. Therefore, the dia=-
gram cannot be a basis for the development of a dynamic model of
nitrogen balance in water, KNevertheless, if the content of nitrogen
compounds in water at a given time is being considered, it may be
assumed that the content of the mentioned four forms of nitrogen
makes up the so~called total nitrogen /total fixed nitrogen - N=Tot/
contained in water at a given time:

Mot ™ Norg * M, * Mvo, * Mno

4 2 3

The amount of organic nitrogen, ammonia-nitrogen and nitrite-
-nitrogen should be interpreted as potential amounts of nitrate~
-nitrogen, since under the conditions which favour mineralization
or organic material and nitrification processes, organic nitrogen,
ammonia and nitrites may be eventually converted into nitrates
/at the same time a certain part of nitrogen may be lost, due to
various causes/. Apart from that, from the point of view of tap
water quality criteria,the ammonia nitrogen content itself is of
significance, &s it must not exceed certain values., The same
applies also to nitrite-nitrogern but, in view of poor stability
of nitrites, it is a realatively minor problem.,
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SOURCES OF XNONPOINT WATER CONTAMINATION WITH NITROGEN COMPOUNDS

Theoretically, the sources of nonpoint nitregen water contamie-
nation may be divided into natural and anthropogenic, The natural
sources include: a/ substances oarried ocut from natural socil and
ground as a result of erosion and lsaching, b/ precipitation with
a slight content of ammonia and nitrates arising from electriocal
discharges in the atmosphere, ¢/ underground water coming up te the
surface from soil layers rich with mineral nitrogen compounds,

d/ biologio origin substances /water birds excrements, pollem,
leaves, etc,/. The anthropogenic sources of nitrogen water conta-
mination include: a/ fertilizers and manure utilized in agriculture
and forestry, b/ excrements of animals bred in the open space
/pastures/, o/ industrial contaminants of free air piockedeup by
precipitation, d/ stormwater run-off from the surface of industrial
and urban areas, ¢/ wastewaters filtrating inte the soil from leaky
septic tanks and other sewerage units, f/ wastewaters applied for
fars and forest ocrop irrigation.

Theoretical olassification of nonpoint contaminants inte
natural and anthrepogenic is ef low value in the praotice of
environment control, sinoce in most cases the natural and anthropo-
genlo sources of ocentamination are overlapping., This way, natural
nitrogenic substances oarried away from soil through ercsion and
leaching merge with nitrogenic substanoces coming from fertilizers
and animal excrements, Natural ocontent of ammonia and nitrates in
the air merge with nitrogenic substances of industrial erigin,
Natural surface mm-off and surface water flows are enriched with
nitrogen compounde originating from industrial and urban areas,
Under such cirocumstances it is advisable to comsider integrated
souroces of dispersed nitrogen ocontaminants, i,e.:

-nitrogen substances ocountained in stormwater inoclunding the
natural substances and air centaminants picked up from free
air, :

= nitregen substances leached cut from soil and transferred
into ground water, including above all, nitrogen compounds
ocoming from fertilizers and mamare, &8s well as from sewage
application for land irrigation or infiltrating inte the
ground from different sewerage units, and soil matural
nitrogen oompounds,

= nitrogen ocompounds ocontained in surface run-off, natural or
ooming from organic or mineral fertilizers and various
contaminants which get into the ground surface,

Nitrogen substance concentration in stormwater run-off varies
within a wide range and depends mainly on rainfall level, The total
volume of nitrogen compounds in stormwater is also affected by air
pollution level, Table 1 presents the average ammonia nitrogen and

nitrate nitrogen concentration levels in stormwater run-off in
agricultural, industrial and mountain areas, as reported by

A, Chojnacki /1971/, Nitrogen load on the surface during one year,
according to Chojnacki /1971/ is as follows:

- for agricultural areas: 4,1 - 10,5 kg/ha N-NH,; 1.7 = 5.2

kg/ha N-NO.; 6,7 - 16,1 kg/ha B=Tot,,

~ for industrial areas: 4,1 = 20,6 kg/ha N-FH,; 20,5 = 4,0

k‘/h. N-NO:,; 6.6 - 2“.5 k&/hl N-rot.'
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Table 1, Nitrogen ocompounds concentration in stormwater runoff,
based on Chojnacki studies /1971/

Average oconocentration in al
Type of ares rainfall volume, g X/m

B““. s/n’ xﬂoy s/-3 Nrot? &/n’

Agricultural u-.”‘/ 0.71-2.27 0.36-0.61 102922.77
Industrial aresss’ 0.53-2.52 0.32-0.51 0.86-3.00
Mountain regions 0.,88«1,18 0,23=0,45 1ol =1,63

v/ Data from 14 meteorologie stations
2/ Data from 3 meteorologie astations
3/ Data from 2 meteorologie stations
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-for mountain areas: approximately 19 kg/ha N-NH, ; 4,9 -« 7.3
kg/ha N—NOS; 24,0 « 26,4 kg/ha N-Tot,

These volumes of nitrogen load, compared with the amount of
nitrogenocus fertilizers used, may be considered significant,

Concentration of nitrogenous substances leached-out from the
801l depends on mumerocus factors, the mocst important of which are
the fertilizer dose, type of s0il and technical design of the
soll drainage system, Table 2 presents nitrogen compounds
ooncentration in drainage water from an experimental corn field,
according to the studies by Szymahiska /1978/. Soil filtration
oocefficient on this field was 3.9 - 11,9 om/d, drain pipe spacing
was 9 - 21 om, and drain depth was 1,2 m, It can be seen from
Table 2 that the average oono.ntntign of total nitrogen in drainage
water was approximately 15 g N=Tot/m~” with the fertilizer appliocation
rate of 138 kg N/ha, and approximately 18.3 g N-Tot/m” with that
of 276 kg N/ha, For another field studied, Szymafiaka /1978/
Teports markedly higher average nﬁtrogm congentration in drainage
water, spproximately 4#0,5gN-Tot/m” with the ngpl:lo-tion rate of
125 kg ¥/ba, and approximately 52.4 g N-Tot/m” with that of
250 kg N/ha,

Tabls 3 presents the results of studies by Morgowski and
Bartoszewioz /1977/ who found high variation of nitrogen
compounds ooncentration in ground water, depending mainly on the
type of land use, On foreset areas, vhere no mineral fertilizers
were used, concentration of nitrogen compounds in ground water and
dr-in,go ditches was relatively low, amounting to approximately
4 g/m” Na-Tot, while on mgriocultural areas concentration Sf nitrogen
ocompounds in ground water was approximately 15 g N-Tot/m”, and in
drainage ditch water - approximately 10 g N-Tot/m3, Meadows mnd
pasture areas were characterized by a rolnt:lvols high content of
organic nitrogen in ground water /2.5 g N-org/m3/.

The content of nitrogen compounds in run-off from the ground
surface depends naturally on the type of land use, Table & presents
the results of studies by Kosteoki /1980/ on nitrogemn ocompounds
concentration in run-off from crop fields, meadows, pastures and
forest areas, This author found that the anmial load of nitrogen
in surface water stream from orop fields was approximately
10 kg N/ha, Out of that, nitrate nitrogen ocontent amounted to
approximstely 8.4 kg N/ha., A high load of nitrogen was also
ocarried out from the surface 0f meadows and pastures - approximately
11,5 kg N/ha; in that case, however, the major part of it was
organio nitrogen, coming prodbably from animal exorements, The
studies by Kosteoki /1980/ dealt with a small water basin with the
surface of approximstely 25 o Januszkiewioz /1976/ analysed
nitrogen compounds balance in water run-off into the Vistula
Biver from.a very large basin, Its surface was approximately
170,000 km”, that is about 5% % of the total area of Poland,

Heo found that the annual load of nitrogen compounds washed out
from the surface was approximately 4,1 kg 'Tot/h' /1.6 kg Neorg/ha,
0.6 kg N-NH, /ha, 1,9 kg N-Noj/hn/.
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Table 2., Nitrogen compounds ooncentration in drainage waters
from orop fields, according to Szymatiska /1974/

Nitrogen form

Fertilizer appliocation
rate 138 kg N/ha

min, max, Aaverage

Fertlizer application
rate 138 kg N/ha

min, max, Aaverage

0,14 4,76 11,18

0 0.68 p.13
0 0.012 P.00%
4.0 19.2 13,7

Lotk zh.saq 15,015

]
wde

0,21 b,16 1,30

0o 1.%55 ;0,15
o 0.036 ;0,01
10,5% 32,4 16,9

10,711 38,146418,.36
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Table 3., Nitrogen ocompounds concentration in ground water
and drainage ditches in areas of different land use

/average values during 197374/

Nitrogen Sonontution.
Lland use Type of water € N/m

N N, N

org Nﬂh 1103 n‘l‘ot
Agricultural fields a/ ground water | 0,9 | 1.4 | 12,6 | 14,9
crop soil medium sand
on sandy loam, b/ water in
Fertilizer application drain ditoh 0.9 0,8 8,1 9.8
rate 100 kg N/ha
Meadows and pastures, {a/ ground water ! 2,5 | 2,2 § 0,2 k.9
Mack soils on loose
sandy soils, b/ water in
Fertiliszer application drain ditch 1,6 10,8 10,1 2.5
rate 80 xg/N/ha
Coniferous forests. a/ ground wateri 1.5 2,7 } 0.3 4,58
Locse sandy soil
without fertilizers, b/ water in

drain ditch 2.,h | 1,3 § 0,1 3.8

Source: Margowski and Bartoszewios /1977/.
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While disonssing the problem of nonpoint sources of water
oontamination with nitrogen ocowmpounds it should be emphasized
that nitrogenous fertilizers are also an indirect ocause of some
point sources of water ocontaminatien, Fertilizer manufaoturing
plants disoharge wvastewvaters with a high oonocentration of nitro-
gen ocompounds, Gromiec /1977/ reports the following ooncentration
of nitrogen compounds in wastewaters discharged from a fertilizer
sanufacturing plant:

~ organic nitrogen /N-org/ X5 = 1579 c/-g
- smmonia nitrogen /N-NH“/ 317 = 931 8/‘3
- nitrite mitrogen /N-NO,/ 3 -12.79 &/m3
- nitrate nitrogen /N-NO/ 73 - 6h2 g/m3

= total nitrogen /B=Tot/ 854 - 2459 g/m
Fertilizer plants also discharge large volumes of nitrogen
compounds into the air whioh spread and are, in turm, a source of

surface contaminants /through rainfall/,

HAZARDOUS EFFECTS OF NITROGEN COMPOUNDS ON DRINKING WATER QUALITY

The presence of nitrogen compounds in publio water supply
sources has two aspeots: firstly, too high ooncentration of
nitrogen compounds in tap water is dangercus for the population
health, and secondly - the content of nitrogen ocompounds in river
or stream water favours eutrophication and plankton arowth which,
in turn, cause technical problems in water treatment,

¥ith reference to health risk arising from the content of
nitrogen compounds in water, the following recommendations of
*Water Quality Criteria™ /1972/, a report prepared for the U.S,
Environmental Protection Agency, may be quoted:

=« *On the basis of adverse physioclogioal effects on infants
and because the defined treatment Drocess has no effeot on
the removal of nitrate it is recommended that the nitrate-
-nitrogen /N-NO,/ concentration in public water supply
sources not excded 10 ng/1." .

«-*"0On the basis of its high toxicity and msore pronounced effect
than nitrate, it is recommended that nitrite-nitrogen /)r.noz/
oono;ntrntion in public water supply sources not exoceed
1 mg/l."

- "Because ammonia may be indicative of pollution and because
of its significant effeot on chlorination it is recommended
that ammonia-nitrogen /N-NH,/ oconcentration in public water
supply sources not exceed 0.5 mg/l.*

The Polish standards on the quality of water supply sources

distinguish three oclasses of water purity:

Class 1 = water sources of public water supply for food

) industry and salmon-type fish breeding,

Class 2 - water supply sources utilized in fish breeding
/except for salmon-type fish/, to water animals, for
recreation and water sports,

Class 3 = water supply sources for industry /except for food
industry/ and irrigation of orop fields,
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Table &, Average anmual concentration of nitrogen compounds
in run-off water and annual loading of nitrogen leached=-out
from different areas, accerding to Kosteoki /1980/

Nitregen oconcentration

Raneoff from

Bun-off from

Ran-off frea

and load in run~off water crop fields !meadows and !forest areas
pastures
Nitrogem conoentration
o &/ 0.38 2,87 0.1%
- Mg, » &/m> 0,50 0,42 0,75
- Ngo» &/m3 0,01 0.06 0.01
- 'Hoj. ‘/- 3.08 0077 0'33
- ’T.t' ‘/- 3.96 ~o"‘ 1.25
Leached-sut nitrogen
- ¥ore’ kg N/ha 1,06 8,03 0,09
- 'n". kg x/hl 1.33 1.19 00“7
- 'no » kg N/ha 0,09 0,17 0,01
2
3
- Ny s ke N/ha 10,88 11,54 0,77
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Table 5 presents the quality standards for water supply
sources as regards nitrogen compounds concentration, applying in
Poland., Besides those standards, there are also drinking water
quality standards whioch state that the concentration of ammonia-
-ni trogen /N-Nﬂh/ in drinking water must not exoeed 0,5 mg/l, and
that of nitrate-nitrogen /'N-NOJ/ - 10 mg/1,

With regard to 2utrophication it may be said that, for this
reason, a lower concentration of nitrogen compounds would be
desirable, since it has been generally acoepted that the risk of
eutroplhication and algae growth arises already with the nitrogen
oompounds conoentration exceeding 0,3 mg/N-Tot/1,

In larger municipal water supply systems in Poland there is no
problem of nitrates, Wiohrowska at al. /1979/ report that out of
a total of 24 larger ocities Jover 100,000 thousand population/
studied, nitrate-nitrogen concentration did not exceed 2 mg N-NO,/1
in 14 oities, in 7 cities it remained within 2 - 5 mg N-N03/1, .34
in ) oities - within 5 - 10 mg N-NO,/1, Nitrite ocontent in-tap
water of those oities did not oxoooa 0.5 mg N-NO_/1, and in 15
oities it was lower than 0,01 g N—Noz/l. The datf quoted are the
average annual values,

Table 6 presents fluotuations of nitrogen compounds content
in the Vistula River water, the largest Polish river, during the
reoent few decades, The Vistula River waters have the 1st class
of purity, and it may be seen that the oconcentration of different
forms of nitrogen in river water approaches the permissible
values /Tabel 5/, At the same time, ammonia-nitrogen concentration
already exceeds the tolerable concentration levels for drinking
water, Table 6 also contains data on the inoreased utilization of
fertilizers in Poland during 1937-1980,

Smaller water supply systems and individual loocal water supply
systems based on ground water are at a greater risk of high ocone
centration of nitrogen compounds, Pilawska and Torun /1971/,based
on the studies carried out at the Szczecin region /North~VWestern
part of Poland/ report that out of a total of 381 wells tested in
1970, 20 % had concentration of up to 10 mg N=-NO_/1, 30 % -~ 50 « 99
mg N-NO./1, and in 20 % the concentration exceeé% 100 mg N-NO3/1.
The above data point out at a hazardous effects of nitrate o the
quality of water supplied by systems based on ground water or .
distributing water to small rural estates or individual housings,

PROGRAMME OF INVESTIGATIONS ON THE PROBLEM OF NITRATES IN TAP WATER

The problem of nitrogen compounds in tap water is of a complex
nature and, therefore, its solution requires mmlti-directional
steps. The following actions may be mentioned as the most important:

I Improvement of orop technology aimed at reduoed utili-
zation of nitrogenous fertilizers, their more effecfive
application and reduotion of fertilizer leakage from
soil, .

II Identification of main sources of nitrogen entering
water resources in the individual regions, field studies
on spread-out end migration of nitrogen compounds in
90il and water environment, mathematioal modelling of
those phenomesna,
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Table 5, Polish standards of water resources quality as regards
nitrogen compounds content

Permissible ooneontntion:’ot nitrogen
Purity class compounds in g N/m
of water
resouroes ) ore ltn“ 'lloa
Class 1 {1 {1 L 1.5
Class 2 {1 {3 {7
Class 3- { 1 {6 {15
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Table 6, Utilization of mineral fertilizers and fluotuations
of nitrogen ocompounds oconcentration imn river water

Year Utilization Concentratioh of nitrogen ocompounds in
of mineral river water /Vistula River in the middle
fertilizers | part/ 3
kg N/ha Aversge annual walues, g/m

Yorg | "xm, | ™wo, ij ¥rot

1934 0,08 0,16

1937/38 2,0.

1949/%0 6.2 0,744} 0,041} 0,006 0,35 1,144

1959/60 16,4 0,828] 0,203 0,014 | 0,71 1.735

1969/70 40,2 1,09 0,71 0,041 1,01 2,851

1979/80 69.0 1.52 | 0,73 | 0,054 1.3 3.604
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III Improvement of water treatment technology, aimed at the
development of effective methods of nitrogen compounds

elimination,

Iv Develepment of highly effective methods of wastewater
treatment as regards dsnitrification and water regene-~
ration,

v Development and improvement of water supply and

severage systems

areplacement of loocal systems with regional aysteams,

= utiligation of different water sources permitting the
reduction ef nitrate oconcentration in tap water,

wapplicatien of water supply systems distributing
different-quality water /dual water supply systems/,

- application of water oclosed-circulation systems,

vl Begional studies and ecenomic analyses ef the effectivemess
of different techniocal solutions in order to select the
optimum design for the oonditions ef a given region,

Here are some comments on the mentioned six direotiens of
development and studies,

Improvement of agricultural technology mentioned in I, may
theoretically have the fundamental meaning for prevention of water
contamination with nitrogen compounds but, im prsctice, we cannot
expect significant effects here because the agricultural industry
will oconcentrate, above all, on the increase of food prodaotien,
Saymafiska /1978/ reports a method of reducing migratien of nitrogen
compounds inte the s0il, i,e, reciroulation ef drainage wmter with
high nitrogen compeunds oconocentration and its reuse for orop
irrigation, ’

Field studies on the migration of nitrogen substances in the
environment and mathematical modelling of those phenomena /item II/
should permit future forecasting of changes in water resources
quality and form a basis for the proper regieiial water supply
managesent,

Improvement of water technology aimed at the elimination eof
nitrogen ocompounds, mentiened in III, is necessary, sinoce the
presont methods of water tresatment are s¢ far ineffeotive as
regards nitrogen compeunds, especially nitrates, Tadble 7 preseats
the results of studies oun changes in nitrogen compeunds conteat
in the course eof a traditional method of water treatment, i.e,
sedimentation, rapid filtration /no oeagulation/, and alow
filtration, Table 8 gives similar results concerning another
traditional method of water treatment nsing sedimentation,
cosgulation /in pulsators/ and rapid filtratiom, None of those
methods reduces nitrate oontent, and in case of water treataent
plant using slow filtration the resulting nitrate concentration
is even slightly inoreased dme to the nitrification proocess, Ome
of the methods of nitrogen compounds elimination is ion exchange,
Kosifiski et al, /1974/ in their studies on the applicatiom of
selective ion exchange in ammonia elimination from water have
obtained the results confirming that the method ia technically
efficient and cost-effective,
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Table 7., Fluctuations of nitrogen compounds concentration in the
oourse of traditional water treatment processes
sedimentation = rapid filtration without coagulation,
and slow filtration /data refer to the average annnal
values in a large river-water treatment plant/

Concentration of nitrogen compounds in water

Consecutive € N/-3
processes

¥org Yem,, ”xoa l'lvoz Nrot
Raw water 1052 0,73 0,054 1.3 3.604
After sedimenta-
tion
/12 h retention/ 1.26 0,69 0,054 145 3. 454
After rapid
filtration 0,98 0,23 0,015 1.8 3.025
After slow
filtration 0.78 0.17 0,004 1.9 2,854
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Table 8, Fluotuations of nitrogen compounds concentration in the

oourse of traditional water treatment processes:

sedimentation, ooagulation /in pulsators/ and rapid
filtration /data refer to the average amnual values in
a large river-water treatment plant/

Conoentration of ni

5roson compounds in water

Consecutive € N/u
processes

Yore ym,, o, Yo, Frot
Rawv water 1.52 0073 0005“ 103 30601‘
After sedimenta~
tion
/12 h retention/ 1.26 0.69 0,054 145 3. b5k
After coagulation
/in pulsators/ 0.85 0.47 0,007 1.35 2,677
After rapid
filtration o, 4k O Ll 0,009 1.4 2,680
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Vastewater denitrification mentioned in IV, is at present
ocoonsidered mainly from the point of view of preventing river and
lake water cutrophication. However, for that reason, the method
has not been sufficiently implemented because it is believed that
eutrophicationmay be controlled more effectively through phosphorous
level ocontrol in wastewaters discharged into the receiving waters.
In Poland denitrification has been considered mainly as regards
industrial wastewaters discharged from nitrogencus fertilizer-
-manufacturing plants, Bozko et al, /1976/ and Wrébel et al./1979/
ocarried out pilot studies on nitrate elimination through algae
culture, Using this method, the authors obtained 30 - %0 %
elimination of nitrogen from wastewaters,

The steps in development and improvement of water supply and
severage systems mentioned in V, include a number of methods aimed
at the solution of the problem of tap water nitrogen; they may be
defined as “non~treatment” methods., In general, they oconsist in
elimination or reduced utilization of water sources with a high
nitrate content, As a rule, these methods are associated with
higher costs of transportation and sometimes also more expensive
water distribution, One of the solutions of that type may be a dual
water supply system in which higher-quality water /in this case =
low nitrate concentration/ is distributed through a separate system
for population and food industry, while lower-quality water
/higher nitrate content/ is distributed through another network
to the remaining users, From the economic point of view, the dual
water supply systems is feasible when the inoreased costs of
transportation and distribution of two types of water are
compensated for by cost savings resulting from the elimination of
expensive method of nitrogen removal, Technical, economic and
sanitary aspects of dual water supply systems were analyzed by
Roman /1978/,

Reglional studies postulated in item VI, should permit the most .
effeotive solution of the problem of protecting drinking water from
exoessive nitrogen compounds content, with regard to the specifio
conditions of a given region, It seems that no universal solution
to this problem will be found, as each region, depending on its
land use and condition of water resources, will require different
solutions to the problem of nitrogen in drinking water.
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POSSIBILITIES OF WATER MANAGEMENT FOR PROTECTING AND TREATING
DRINKING WATER RESOURCES IN CASE OF NITRATE POLLUTION

D. Lauterbach and H. Klapper*

Institute of Water Management
Berlin
German Democratic Republic

This paper gives an overview of some of the methods for managing
the nitrate problem from the point of view of water management.
The main types of methods distinquished are those for reducing
or preventing nitrate inputs into water bodies, for controlling
or treating water bodies with too high a nitrate content, and
treatment in water works. Within the first group mentioned,
particular attention is given to the establishment of drinking
water protection zones, while the discussion of the second group
addresses methods such as hydraulically controlling, or biologi-
cally treating surface water bodies. Ion exchange and artifi-
cial infiltration are recommended for implementation in water-
works.

‘ .
This paper was presented by R. Enderlein, Institute of Water
Management, Berlin
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1. Introduction

It is the objective of this Seminar to demonstrate how

it is possible by methods of system analysis to thoroughly
investigate the nitrate load of drinking water resources

and which qualified decision bases for alternative solutions
in the framework of regional water management have to be
elaborated, With this in mind it is useful to give @

survey on some possibilities for protecting and treating

the drinking water resources, simultaneously showing their
positive and negative sspects, The scientific as well as
technical and technological fundamentals on which the
processes are based shsll only be mentioned inasmuch as they

are required for proper understanding.

It is not the aim of this lecture to give a complete inter-
national survey. On the contrary, we want to speak about some
experiences maede in the GDR in this respect, According to
Lauterbach, Tiemer, Busch and Luckner (1977) it shall be
pointed out that the raw water for drinking water supply is

coming from the following sources:

The first position on national scale is taken by the ground
water since more than 70% of the drinking water demand are

satisfied from this source, In many regions the supply is
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covered from relatively shallow ground water veins which
are often not at all or insufficiently protected against

contamination by impermeable covering layers.

Large regions of the highlands and their forelands are
supplied with drinking water from drinking water reservoirs
which have been specially built for this purpose; the lowland

regions are partly supplied from lakes,

Finally, in overcrowded industrial and municipal regions
there exists the necessity of taking surface water from
rivers and lakes in order to enrich the ground water arti-
ficially; in isolated cases it is necessary, however, to
directly treat this raw water which is generally of very

poor quality in water works,

In the following we want to demonstrate possibilities of
protection ana treatment, however, it must be immediately
accentuated that measures of protection are always given
priority over measures of treatment, As in many other spheres
of social life, the known proverb is also true in this field,

i.e. "Prevention is better than cure".

Following this principle, the subsequent ideas shall be subdi-

vided into 3 main sections:

1. Possibilities for reducing or preventing a nitrate input
into water bodies
2. Possibilities of controlling or treating water bodies with

too high a nitrate load
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3. Possibilities of treating the nitrate-loaded raw water
in the process of treatment to drinking water in water

works,

2. Possibilities for reducing or preventing a nitrate input

into water bodies

2.1, Drinking water protection areas

Since industrialization of the economy in general snd of agri-
culture in particular is making great progress - the same.is

true of progressive urbanization in many areas - but, on the

other hand, the protection of drinking water resources is the
number one priority, 8ll efforts are concentrated on supplementing
and stipulating measures to be taken in special drinking water
protection areas., To this end, all experience and knowledge has
been comprised in a draft standard which in the near future

will be approved by all authorities responsible. Now we want

to present a few results as far as nitrate pollution is concerned.

Catchment areass of water bodies or parts of the latter which
are used for obtaining drinking weter or which are subject to
special protection through prohibition or limited utilization

are lcoked upon as drinking water protection areas.

The entire area to be protected will be subdivded into various

zones; see Figure 1,

The protected zone I is the zone of direct water obtainment, and
within this zone direct pollution of the withdrawal units would

be possible. Adjacent to this zone to the outside comes protected
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zone II, i.e. the closer protected zone, followed by
protected zone III, i.e. the widest protected zone which
comprises the underground or the above-ground catchment
area, In case of surface water obtainment, zones III and

Iv fall together,

As shown in Table 1, zone I must give protection against

all forms of direct pollution while zone II has the task

of microbial and biological degradation, zone III has to
exclude any pollution hard to elim}nate and zone IV shall
prevent any pollution which cannot be eliminated at 8ll. It

is also clear from Table 1 that it is possible already to

give quite detai_led information about the size of zone II

on the basis of hydrogeological and geohydraulical stipulations;
one of the reasons is the good state of knowledge in the field
of mathematical modelling of geohydraulic processes. However,
similarly precise information on the size of zone III which

is of great importance with regard to the problems of nitrate
pollution is still missing. The reason why this is so are
insufficient investigations into the processes of degradation
and transformation of material in the bottom and ground water
including mathematical modelling, The same is true of nitrate
pollution, even today, although great progress has been made
recently, The draft standard mentioned above specifies in this
respect in its "Basic Reqguirements” to dimension the size of
protected zones depending on the location on the basis of

scientific and technological investigations,

Tables 2 and 3 give an epitomized survey on some prohibitions

and limitations inasmuch as they are of special relevance to
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Table 2 Epitomized survey on prohibited utilizations (p) and
limited utilizations (1) in water protection areas
for ground water with special relevance of nitrate

pollution

Type of utilization Protected zone
I II III Iv

1. Industry

Sewage discharge p p 1 -
Sewage infiltration, subsoil irrigation p p p 1
Waste product disposal p p -
Camping grounds, bathing P P - -
2. Agriculture and forestry

Used as farm land p - - -
Spray irrigation of agricultural acreage p 1 1 -
Permanent pasturage p 1 - -
Use of solid inorganic fertilizer 1 1 1 -
Use of liquid inorganic fertilizer p p 1 -
Use of solid organic fertilizer p 1 - -
Use of liquid organic fertilizer p p 1 -
Storage of solid organic and inor-

ganic fertilizer p p 1 -
Storage and transport of liquid or=-

ganic fertilizer p 1 - -
Individual livestock breeding p 1 - -

Industrialized animal production
plants (newly built) p p 1 -
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Table 3 Epitomized survey on prohibited utilizetions (p)
and limited utilizations (1) in water protection
areas for surface waters withspecial relevance of
nitrate pollution

Type of utilization Protected zone
I II III

1. Any type of built-up area

Enterprises with effluent discharge p p 1l
Plants for sewage handling : P 1 -
Central sewage-treatment plants °* p p -
Sewage introduction without sufficient

treatment and nutrient elimination p p 1
Deep-well disposal of sewage and subsoil

irrigation >50 EGW (population equivalent)p p 1
Sewage floor drain <50 EGW p 1 -
Camping sites, holidey cemps p p -
Facilities and introduction of

nutrients/permitted limit value p p p

2. Handling of water pollutants
Waste product disposals p p 1

3. Utilizations by agriculture snd forestry

Industrialized animal production plants p p 1
(newly built)

Used as farm land p 1 -
Liquid fertilizer [ 1 1
Solid fertilizer, orgenic and inorganic P 1 -
Sewage soil treatment p p 1
Aeroplane fertilization p p -

4. Utilization for recreation

Bathing p 1 -
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the nitrate problem. It is general policy in cese of limited
utilizations that special permissions to be given by authorized
bodies or inspectorates are to be oﬁtained. Prerequisites for
obtaining such permissions are in the majority of cases specific
studies or records, for example records which prove the adherence
to EDP-recommendations on fertilizing given to agricultural

cooperatives in the GDR,
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2.2. Elimination of nitrogen in sewage treatment

Our Institute has gathered rich experience in eliminating
nitrogen from artificial sewage and sewage from agricultural
animal production plants, partly also from industrial waste
water, by way of sewage soil treatment, It is not intended to
give detailed information on this subject in the framework of
this lecture since a wide range of technical literature on

this subject is available, also internationally. Depending

on the method spplied, the conditions of soil and vegetation,
the degree of load per area, given in kgN/ha.a, the operationeal
regime and other factors of influence, elimination performances

between 50% and as much as 90% and mors may be achieved.

In sewage treatment plants, the processes of nutrient elimination
(P, N) are primarily applied with the eim to-oppose increasing
eutrophication of the water bodies. On en international scale,

phosphate elimination is given priority,

For nitrogen eliminstion in sewage treatment plants microbial
denitrification is most economical., A series of process versions
- mostly used in combination with the activated~sludge method -
hess been developed in this respect, After oxidation of the
nitrogen conteined in the sewage by intensive aeration up to

the nitrate stage, the nitrate oxygen is used for oxydating
organic substances by adding either internal (raw sewage) or
external (molasses,methanol, organic acids) carbon sources
(Manczak and Szymanska, 1976). The nitrogen is mainly escaping

in molecular form, The hitherto biggest denitrification plant,
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i.,e. the 8lue Pleins Plant, washington D,C,, denitrifies
more than 1 million cubic metres of sewage per day using
methanol es carbon donator (Barnard and Meiring, 1975).

Special experience made in this respect in the GOR is not

available.

3. Measures for nitrate load control and nitrate elimination

in water bodies

3.1. Hydraulic control

The following example shows that it seems to be possible in
individual cases to improve the quality of raw water along
the discharge profile with a view to its nutrient content

(N, P) by positive hydraulic control, It must be mentioned,
however, that in the present case the absolute height of
nitrate concentration is not the direct reason of problems
arising in drinking water supply, but nitrogen and phosphorus
present in the lake (point X in Figure 2) lead to animcreased
plankton development, as stated by Bauer, Robisch and Warnke
(1980). This, however, caused great difficulties in the
filtration process in the water works (shorter service life
of filters) and may result in impairments of odour and taste

of drinking water,

Based on detailed investigations of the nutrient import into
and export from the lake and the transformation processes
taking place in the lake it was possible to set up season-depend-

ent material balances for definite time intervals,
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The most important conclusions drawn are as follows:

1.

On

of

Out of the total inorganic nitrogen imported, some 40%

are retained in the lake in the period from August/September
to January/February, This means that the true nitrogen
import at the time of algea mass development during the

main vegetation period is not the decisive factor, on

the contrary it is the stock which had been stored in

autumn and winter,

15% of the phosphorus import taking place up to a value of
95% in the winter season are stored in the sediment of the
lake. Remobilization of this phosphorus which is stored in
the sediment occurs in the period from May/June to August/

September at a rate of some 10 mg P/mz.d.

The increased concentrations of phytoplankton in the lake
inlet in spring time lead to a biomass input into the lake
which corresponds to a net increase in biomass in the lake

of about 30 per cent,

the basis of these roughly summerized results and by means

control plants (weirs) A, B and C shown in Figure 2 the

following control strategy had been established:

The control plants A, B and C ensure the largest possible
passage through the lake - Version: Primary flow - (in the
Figure - flow way 1-1) in the period from June 1, to October
15,

Aim: Export of the phosphate volume released and constant

reduction of the phosphate share in the sediment,



149

In the period from October 16th to May 3ist, the control
plants A, B and C ensure passage on flow way 1«1 which is
required for other utilizations only, while the remaining
flow is passed around the lake en flow way 2-2, - Version:
Secondary flow

Aim: Reduction of the nitrogen, phosphorus and biomass

imports from autumn to spring,

The large-scale test which was started in Januery 1980, will

be continued over & period of several years andit is expected
that - in addition to an answer t many detailed problems - this
test will throw light on the fact if the reduction of the
nutrient load of the lake by an average of 20 to 30 per cent

which was assessed by calculation may be really achieved.

It should also be mentioned here that tests of this nature have
been made at a reservoir cascade, It was the aim of these tests
to prevent by storage management measures exceeding of nitrate
limit values in the reservoir from which the raw water for
drinking water treatment is taken, Here are two of the results

produced:

1. The teamporasl variations of nitrate concentration through=-
out the year, showing maxims in winter and minima at the
end of summer stagnation, have been considered in the storage
management scheme of the upper reservoir in addition to
quantity problems, and on this basis a special discharge
regime for the lower reservoir has been calculated. Control
resulted in a scattering range of the nitrate concentration
decreased by 19.4 per cent,

2. The vertical variations in cencentration in the water body
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of the lowest reservoir showing somewhat higher N03-values
in the near-surface layers can be utilized for improving
the nitrate balance through the discharge of the natural

bed from the epilimnion,

3.2, Incorporation by autotrophic assimilation

The objective is to supply nitrate contained in the water
body as nutrient for the growth of algea and higher water
plants, The tests made in this respect in drinking water

reservoirs produced the following result:

Nitrate assimilation in the reservoir system when used as
nutrient for plankton algae is rather low due to the very

low phosphorus content as compared with nitrogen, An empiri-
cal assessment of nutrient relations, retention times and Nos-
aelimination performances of reservoirs in the GDR is clear

from the relations shown in Figure 3 (Pitz, 1978). In a
reservoir which was studied in detail, elimination in case

of a retention time of 113 days emounted to only 10 to 20

per cent per annum, The N:P-relation in water equals 150 : 1,
thus being almost the tenfold value as compared with the medium
composition of algea which was found to be 16 : 1. The N:P=
relation mey be harmonized by controlled P-fertilization while
algea development and N-elimination can be increased by
incorporation. However, such a solution to the nitrate proolem
would create another problem for drinking water treatment which

would be similarly difficult to master.

Moreover, applicability of the nitrophytes method was tested

(Niemann anc i'egener, 1976). The basic idea is to grow such

plants in the shore zone and the region filled up by sedimenta-
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+ion which are known to have an excessive nitrogen consumption.
The volume which could be eliminated by means of the nitrophytes
method on an area of 40 hectares ~ as could be done in the
region of the pre-impoudment basins of the object under
investigation - was calculated to be some 12 t N/a. However,

the problem of complete harvesting of the plants on difficult
terrain where machines cannot be used is still far from being

solved,

3.3, Nitrate elimination by anaerobic nitrate dissimilation

The partial process which is mostly suited for nitrogen elimi-
nation is the anaerobic nitrate dissimilation because nitrogen
escapes in molecular form causing a genuine loss, The principle
of reaction has been tested years ago in the framework of HZS
fighting in heavily loaded water bodies, In this case nitrate
was added as oxygen carrier, The nitrogen balance revealed that

by far thec largest partwas relieved as N2.

Successful heterotrophic denitrification requires simultaneous
presence of a carbon source as hydrogen donator, an anaerobic
environment and nitrate as hydrogen acceptor. The hypolimnion

of the upper reservoir was selected to be the reaction zone,

A large cage filled with 12,000 bales of straw and equipped with
a water distribution system was built on the shore. The sinking
straw unit sized 120 x 60 x 1,50 m was floated onto the water

and sank after a few weeks to the opottom of the reservoir. The
straw serves as cultivating ground for denitrifying bacteria and
is partly used as hydrogen source, The principle of tne procedure

1s shown in Figure 4,
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Water which is rich in nitrate is pumped together with an
easily degradable substrate used as hydrogen source through
the sinking straw piece. A waste product containing lower
fatty acids was used as substrate. 200 tons of this substrate
were used to consume the hypolimnic oxygen, and subsequently
it was possible to eliminate about 50 t of nitrate. Increased
nitrite values occurred temporarily as intermediate product,
Teble 4 shows tne inital state, the consumption of dissolved
oxygen, the maximum nitrite values as well as complete nitrate
and nitrite elimination over the reactor,

Table 4 Heterotrophic nitrate elimination in the hypolimnion
of a reservoir
Selected service results of 1980

Date Sampling NOz NO 0
place mg/1l mg?l ma/l

3rd of June 0 43,6 0.32 10.3

A 40.5 0.60 6.2

E 41,7 0,58 7.8
1st of July o} 42,5 0.36 9.1

A 20,6 5.20 o}

£ 35.6 5,80 0
17th of July © 43,5 0,40 9.9

A 13,2 12.30 0.3

£ 10.4 14.30 0.2
11th of August O 39.5 0.40 9.3

A 0.018 o]

£ 0.009 0.6
Legend: 0 Water surface

directly over ) ine grraw sinking unit
E 2 meters over )

A patent has been applied for the a.m. procedure.
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Experiences have also been gathered in the GDR in the field

of autotrophic denitrification which is independent of organic
substrate. Thiobacillus denitrificans is a autrophic species

of bacteria that oxydize sulphur and sulphur compounds by
nitrate oxygen, simultaneously releasing Ny Preconditions
required include an anaerobic environment, a neutral pH-value

and CO, as inorganic carbon source, The procedure is similar

2
to the one described above, it produces approximetely analogous
results, but because of the cost of the thiosulphate used, it

is more expensive,

4, Measures for nitrate elimination in drinking water treatment

4.1, lon exchange method

The method is based on the principle that the nitrate-containing
raw water is passed through reactors which are filled with
strongly alkalinic anion exchange material, These artificial
resins take up the nitrates which are dissolved in the water

and release an adequate amount of chloride ions,

In the majority of cases, this method will be applied only
to & partial stream of the total raw water., This partial stream

is subsequently "diluted” with untreated rew water.

The artificial resins will be regenerated by chloride salt
solution, The chloride content of the wastewater produced in
that way is the limiting factor for its disposal (Figure 5).
Extensive investigations made in the GDR, the results of which
have been recently published, show that this method should be
applied preferably for capacities between 50 and 5,000 ns/d,

partly up to 10,000 m3/d, mainly because of economic reasons,



156

J9)OM MDD
9] DM 3]SOM
J3JOM YSoMm  — —

2UDISNS J0I3UA03S  — — $S920.d a6UDYIX3 UO! JO BWAYIS G Bty
HUD] s9]OM 9JSDM .

S
.HUD) 13)DM V4
wuoy abuoyoxs vor €
wuoy abosoys &
21 | puaba) [
U p B ¥

P

A




157

Tests made with domestic artificial resins end their further
developed products resulted in the clear suitability of
wofatit Y52 manufactured by VEB Chemiekombinat Bitterfeld.
This artificial resin eliminates impairments of odour and
taste in the cutflow from the ion exchanger and ensures
compliance with chemical and hygienic parameters for drinking
weter, The service life of this artificial resin lies between

S and 8 years,

As to the detailed assessment bases, see Wiegleb (1980},

The advantages including safe treatment and high reliability
of the plant as well as possibilities for short-term start

and shut down are confronted by the following disadvantages:

Use of 30-perwcent-magnesium chloride brine or NaCl as
regenerant leads to a very high chloride content of the
wastewater produced during regeneration, thus causing a new

source of environmental pollution,

From the economic point of view, nitrate elimination alone
causes additional costs of about the same hight as does the
entire normal treatment process of a moderately polluted raw
water, Depending on the quality of the raw water and the volume
to be treated, specific prime costs of 0.08 to 0.60 Marks per

cubic metre (M/m3) are caused,

4.2, Artificial infiltration

As mentioned already at the beginning, this process is generally

used in order to improve the quality of drinking water. Utilizing
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the purification ability of the soil has always a positive

effect on water quality,

VWhen preparing the artificial grass basin, we proceed from
the fact that nitrate elimination performance results from
nitrate assimilation of higher plants and microbial activity

in the soil.

Investigations made to this end in the GDR are not yet

completed since it is not only a matter of solving biochemical
processes, but there is also a series of technical and technologi~
cal questions which have to be answered., According to Scholze,
Stolz, wissel, and Wiegleb (1978) the latter complex of

questions includes the following:

- at which position of the treatment process should the process
stage "Infiltration grass basin™ be included?

- Proposals as to the operational regime inclusive of harvesting
and processing technology of the bi-omass in case of larger

plants,

Although the costs of plant basins compared to the ion exchange
process are relatively favourable according to the present state
of knowledge (investment cost about 1 : 2 and specific prime. cost
per m3/d approximately 1 : 2 to 1 :3), it cannot be overlooked
that the space required is rgtper large, and at many densely
populated locations this space is simply not available, The

space requirement for plant basins is 5 to 7 times higher than

that of sand infiltration basins.
5. Conclusions

Since the growing nitrate load of raw water is & consequence of

intensified industrial and agricultural production and urbaniza-
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tion, assessments of benefit or damage must not be made
one-sidedly with regard to only one of these aspects. If

the problem of nitrate pollution is considered only from

the standpoint of water management, there will always occur

an increase in costs, no matter which process is used.

However, an entire-economic analysis could answer the question
of how far yields can be increased in agriculture in connection
with higher nitrogen doses and, consequently, with a higher
degree of leaching. Besides many other aspects, the fact should
also be taken into consideration that (according to Schilling,
1980) production, handling and placing of 1 kg of fertilizer
nitrogen require an energy expenditure of 75,000 kJ., Moreover,
there is the energy expenditure required gdditionally in the
field of water management for every kilogramme of leached
fertilizer nitrogen by way ofoperating additional process

stages for eliminating nitrate from drinking water,

Furthermore, all institutions desling with those problems are
surely fully aware of the fact that it would be wrong to take
decisions only because of present-day economic considerations,
From the standpoint of water management it should be rather
considered thaet fresh water resources as a whole are limited

and future generations will also have to be supplied sufficiently
with water and they have a right to a healthy environment, and
the nitrate load of the ground wate?QZither not be eliminated

at all or only over generations.Proceeding from this basic idea,
measures of preventing or reducing pollution should be given

priority because of both ecologic and economic reasons,
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WATER QUALITY MONITORING: A SYSTEM'S PERSPECTIVE
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Water guality monitoring is an effort to obtain information about
the physical, chemical and biological characteristics of water

via statistical sampling. The usefulness of the information is
highly dependent upon a monitoring program, or system, being
properly designed and operated. A monitoring system is defined

as a sequence of operations: (1) sample collection; (2) laboratory
analysis; (3) data handling; (4) data analysis; and (5) informa-
tion utilization. The design of each component is discussed in
the context of how it affects the overall usefulness of the
resulting information.

The data collection/utilization balance, a scientific understand-
ing of water quality, data utilization strategies and network
design documentation are specific aspects of monitoring where
improvements can be made, thus greatly enhancing our ability to
obtain useful information on water gquality.

With the system's perspective of monitoring and a2 discussion of
specific areas for improvement, it is hoped that the important
role water quality monitoring should play in enhancing management
of water quality can be more readily visualized and that monitor-
ing, with its better defined role, will ultimately provide a
basis for a much more scientific understanding of water quality
than that currently available.
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Water quality monitoring 1s an effort to obtain information about
the physical, chemical and biological characteristics of a water body
(stream, lake, aquifer, etc.). Monitoring involves taking samples from
a water body, analyzing the samples for the characteristics sought, and
then using the sample results to make inferences about the character-
1stices of the entire water body. Since the entire water body 1s not
analyzed, any attempt to extend sample results to the whole has uncer-
tainty associated with it., This uncertainty, unless properly handled,
can render a monitoring program useless or of little value.

Statistics is the science that permits the uncertainty of inductive
inferences to be evaluated. Thus, water quality monitoring must be
congsidered as statistical sampling if the uncertainties associated with
the final conclusions are to be properly evaluated, reported, and
understood.

The types of characteristics measured, and the inferences to be
made, depend upon the purpose for monitoring in the first place. An
intensive water quality survey may be designed to establish cause and
effects of nonpoint pollution. A surveillance network or effluent
monitoring program may be designed to check compliance with water quality

or effluent standards. A hydrologic data collection program may be
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designed to simply establish a fundamental understanding of water quality
in the hydrologic cycle. A state or national water quality monitoring
network may be designed to determine trends in water quality. A local
monitoring program may be established to inspect operation of on-site
wastewater treatment systems and determine nitrate and coliform
contributions to ground water quality.

Regardless of the specific purposes for a particular monitoring
program, it is important, in all monitoring efforts, to recognize that
wvater quality is a characteristic of water, and, as such, is greatly
influenced by the hydrologic cycle. It is the uncertainty of the
hydrologic cycle that introduces a large amount of uncertainty into
inferences made about water quality from a monitoring program. About
this point, Dumitrescu and Nemec (1974) note:

"Without necessarily entering the technological aspects of water

pollution abatement, hydrology has a major role to play in the

studies of diffusion of pollutants in water media and of self-
purification capacity of water systems, and in establishing the
scientific basis for momitoring the quality of the water
environment."

Of course, man's activities compound the uncertainty of water
quality inferences from a monitoring program. In fact, a major goal of
regulatory water quality monitoring is the separation of these effects—
nature's and man's.

Given the uncertainties (whether man caused or hydrologically
related), the chemical and biological interactions, and the need to make
inferences, the design of water quality mopnitoring programs is very
complex and difficult. These complexities and complications (discussed

in more detail by Lettenmaier 1979) often overwhelm monitoring program

designers and rasult in many, if not most, water quality monitoring
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programs being established on an ad hoc basis. However, if a water
quality monitoring program is to supply sclentifically sound information
on the physical, chemical and biological characteristics of water in the
hydrologic cycle, it must be established and operated within a well
defined framework that: (1) helps place complexity in perspective and
(2) accounts for the statistics, hydrology, chemistry, biology, etc.

The purpose of this paper is to present a framework, or system's
view, of water quality monitoring which can be used to help organize a
monitoring program and, consequently, assist program managers to better
deal with the complexities of monitoring. A system's perspective of
water quality monitoring will assist designers of monitoring programs to
see & connection between the purpose of monitoring and all the activities
associated with actually operating a monitoring program. A system's
perspective also provides a framework within which: (1) the available
literature on specific aspects of monitoring can be related to the whole
and (2) a systematic approach to design of a total program may be

formulated.

MONITORING SYSTEM

There are many ways to view a water quality monitoring program in
its totality. Rodda (1974) used a schematic chart to illustrate the
connection between the major elements of a hydrological data acquisitionm,
transmission and processing systems. Rodda (1974) uses the flow of data
and information to organize the chart. A similar approach will be used

here to develop a system's view of water quality monitoring.
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The activities involved in the operation of a water quality moni-
toring program will be categorized and ordered to follow the flow of
data and information. Thus, the monitoring system, as herein defined
begins with the collection of samples and ends with the resulting
information being used to enhance our understanding of water quality.
This understanding is then used for whatever purpose the monitoring
program was initially established.

The activities involved with water quality monitoring sre first
divided into two major sectioms: (1) data acquisition, and (2) data
utilization. The first half of a monitoring program concentrates on
collecting or acquiring data while the second half concentrates on

converting data into information which can be used.

Data Acquisition

Data acquisition consists of: (1) sample collection, and (2)
laboratory analysis. Sample collection involves taking field measure-
ments, collecting samples, processing the samples, and transporting them
to the laboratory. Laboratory amalysis involves analysis of the samples
for the variables under study, handling and organizing the flow of

samples through the laboratory, quality control and recording the data.

Data Utilization

Data utilization consists of: (1) data handling (storage and
retrieval), (2) data analysis and (3) information utilization. Data

handling involves taking data from the laboratory and entering it into
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a system (e.g., computer) for easy access. This activity also can
involve the entering of data acquired from outside the monitoring
program. Data handling also 1s the point in the system where data is
screened and verified. Following verification, the raw data is ready
for reporting and dissemination. Raw data reporting and dissemination
may be extremely useful to others interested in water quality in the
area being monitored. This activity also enhances the value (usefulness)
of the data.

Data analysis 18 closely tied to data handling as many data analyses
require the rapid manipulation of large amounts of data. Data analysis
is the activity that converts the data into information. The exact
analyses used will depend upon the type of knowledge sought on water
quality and the confidence desired in the information (how the uncer-
tainty of the inferences is to be handled). The knowledge gained at
this point may be enhanced, beyond statistical analysis alone, by the
use of water quality models and water quality indices. Again this
depends upon the purposes of monitoring.

Utilization of the information, or understanding of water quality,
constitutes the final activity of the monitoring system as herein
defined. It 1s not enough to analyze the data and report the results.
The results, be they from a model, statistics or an index, must be
carefully interpreted and presented in a manner that transmnits the
understanding of water quality to laymen (i.e., the public, policy
makers, regulators, etc.).

Since the ultimate success of a monitoring program rests on

this last step, information utilization must be carefully evaluated
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on a periodic basis. This evaluation process is a part of the
wmonitoring program.
A flow chart illustrating the monitoring system, as described

above, 1s presented in Figure 1.

MONITORING SYSTEM DESIGN

The above developed concept of a monitoring system will now be used
to discuss the design, or evaluation, of a water quality monitoring
program. ''Evaluation" is mentioned here since it 1s recognized that
many fixed-station monitoring programs were established with a minimum
amount of design and are now in need of evaluation and redesign.

The design of a monitoring system, or program, can be divided into
two components: (1) network design, and (2) operational design. Network
design is a term used to refer to the general logic and reasoning behind
why a monitoring program is established and how it is to evaluate the
inferences made. More specifically, network design includes: (1)
identifying monitoring objectives; (2) translating general objectives
into design criteria; (3) salecting and using design methodologies which
convert criteria into station locations, sampling frequencies and vari-~
ables to measure; and (4) specifying the data analysis procedures
appropriate for the system.

Operational design refers to the mechanics of actually performing
the monitoring on a day-to-day basis. Operational design normally

follows network design. Operational design includes: (1) establishing
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THROUGH A MONITORING PROGRAM.
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routes to collect samples; (2) defining sampling procedures and equipment;
(3) selecting laboratory operation and analysis procedures; (4) estab-
lishing a quality control program; (5) selecting a means to store and
retrieve data; (6) developing data analysis software; etc. Operation
design determines the number and type of personnel, facilities, and
equipment needed to achleve the goals established in the network design.
If the resources available for monitoring are exceeded in the operational

design, it may be necessary to modify some aspect of the network design.

Network Design

Network design for water quality monitoring has received considerable
attention in recent years as efforts have been made to improve the
ability of monitoring programs to enhance understanding of the processes
controlling the quality of water. Realizing that all phases of the
hydrologic cycle are important, water quality monitoring is performed on
surface waters, ground water, atmospheric moisture and, in a regulatory
mode, on point and nonpoint effluents. The monitoring is either by
fixed-station routine sampling programs or by special surveys of varying
duration and intensity. In all cases (e.g., special ground water quality
survey.or routine fixed-station surface water quality monitoring program),
there have been network design procedures proposed.

Montgomery and Hart (1974) and Sherwani and Moreau (1975) each
discuss a number of aspects of designing a network to obtain information
on trends in surface water quality, mainly flowing streams. Chamberlain

et al. (1974) and more recently Heidtke and Armstrong (1979) have explored
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the role of water quality models in designing surface water quality
monitoring programs to detect violations of stream standards. Sanders
and Adrian (1978), lLettenmaier (1978), Wallin and Schaeffer (1979), Ward
et al. (1979), Loftis and Ward (1979), and Dunnette (1980) are repre-
sentative of a large number of studies on surface water quality moni-
toring dealing mainly with the sampling frequency aspects of network
design. Sharp (1971) deals with location of sampling statioms on rivers.
Reckhow (1978) discusges water quality monitoring network design in
lakes to determine nutrient budgets.

In terms of monitoring point source effluents, Grimsrud, et al.
(1976), Bellanca (1976), and the U.S. Environmental Protection Agency
(1979) represent efforts to establish design procedures for compliance
monitoring. Eccles and Gruenberg (1978) discuss the design of a moni-
toring program to measure agricultural saline water discharges, a
nonpoint water quality problem.

Ground water monitoring has received tremendous attention in the
United States of America during the past year as its protection has been
a top priority of the U.S. Environmental Protection Agency. Management
of hazardous wastes has further increased this interest. Todd et al.
(1976) and Everett (1980) present methodologies for designing ground
water monitoring programs, but both suffer from lack of statistics.
Nelson and Ward (1980) discuss ground water monitoring from a statistical
perspective.

Many of the concepts of network design presented in the above

studies apply to both fixed-station monitoring and special surveys.
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Kittrell (1969) and UNESCO/WHO (1978) discuss additional considerations
related specifically to special surveys.

To assist states in the United States in development of monitoring
programs, the U.S. Environmental Protection Agency (1975, 1977) has
published general guidelines. The reports, however, do not deal with
all aspects of network design. The National Academy of Sciences (1977)
criticized water quality monitoring in the United States saying that
such monitoring lacks a strong statistical basis. The U.S. General
Accounting Office is investigating the accountability of monitoring
performed by the federal govermment.

All of the activity in network design has not resulted in any
standard design procedures being developed. Sanders (1980) represents
one attempt to identify and describe some fundamental concepts in net-
work design. Network design, however, remains an art as wmuch as a
science. The specification of objectives, the conversion of objectives
into criteria, and the salaction of design methodologies and the means
of translating data into information provides considerable room for

subjective network design.

Operational Design

As the efforts to define and regulate water quality have inten-
sified in recent years, so have the efforts to ensure that monitoring
programs provide accurate and correct data and information. Training
requirements for monitoring personnel have increased, more sophisticated

equipment is available and quality control programs have expanded. As
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with network design, this has resulted in publications describing the
new or newly organized, or agreed upon, procedures.

Huibregtse and Moser (1976), Shelley (1977), Diefendorf and Ausburn
(1977) and Saxena and Nies (1979) are examples of publications dealing
with the sampling of waters. Tarazi et al. (1970) and Schaeffer and
Janardan (1978) describe differences between grab and composite sam-
pling. The U.S. Environmental Protectiom Agency (1974), U.S. Geological
Survey (1977) and American Public Health Association (1979) represent
efforts to establish standard laboratory analysis procedures for water
quality variables. Bicking et al. (1978) and Tracor Jitco, Imc. (1978)
are reports which describe quality assurance programs and ways to
evaluate overall laboratory performance.

In the data handling area, the Joint Committee on Water Quality
Management Data (1967) is one of the earlier attempts to organize and
categorize data for a management program. Kitch (1978) reports on the
state of Penunsylvania's efforts to use these categories in establishing
a statewide information system. Flemal et al. (1979) describe Illinois'
water quality information system. Haseman et al. (1975) discusses
information systema for water quality in a broad context. STORET is a
national effort by the U.S. Environmental Protection Agency to handle
data. NASQAN is a national effort by the USGS. The major difference is
that STORET accepts data from any network while NASQAN is tied to over
500 sampling stations operated by USGS. STORET is simply a data
handling system available to government agencies.

STORET also provides basic data analysis services to its users as

well as handling data. Buda et al. (1976) describe an interactive
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system for analyzing water quality data. The U.S. Council on
Environmental Quality operates an UPGRADE system for data analysis. In
terms, however, of describing, in an overview manner all water quality
data analysis procedures (i.e.,, statistics, modeling, indices, etc.), no
references are available.

Likewise, there are no publications of which the author is aware,
that describe, in an overview manner, the utilization of water quality

information derived from monitoring programs.

Monitoring System Design Procedure

The systems perspective of monitoring provides a framework with
which it 1is possible to develop a systematic approsch to monitoring
program design. In this section, such an approach to design is proposed
and described. Monitoring system design, of course, will never be
quantified by a set of hard-and-fast rules or steps; therefore, the
following is intended more as a general guideline than a set rules for
design. In addition, the more subjective aspects of monitoring systems
design (data utilization) are discussed along with the more quantifiable
aspects (data collection) in order to give a broader perspective to

system design.

Step 1. Determine Monitoring Objectives and Relative Importance of Each

The reasons for monitoring water quality should be determined as
precisely as possible. This may require the system designer to formulate

the objectives in his or her own words prior to approaching the ultimate
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users of the data and/or information. Such formulations provide a
specific basis for discussion.

In many cases, the true monitoring objectives are extremely difficult
to formulate. Moss (1980) suggests, in such cases, the use of surrogate
objectives. Development of monitoring objectives, or surrogate objec-
tives, requires the monitoring system designer to evaluate the entire
management organization and, often, the philosophy underlying its operation.
This projects the designer into an uncomfortable position and may result
in him or her being told to leave management to the managers.

How can management be wade to understand the importance of clearly
defining monitoring objectives? The system's perspective illustrates
clearly the interaction batween data collection and data use and notes
how ultimate accountability of the monitoring programs rests om the
data's use. Such a view of monitoring will, hopefully, assist designers
in getting access to monitoring objectives.

If the monitoring system is to meet several objectives, each should
be determined and prioritized relative to the others. Conflicting
objectives require the compromise of many design specifications later in
the design process, and a relative weighing of objectives provides the
designer with guidance in compromising. Once the specific objectives of
a water quality monitoring system have been articulated, the designer
must then translate these objectives into specific data requirements

which can be fulfilled by the proposed design.

Step 2. Express Objectives in Statistical Terms

Translating objectives from words to statistics at the first of the

design process permits the users of data and information to specify the
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accuracy they need in quantifiable terms while at the same time providing
the designer with a more objective basis for future design calculations.
If one of the monitoring activities is associated with enforcement or
other statutory needs, it is very important that the design of the
system and the resultant data obtained are compatible with existing and
proposed legislation, both state and federal.

As noted earlier, water quality monitoring is a statistical sampling
process and, thus, there will be uncertainty associated with the final
results. The acknowledgment of this fact will greatly assist designers

in developing meaningful and useful designs.

Step 3. Determine Budget Available for Monitoring and Amount
to be Allocated for Each Objective

Realistic objectives cannot be formulated without acknowledging the
limits within which one must work. Economic limits on the number of
samples, number of stations, etc., will greatly influence the ability of
a monitoring system to reach its statistically defined objectives.
Recognizing the economic limits early will, again, permit the data users
to participate in deciding where the compromises will be made. Omne
compromise may be to trade off percent areal coverage (a large number of
stations) for more intense sampling at a small number of stations.

For data users to see the statistical-versus—economic trade-offs,
the designer should attempt ;arly in the design process to quantify such
trade-offs.

If the monitoring systems is multi-objective, an attempt should be

made to determine the amount of the budget to be allocated to each
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objective-—the ultimate measure of the importance a data or information

uaer places on the objective.

Step 4. Define the Characteristics of the Area in Which the

Monitoring is to Take Place

The geographical and hydrological characteristics of an area to be
monitored need to be well defined prior to initiation of design calcula-
tions. Natural salt springs, precipitation, industrial concentrationms,
population centers, flow patterns, irrigation schedules, etc., will all
influence the design process. The extent of influence will depend upon
the objectives of the monitoring program.

Monitoring networks which must cover a number of watersheds, or
portions thereof, require careful consideration of the geographical and
hydrological differences and how these differences may preclude the use
of one uniformly designed network for the entire jurisdiction. Instead
the sub-basin objectives and budget allocations must be determined and
each sub-basin then treated as its own separate network--a sub-network

of the overall network.

Step 5. Determine Water Quality Variables to be Monitored

Variables measured by a water quality monitoring network are highly
dependent upon the objectives, basin characteristics and economics of
the network. A regulatory water quality monitoring program would perhaps
be mainly interested in those variables stated in the stream standards.
Likewise, an agency regulating a reservoir would, perhaps, be monitoring
only those variables influenced by releases of the reservoilr water. A
monitoring program used to manage on-site home sewage disposal systems

would be measuring nitrates and coliforms.



179

The design of a water quality monitoring system must center around
water quality; however, water quality can be defined in terms of one
variable or 1000 variables. Design of a water quality monitoring system,
unless only one varisble is considered, must account for the different
statistical behavior of the different variables. This will require
compromising of some form among the variables.

Both sampling location and sampling frequency can be developed
independently of frequencies for analyzing samples in the laboratory.
Both location and frequency are specified for the collection of the
water sample--the analyses are made later. However, both criteria are
affected by the behavior of the water quality variable being monitored.
For example, sampling once a week at a single point in a river may be
more than adequate for monitoring a relatively stable river temperature,
but may be hardly adequate for monitoring rapidly varying coliform
bacteria concentrations. Therefore, before a water quality monitoring
program can be designed in a systematic fashion, the variables to be
monitored should be specified so that their natural and/or man~made
variation in time and space can be considered when designing the moni-
toring network. 1In addition to considering the water quality variables
of interest, their respective units should be delineated as well. The
network design varies tremendously if a dally mean (flow weighted)
concentration is needed rather than an instantaneous grab sample concen-
tration—the former being a result of several samples with flow measure~
ments equally spaced during & 24-hour period, while the latter is only a

single sample (generally in the daytime between 8:00 a.m.-4:30 p.m.).
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In reality, the specification of the water quality variables to be
monitored prior to initiating network design would be ideal. In practice,
however, an already designed network is often given and then one must
know or determine what water quality variables can be adequately

monitored with the existing network.

Step 6. Determine Sampling Station Locations

The location of a sampling station in a water quality monitoring
network is probebly the most critical aspect of network design, but it
is all too often never properly addressed. Expediency and cost compro-
mises lead in many cases to sampling from bridges or near existing river
gaging stations. Whether the single grab sample from the bridge or the
gaging station is truly representative of the water mass being sampled
is not known, but it generally is assumed to be representative by both
the collectors and users of the water quality data. Using river stage
for estimating discharge, measurement anywhere in the lateral transect
would indicate the exact river discharge. However, this does not neces-
sarily follow when measuring water quality variable concentrations. 1In
fact research indicates the oppogite, that a single sample will rarely
be indicative of the average water quality Iin a river's cross section.

Sampling locations for a permanent water quality network can be
classified into two levels of design: macrolocation and microlocation,
the former is a function of the specific objectives of the network while
the latter is independent of the objectives but a function of the repre-
sentativeness of the water sample to be collected. The macrolocation
specifies the river reach to be sampled while the microlocation specifies

the point in the reach to be sampled.
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The macrolocation within a river basin is usually determined by
political boundaries (state lines), areas of major pollution loads,
population centers, etc. Macrolocation can be specified, as well,
according to percent areal coverage using basin centroids (Sharp 1971).
This methodology locates sampling points in a systematic fashion, maxi-
mizing information for the entire basin with a few strategically located
stations.

Once the macrolocations within a river basin are established, the
microlocation is then determined. The microlocation point is the loca-
tion of a zone in the river reach where complete mixing exists and only
one sample is required from the lateral transect in order to obtain a
represantative (in space) sample. The zone of complete mixing can be
estimated using various methodologies (Sanders et al. 1977).

1f there is not a completely mixed zone in the river reach to be
sampled, there are three alternatives: (1) sample anyway at a single
point and assume it is representative (this is the general procedure
being applied today); (2) do not sample the river reach at all, because
the data which would be obtained does not represent the existing river
quality, but only the quality of the sample volume collected; (3)
sanple at saveral points in the lateral transect collecting a composite
mean, which would indeed be representative of the water quality in the
river at that point in time.

1f the sample was not representative of the water mass, the frequency
of sampling as well as the mode of data analysis, interpretation and
presentation and the realistic use of the data for objective ﬁecision-

making would be inconsequential. 1In spite of this fact, criteria to
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establish station locations for representative sampling has received
relatively little attention from agencies responsible for water quality

monitoring.

Step 7. Determine Sampling Frequency

Once sampling stations have been located so that samples collected
are representative in space, sampling frequency should be specified so
that the samples are representative in time.

Sampling frequency at each sampling station within a monitoring
program is a very important consideration in the design of a water
quality wonitoring network. A large portion of the costs of operating a
monitoring program is directly related to the frequency of sampling.

The reliability and utility of water quality data derived from a moni-
toring network ig, likewise, related to the frequency of sampling.

Significant as sampling frequency is to developing an understanding
of the processes controlling water quality, very little quantitative
criteria designating appropriate sampling frequencies have been applied
to the design of water quality monitoring networks. In many cases,
professional judgment and cost comstraints provide the basis for sam-
pling frequencies. All too often, frequencies are the same at each
station and based upon routine capabilities, once-a-month, once-a-week,
etc. Given the lack of statistical training of many network designers,
these may be the only ﬁracticnl means to implement a sampling program.

There do, howaver, exist many quantitative, statistically meaningful
procedures to specify sampling frequencies at each station. The methods

include specifying frequencies as functions of the cyclic variations of
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the water quality variable (Nyquist frequency), the drainage basin area
and the ratioc of maximum to minimum flow, the confidence interval of the
annual mean (Ward et al. 1976, Sanders 1980), the number of data per
year for testing hypotheses (Sanders and Ward 1978), and the power of a
test measuring water quality intervention.

All of the aforementioned procedures can be applied to the design
of a water quality monitoring network with each requiring a different
level of statistical sophistication in terms of data requirements,
necessary assumptions and limitations, and statistical expertise of the
users. Sampling frequency calculations must deal with the fact that
water quality variables may not be independent, but highly dependent and
not identically distributed, but seasonally variable. Unfortunately,
other than mean daily discharge, temperature and conductivity, data
bases of water quality variables of sufficient number, reliability and
length are not usually available for application of design procedures
that account for these factors. Thus, more simple approaches are used
with many assumptions being made.

Once a consistent sampling frequency criterion is selected, it can
be utilized to objectively distribute sampling frequencies within a
water quality monitoring network. For example, the expected half-width
of the confidence interval about the annual mean approach can be applied
basin-wide (for specifying sampling frequencies) in a consistent fashion
by specifying equality of these expected half-widths at each sampling
station. Thus, stations where water quality varies tremendously will be
sampled more frequently than stations where the water quality wvaries

little.
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The expected half-widths of the confidence interval of the annual
mean 1is not the only statistic that can be used to specify sampling
frequencies; the expected half-width divided by the annual mean is a
measure of relative error and may be more appropriate when assigning
sampling frequencies in a network where water quality varies tremendously
from river to river.

When developing sampling frequencies, one must keep in mind two
very important cycles which can have immense impact on water quality
concentrations—-the diurnal cycle and the weekly cycle. The effect of
the diurnal cycle (which is a function of the rotation of the earth) can
be eliminated by sampling in equal time intervals for a 24-hour period
and the effect of the weekly cycle (which is a function of man's activity)
can be eliminated by specifying that sampling intervals for a network
cannot be multiples of seven--occasional sampling on weekends would be
necessary.

Perhaps, the major impact of network design (in terms of variables
to be monitored, sampling location, sampling frequency, and the opera~
tional monitoring functions) is in the area of data analysis and,
consequently, ultimate value of the monitoring information. Any
sampling program that is to generate conclusive results from observing a
stochastic time series (water quality concentrations) must be well

planned and statistically designed. Statistically designed implies that

the sampling is planned (in proper locations and numbers) so that the
statistical analysis techniques chosen will be able to yield quanti-

tative information. Thus, the data analysis techniques (level and type



185

of statistics) to be used must be defined in order to know how to

compute proper sampling frequencies, locations, etc.

Step 8. Compromise Previous Objective Design Results with Subjective

Considerations
Station locations, sampling points, and sampling frequencies

objectively computed in previous steps must now be evaluated in light of
the access to the water, costs of acquiring the sample and rounding off
frequencies to match practical sampling routes. Such compromising must
be minimized, but to say that it should not be done is not realistic.
Again trade-offs must be considered--having a crew sample on weekends
must be balanced against the problem of nonrepresentative data, sampling
from a bridge balanced against cost of obtaining access elsewhere. Such
compromises should be recorded and attached to any reporting of data

from the network.

Step 9. Develop Operating Plans and Procedures to Implement the

Network Design

The actual day~to-day operation of a network includes many functions
of which network design is a predecessor. These operational and informa-
tional functions, to be performed smoothly over time and changing per-
sonnel, must be well defined and documented. This requires the network
designer to develop sample collection routes and schedules, sample
collection procedures and forms, laboratory analysis recording procedures
and forms, data handling procedures and forms, etc. The network design

should be documented well enough so that the monitoring operation can



186

easily function, in a consistent manner, regardless of the personnel

involved since they will surely change over time.

Step 10. Develop Data and Information Reporting Formats and Procedures

The report formats and distribution procedures should be closely
identified with the system's objectives, and, as a result, should be
defined in consultation with the users of the results from the monitoring
program.

Lack of reporting formats and procedures is a common problem with
many monitoring systems today and i1s a sure sign that data collection
may have become an end unto itself. Regular communication between
gatherer and user ensures that a monitoring system's results are prop-
erly placed and m@et the information needs for which the system was
established.

Reporting formats will vary greatly, depending upon the monitoring
system's purpose, the primary users and the budget available. For the
same system there may be monthly reports of a one- or two-page nature,
annual reporte encompassing considerable detail and, therefore, length,
and special reports needed to meet special information requests (e.g.,
305 b reports required by the U.S. EPA of state regulatory monitoring
networks) .

Proper planning (monitoring system design) of reporting formats
and distribution procedures can greatly reduce the staff time needed to
generate reports. Computer plots of data, computer printouts in a
reporting format, standard reporting forms, etc., are examples of ways

to expedite reporting of data and information. Where timing of information



187

distribution is critical, such procedures are almost always required if

reporting is not to disrupt normal monitoring system operations.

Step 1ll1. Develop Feedback Mechanisms to Fine Tune the Design

As part of the data and information reporting, specifically, and as
part of the entire monitoring system design, in general, a means of
receiving and utilizing feedback, both solicited and unsolicited, must
be provided in order to "fine tune' the design. No water quality moni-
toring system design can be assumed fixed. There are always reasons for
altering a design--changing objectives, changing technology, new data
users, etc. There are some monitoring systems which may have components
that change little over time (such as a network measuring long-term
trends), but, in general, procedures to accommodate change must be
incorporated into the design.

Feedback can be incorporated into the reporting of information by
spelling out in standard form the means by which a reader can report any
comments he or she may have regarding the data and/or information (and,
thus, the design). Such unsolicited comment or feedback must be recorded,
reported, evaluated and answered, if not to the person making the comment,
to those responsible for the monitoring system's existence.

Solicited feedback can be obtained via planned questionnaires
regarding the design. Soliciting fsedback should be a regularly
scheduled activity associated with the design. All aspects of the

monitoring system should be included in such an evaluatiom.
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Step 12. Prepare a Monitoring System Design Report

Monitering system designers are generally system operators and/or
managers, consequently, their design evaluatioms, procedures, etc., are
performed and implemented without a report being prepared. Lack of
design documentation creates many problems associated with water quality
monitoring today (National Academy of Science 1977).

Whenever a designer is designing & new monitoring system or
evaluating and modifying an existing system, he should carefully describe

the design process and findings in a Monitoring System Design Report.

Such a report would contain the results of the previously desecribed 11
steps in the design process. If the design were contracted out, the
monitoring personnel would expect such a report since the design has to

be communicated between the designers and operators. Since water quality
monitoring personnel are generally quite mobile, design and implementation
done in-houge, without documentation, often leaves those who follow with
very little guidance as to the system's design. Documentation of designs
ig very much neadad and should be done any time a new system is established

or an existing system ig evaluated.

IMPROVING MONITORING SYSTEMS

As has been alluded to several times earlier, there are a number of
aspects of water quality monitoring which could be improved. The system's
view of, and design framework for, water quality monitoring tend to

focus attention on these problems in a manner not achievable when only a
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part of the system is examined. The following discussions describe
areas where improvements could be made and the entire system would
function more effectively and efficiently.

Monitoring programs are normally a part of an attempt to manage
water quality. Such efforts to manage are instigated by government's
attempts to regulate the externalities associated with water gquality.
As society, and govermment, identifies a new problem with water quality,
a speclal program or agency is created to deal with the new problem.
The monitoring programs designed to support this new management effort
are narrowly focused around the problem. The larger picture of water
quality is not the mission of the agency so it is not studied. This is
especially true in the United States.

As a result of the above situation, the current understanding of
water quality is problem oriented--rarely is the total picture of water
quality processes even sought. The data is collected for a purpose,
analyzed for that purpose, and stored. No one is responsible for tying
all bits and pieces together into an overall picture of water quality.
The science of water quality hydrology is basically nonexistent.

Managers of specific water quality control functions (planning,
wastewater treatment plants, enforcement, research, etc.) optimize their
own activities. They have few, if any, goals related to the overall
quality of water. The 'brush fire" aspect of water quality management
often prevents regulatory agencies from assuming this role. In the
United States, there are no other agencies charged with developing a

basic understanding of water quality.
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Regardless of the organizations doing water quality monitoring, the
monitoring staff has perhaps the best opportunity to view water quality
from a broader perspective. This view, however, often gets focused too

closely on collecting data.

Collection/Utilization Balance

Within a monitoring program, the imbalance between data collection
and data utilization 1s a serious problem. Data collection, over the
years, has received the most attention in the literature. As noted
previously, there are many articles describing hcw to collect a sample,
how to analyze the sample, and how to process the data in a computer.
There are precious few reports describing the range of procedures
available to analyze data to develop a better understanding of the basic
processes. Even fewer are available to assist the monitoring manager in
preparing reports describing and presenting the information in a useful

and readily communicated manner.

Water quality monitoring is expensive. Collecting data 1s expensive.

Analyzing and using data are expensive. The utilization of data cannot
occur unless it is first collected. Data can be collected and not used.
If budgets are limited, data collection seems to get the available
resources with utilization being cut--its productivity is not easily
measured. Accountability in collection is much easier--so many miles
were driven, so many samples processed, etc. Historically, little of
the accountability of a monitoring program has been associated with the
measurement of water quality. As has been said many times, data

collection becomes an end in itself.
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To be effective at describing water quality, a monitoring program
must be carefully balanced between collection and utilization. As
carefully as collection procedures are designed and operated, so should
data utilization procedures. Resources for the total monitoring program
should, likewise, reflect the balance. As people's functions are
identified as sample collectors, laboratory technicians, so should there
be data analyzers and technical journalists to get the information from
the data and publicized.

Deriving information from water quality data 1is difficult at best.
The science of water quality hydrology is not well defined and this

makes for much of the difficulty in data utilization.

Scientific Understanding

Hydrology &s a science has made tremendous strides over the past 15
to 20 years. The statistics and modeling applied to water quantity
measurement, prediction and information utilization in all aspects of
gociety (highway bridge design, flood plain planning, water supply
forecasting, etc.) has evolved as the science has developed. There has
been no comparable development in water quality hydrology. The statis-
tics generally applicable to water quality are not known, nor are they
hypothesized. Water quality models are not well developed for more than
a few water quality variables.

The extra dimensions, numerous variables defining water quality and
the interactions of the variables, make the extensions of many basic
hydrological concepts to water quality very difficult. This means that

development of a science of water quality hydrology will be more complicated
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and require considerably more effort. The fact that the need for such a
science 18 just being comprehended, much less developed, is one of the
main reasons water quality data utilization 1s so poorly defined.

A framework (e.g., standard, accepted approaches) for utilizing
data in water quality needs to be proposed, debated, srtudied and ulti-
mately agreed upon. TFor example, the Water Resources Council (1977) is
the latest set of guidelines for determining flood flow frequency.
Standard methods are suggested. They may not be agreeable to everyone
in the field but they do meet a definite need in the application of
hydrology to a practical problem. As the science develops further, the
guidelines will undoubtedly change.

Work similar to that above has begun in the air quality area.
Pollack (1975), Ott and Mage (1976) and Ott et al. (1979) are examples
of studies of the applicability of statistical and physical models to
air quality data. Kornreich (1974) is a proceedings of a conference
dealing with statistical aspects of air quality data. Such meetings are
desperately needed in the water quality field.

The analysis of water quality data has not been completely ignored.
Hem (1970) is becoming a classic in the field. Lane (1975) and Steele
et al. (1974) are examples of the type of examination of water quality
data of which much more 1s needed.

There 1s a need to propose standard guidelines for analyzing water
quality for various purposes, discuss the guidelines, and ultimately
develop a consensus on which procedures represent the state of the art.
Such an effort would not require the collection of more data at present--

simply a thorough amalysis of that currently available. There is a
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large amount of data that has not been analyzed for more than the very
narrow purpose for. which it was collected. This data, when examined to
explain water quality in a larger context, could reveal a large amount
of knowledge about the basic processes controlling water quality. An
excellent example of this is the data collected by state regulatory
water quality management agencies in the United States. This data is
normally checked against a standard and stored. Very little, if any,
effort is made to thoroughly examine and analyze the data. As usual,
the problem stems from a lack of analysis resources--~and unbalanced
monitoring program. The regulatory agenciles do not see & value to them
in such an analysis. Who is to take the lead and examine the data? Who

will develop the science of water quality hydrology?

Data Utilization Strategies

With its multiple dimensions, it is difficult to reduce water
quality data to simple, easily understood 1n£ormat1§n on water quality.
As the data is reduced to information, many specific details about the
water quality get masked and, consequently, many assumptions have to be
made and explained. A classic example of this is the attempt to develop
a water quality index in the United Stetes. Many, many water quality
indices have been proposed and debated; however, no consensus has been
reached. Perhaps the development has not proceeded far enough to permit
a consensus. In any case, the communication of water quality information
to the public is greatly restricted by this lack of a consensus. Air

quality indices have greatly enhanced to communication of air quality
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monitoring results. Ott (1978) is an excellent summary of water quality
index development.

Within water quality management organizations, a well defined flow
of data and information through the system would enchance the use of
water quality data. Such a flow chart of data and information would
specify who was to analyze the data, who was to report the information
to whom, what decisions the information was to influence, and who was to
make them. Ward et al. (1976) describe water quality data utilization
strategies within a management organizatiom.

Sanders and Ward (1978) and Schaeffer et al. (1980) discuss several
problems created within a regulatory agency when water quality data do
not have a well defined use. McAniff and Willis (1976) and Adrian et al.
(1980) discuss the value of water quality data. Since value 1is related
to use, these two studies have implications to the use of water quality
data. Shnider and Shapiro (1976) present procedures for evaluating
water quality monitoring programs; however, the study reflects the
available literature, and, thus, is quite weak in the data utilization
area.

For all monitoring systems, the strategies for use of data should

be thoroughly designed before the monitoring 1s initiated.

Design Documentation

As noted in the 12th step of the step-by~-step guidelines, and
repeated here for emphasis, there is a need to document the design of

all monitoring systems. Such documentation explains the underlying
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rationale for the data collection and use and, consequently, greatly
enhances the value of the data. If a user knows the design of a moni-
toring system (network and operations), the data's accuracy and precision
can more readily be evaluated.

Whenever a water quality monitoring system is established, there

should be a report prepared detailing the system's design!

SUMMARY AND CONCLUSION

A system's view of water quality monitoring has been formulated,
the design of such systems has been discussed from a network and opera-
tional perspective, step-by-step system design guidelines have been
proposed, and several factors which, 1f changed, could improve moni-
toring system design have been discussed. Water quality monitoring was
discussed in a general context; however, the bias of the author's
experience in regulatory monitoring has probably skewed some of the
presentations.

The purpose of the paper was to broaden the view of people involved
in water quality monitorinz. “ith the systen’'s nerspective, it iz ho~ed
chat the important role water quality monitoring should play in enhancing
management of water quality can be more readily visualized and that
monitoring, from such a perspective, will ultimately provide the basis
for a much more scientific understanding of water quality hydrology than

that currently available.
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The paper should not end without noting that hydrological monitoring
systems, in general, have been undergoing analysis in recent years.
Rodda (1974) discusses the role of data collection systems in the future
development of hydrology. Dawdy et al. (1972) discusses the application
of system analysis to network design., Moss et al. (1978), Moss (1980)
and Steele et al. (1980) present overviews of hydrological network
design and discuss future needs. Langbein (1979) analyzes a conference
on the design of hydrological data networks.

With its extra dimensions, it is imperative that professionals in
water quality monitoring expend considerably more effort on monitoring
system design and operation than has been the case in the past. Only in

this way, will water quality be understood.
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NITRATE POLLUTION OF GROUNDWATER RESOURCES--MECHANISMS
AND MODELLING

D.B. Oakes

Medmenham Laboratory
Water Research Centre
United Kingdom

In the United Kingdom field studies of the unsaturated zones of
30 sites on the Chalk and 12 on the Triassic Sandstone aguifers
have shown a correlation between arable farming regimes and high
nitrate concentrations in interstitial pore water. A slow down~
ward movement of nitrate has been proved at three sites. A math-
ematical model of solute transport through the unsaturated zone
has successfully simulated the observed nitrate profiles at a
number of the investigated sites. This vertical transport model
has been incorporated in a catchment model which has been used
to predict changes in groundwater nitrates, in some areas, to
levels above 11.3 mg N/%.
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1. INTRODUCTION

About a third of the public water supplies in the United Kingdom are
obtained from groundwater, the greater part of which are derived from two
principal aquifers, the Chalk and the Triassic sandstones (Fig. I).
Groundwater, where available, is a cheap source of supply and generally of
good quality. However, an increase in the nitrate concentration of some
groundwaters in the United Kingdom has been reported in recent years

Foster and Crease, 1974; Severn-Trent Water Authority, 1976 a,b).

Over 100 public supply boreholes now produce groundwater with nitrate
concentrations intermittently or continuously above 11.3 mg N/I. High
nitrate concentrations in water supplies are of concern because of potential

health risks (Comley 1945).

In 1974 the Water Research Centre initiated a programme of field

investigations and laboratory studies with the objectives of:

i) determining the extent of nitrate contamination of the
ungsaturated zones of the primcipal aquifers in the United

Kingdom.

ii) evaluating the mechanisms and rates of movement of potential
pollutants, derived from the land surface, through the

unsaturated zone to the water table, and

iii) estimating future trends in groundwater nitrate concentrations

on both the local and regional scales.

Work on the Chalk and Triassic sandstone aquifers is essentially complete

and attention is now being directed to the unconsolidated Greenmsand aquifer.

This paper presents the principal results of the field investigations
and describes the models which have been developed to help interpret those

results and provide predictions of future trends.
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2. SQURCES OF NITROGEN

The inputs of nitrogen to aquifers in the UK may be by direct discharges
from wastes or sewage effluent or from leaching through agricultural soils.
Locally the direct discharge of waste materials may give high concentrations
of nitrate and ammonium in groundwater but regionally the effect is very

small.

Nitrogen losses from the soil/plant system may be divided into gaseous
losses, removal by the crop and leaching. The soils developed on the outcrop
Chalk are characteristically shallow, well drained rendizas and associated
brown calcareous earths, while those on the Triassic sandstones are well
drained brown earths and podsols. Under arable regimes such soils are well
aerated and losses by denitrification appear to be small whilst mineralisation

of organic nitrogen is encouraged.

The rate of removal by crops is variable (Johnson, 1976) but a mean
value has been estimated from published data. Fig. 2 shows for a variety
of crops the relationships between N applied and N not accounted for in the
crop, from which it is apparent that about 50% of the applied fertiliser nitrogen
is lost to the crop. Under normal climatic conditions in the UK it is probable
that a high proportion of the unaccounted for fertiliser nitrogen is
assimilated by weeds and microflora during the growing season. The
mineralisation of soil organic nitrogen following the ploughing of established
grassland (Reinhorn and Avmnimelech, 1974; Meints, Kurtz, Melsted and Pack,
1977) has been proposed as an important source of nitrates for leaching in
the United Kingdom. It is noteworthy that the marked increase in arable
acreages in Southernm England from 1939 to 1946 was concentrated principally
on the thin upland soils of the Chalk recharge areas, which had previously
supported grass for sheep and cattle grazing. The quantity of nitrogen
available for mineralisation may be several thousand kg per hectare (Reinhorn
and Avnimelech, 1974). Measurements made at a Water Research Centre
experimental plot on a 60 cm deep Chalk profile in Sussex, at which ploughing
of virgin grassland first occurred in April 1978, have indicated that the
soluble nitrate content of a fallow soil increased by about 200 kg N/ha
during the period April to November when compared with a control plot under

grass.
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3. DIRECT MEASUREMENT OF NITROGEN IN GROUNDWATER SYSTEMS

3.1. DRILLING PROGRAMME

The Water Research Centre, the Institute of Geological Sciences and,
latterly, the Water Authorities, have over the past few years been involved
in an extensive borehole drilling programme. This has involved comstruction
of more than 100 boreholes some to depths of up to 200 m at about 50 selected
sites. Fig. | shows that most of the sites are on the Chalk aquifer, 12 are
on the Triassic sandstones and one on the Lincolnshire Limestone. The sites
wvere gelected so as to cover a range of differing land use situatioms,

wmeteorological conditions and hydrogeological environments.

Most of the boreholes were continuously cored and special drilling and
sampling methods were employed to avoid contamination. Water for chemical
analysis was extracted by high speed centrifugation and were analysed using
standard AutoAnalyser techniques. Measurement of the tritium content
of the waters have been carried out by the Harwell Laboratory using the method

described by Otlet (1968).

3.2. RESULTS OF FIELD INVESTIGATIONS

Measurements in the Chalk and Triassic sandstone aquifers have revealed a
correlation between high nitrate concentrations (often >20 wg N/1) in the
interstitial waters of their unsaturated zones and arable farming regimes,
whilst low concentrations (often <5 mg N/1) are characteristic of interstitial
water beneath unfertilised permanent grassland and woodland. The vertical
profiles of nitrate concentrations in the unsaturated zone beneath arable
Chalk land are often sinuous and it is postulated that these variations with
depth reflect changes in the rate of leaching from soils under different
agricultural regimes. In addition to nitrate measurements the distribution
of ammonium and nitrite were made at many sites. Determinations of the total
elemental carbon, hydrogen and nitrogen in insoluble Chalk residues has also

been undertaken, but only at a few sites.

3.3. UNSATURATED ZONE
3.3.1. Fertilised Arable

Uniform or relatively smoothly varying nitrate profiles were found to be
characteristic of sites on the Chalk under continuous arable regimes with

consistent fertiliser application rates (Young, Qakes and Wilkinsom, 1979).
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Sinusoidal variations of nitrate concentration with depth have been found
to be well developed beneath Chalk sites at which arable cropping is
periodically interrupted by grass leys (Fig. 3), this being most apparent
" at sites with long term (4 to 7 years) leys (Young, Oakes and Wilkinson,
1976). The nitrate profile beneath arable and arable/ley regimes in the
Triassic sandstones (Fig. 4) have been found to follow a similar patterm,
but to show more rapid and irregular variations with depth. This may be
attributed to the modifying effects of the greater vertical and horizontal

inhomogeneity of the Triassic sandstones compared with the Chalk.

At one site in South East England where the Chalk was covered by !i m
of clay high nitrate concentrations were found in the pore waters down to
20 m (Fig. 5), indicating that in this instance the surface deposit did

not provide protection to the underlying aquifer.

3.3.2. Fertilised long term grasslands.

Nitrate profiles, in the Chalk and Triassic sandstones, beneath
permanent grassland receiving fertiliser applications up to about 250 kg
N/ha/yr have been found to be generally uniform at between 5 and 10 mg N/1
(Young and Gray, 1978) but concentrations in the range 10 to 100 mg N/1
have been measured in profiles beneath grassland with fertilisation rates

greater than about 400 kg N/ha.

3.3.3. Unfertilised long term grassland and woodland.

Profiles measured beneath unfertilised grassland have consistently shown
interstitial nitrate values of less than 6 mg N/l and commonly less than
| mg N/1. A similar distribution appears to be present beneath established
woodland.

3.3.4. Tritium

Tritium profiles have been determined at a large number of the Chalk
sites. In all cases the peaked form of the profile was comparable with
that determined by Smith, Wearn, Richards and Rowe (1970) in the Upper Chalk
of Berkshire in 1968, who suggested that the peak concentrations recorded
the position of infiltration during the winter of 1963/64, when thermonuclear
tritium in rainfall reached maximum values (Otlet, 1978). The examples
shown in Fig. 6a were measured in the Upper Chalk in Surrey between 1975 and

1977, and include both permanent unfertilised grassland and arable sites.
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Profiles measures in the Triassic sandstone aquifers (Fig. 6b) are less well
defined than those from the Chalk, but provide indications of peak

concentrations at depths of about 20 metres.

3.3.5. Repeated Profiling

The question must be posed as to whether the nitrate and tritium
profiles which have been measured result from a downward migration of solutes,
or whether the positions of the peaks are controlled by hydrogeological
factors such as the positions of bedding planes and zones of high and low
permeability. Direct evidence of movement has come from repeat drillings
at two sites on the Chalk and one on the Triassic sandstome. At a site
in Kent, holes were drilled in a field, which has been in arable cultivation
since the early 1900's, in October 1975 and again in October 1978. Nitrate
and tritium profiles are shown in Fig. 7 and indicate a downward movement

of agbout 2 m which is consistent with the low infiltration of this area.

3.4, SATURATED ZONE

In the Chalk and Triassit sandstones smooth concentration gradients
have been recorded within the zone of groundwater level fluctuations,
indicative of washing out of interstitial waters by saturated zome flows.
As would be anticipated concentrations above and below the water table have
frequently been found to be different at the interface between the vertical
movements of the unsaturated zone and the horizontal flows in the saturated
zZone. Concentrations measured in pore water from the saturated zone have
generally been less than 10 mg N/1, but values over 20 mg N/1 have been

recorded.

4. SIMULATION OF NITRATE MOVEMENT AND PREDICTION OF
FUTURE TRENDS

Models of the movement of nitrate and other solutes through the
unsaturated and saturated zones have been developed to help interpret the

field measurements and to provide a means of predicting future trends.

4.1, VERTICAL FLOW MODEL
A vertical flow model has been developed in which solutes originating

at the soil surface are leached downwards at a rate depending on the infiltration
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and the pore water content of the rock. It was assumed that a small fractionm,
typically 5~i5% of the infiltrating water and solutes moves quickly dowm to

the water table via the larger fissures. The remaining water and solutes

fill up the pore space at the top of the unsaturated zone displacing

downwards water and solutes already in the profile. Some attenuation of

peak concentrations was assumed to occur and is modelled by a dispersion

mechanism. The model works with a yearly time increment and requires
for input:
i) annual infiltration rates for the period of simulation,
ii) land use history and fertiliser application rates for the

period of simulation,

iii) pore water content which is assumed to be constant in time and
with depth; this is a valid assumption in Chalk as shown by
field measurements (Young et al, 1976).

The mass of nitrogen released each year in the soil layers for uptake
by infiltrating water was assumed to depend on present and antecedent field
use and fertiliser application. As shown in Fig. 2 about 50% of the
fertiliser applied to root crops and cereals is not taken up by the crop, and
t was assumed in the model that this quantity is leached downwards. Not
all of this material is mvailable in the year of application. Using
Kolenbrander's (1975) work as a basis, it was assumed that mineralisation
takes place over a three-year period. Table | gives an estimate of the

nitrate available to infiltration as a fraction of the application rate.

TABLE 1. Model control rules for roots and cereals

Crop N (kg/ha) available as a fraction of the
application rate N (kg/ha)
Year of ) Following Next following
application year year
Roots 0.35 0.10 0.05

Cereals 0.25 0.15 0.10
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The effect on the model results of varying the distribution in time
of the mineralisation rate was small as the major contribution to nitrate
leaching comes from the ploughing of grassland. By matching the model—
results to the observed N profiles in a number of boreholes it was possible
to estimate the amount of N released by ploughing grasslands of various

ages. Table 2 gives the corresponding model control rules.

TABLE 2. Model control rules for the ploughing

of grass
Years in grass N(kg/ha) released by ploughing
Prior to ploughing Total Year of Following Next following

ploughing year year
1 100 60 30 10
2 190 114 57 19
3 240 144 72 24
4 or more 280 168 84 28

For each year of simulation the following sequence of computations

is undertaken:

|. Evaluate the mass of nitrate per unit surface area available for
leaching from the soil zone using the land use history and model

control rules.

2. Divide the mass of nitrate leached by the infiltration to obtain

the mean annual concentration.

3. Route a fixed fraction of the leachate directly to the water table,

conceptually through the larger fissures.

4. With the remasining leachate fill the available pore space at the
top of the unsaturated zone, displacing downwards water and solutes

already in the profile.

5. Aggregate water and solutes so displaced from the base of the
unsaturated zone with those moving rapidly downwards via the larger

fissures to obtain the net fluxes at the water table.
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6. Apply dispersion equation to the solute profile.

The model has successfully simulated nitrate profiles measured at a
number of sites in the UK. Fig. 8 shows the simulation of a profile obtained
from the Chalk in Hampshire and Fig. 9 shows the model simulation of the
tritium profile, from the same drilling. Tritium inputs with iafilitration
were estimated with the aid of simple soil moisture model to take account

of the seasonal fluctuation of tritium in rainfall.

Fig. 10 shows the results from the same model applied to the Chalk site
in Kent to simulate the nitrate profile on October 1978. Land use data were
available only from 1956, which means that the top Il m only of the profile
may be simulated with real data. Data for the preceding 50 years were
synthesised by forcing the model to fit the lower part of the profile
obtained for the earlier 1975 drilling. These data were used with real
data for the years 1956-78 inclusive to generate the profile shown in Fig. 10.
The comparison with measured concentrations is seen to be very good over

the total depth.

4.2, CATCHMENT MODEL

A model of nitrate movement in the saturated zone has been built which
has as inputs the nitrate fluxes across the water table generated by the
vertical flow model. The catchment area is divided into 500 m x 500 m
squares and nitrate and water routed through the system according to the
prevailing hydraulic gradients. Nitrate reaching the water table during
a yearly increment is assumed to mix fully with nitrate already in the
saturated zone. This type of model is generally referred to as a fully

mixed cell model, and is well suited to problems with diffuse source inputs.

The generation of nitrate fluxes across the water table using the
vertical flow model is not a necessary prerequisite to catchment modelling.
The principal effect of the unsaturated zone is to delay solutes in their
movement to the water table. In the case of the Chalk aquifer in Easterm
England the delay is about two years per metre of unsaturated thickness.
For catchment modelling the nitrate fluxes across the water table may be
generated directly from the time series of nitrate leached from the soil
2one by applying lags dependent on unsaturated zone thickness and infiltration.
The advantage of using the vertical flow model to simulate measured unsaturated
zone profiles is the check on the hydrological data and the model control rules

which such a simulation provides.
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The catchment model works with a yearly time increment and requires for

input:
i) annual infiltration rates for the period of simulation
ii) land use history and fertiliser application rates for the period

of simulation for distinct land units within the catchment

1ii) distribution of groundwater levels and pumped abstractions

iv) depths to water table
v) pore water contents of the unsaturated and saturated zones
vi) effective depth of flow in the saturated zone.

For each year of simulation the following sequence of computations is

undertaken.

1. Evaluate groundwater flows from the water level distributionm,
infiltration rates and groundwater abstractions starting at the
highest water level in the catchment and working through the

nodes in order of decreasing water level.

2. For each node evaluate the nitrate flux at the water table either
using the vertical flow model, or directly from the historical land
use data by applying a lag dependent on the unsaturated zone water

content and thickness, and the infiltration.

3. Starting at the node with the highest water level and working
through the nodes in order of decreasing level evaluate the nitrate
concentrations assuming nitrate entering each node, either from
above or with subsurface flow, mixes fully with nitrate already

stored in the saturated zone.

The model has been applied to Chalk, Limestone and Sandstomne
catchments and has been able to accurately simulate nitrate concentrations

in pumped abstractions.
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4.3. CHALK CATCHMENT

For the catchment in Kent from which the profiles of Fig. 7 were
obtained the model has been run from the year 1800 up to the year 2100.
Early data on land use and fertiliser application rates were obtained
from parish and Ministry of Agriculture, Fisheries and Food records
and by matching the vertical flow model to measured distributions of
pitrate in the unsaturated zone. Present levels of fertiliser use were
assumed to be maintained in the future. TFig. 1l shows a typical model
output, giving nitrate concentrations in pumped groundwater discharge.
There are a few measured values with which to compare the simulations and
these are shown in Fig. 1!, The predictions suggest that in this catchment
nitrate concentrations will exceed 20 mg N/1 within the next two decades

and will stabilise at about 33 mg N/I.
4.4, SANDSTONE CATCHMENT

In a sandstone catchment in the Midlands a farmed area of nearly
2 kn® has received a sewage discharge of 5000 m3/d since 1880. The sewage
is spread by a pipe system and allowed to seep into the soil through
ploughed channels. Groundwater nitrate concentrations now exceed 14 mg N/1

in parts of the catchment, although remote from the sewage spreading area

the concentrations are below 5 mg N/1. A catchment model has been built,
and run from 1880 up to 2100. Nitrate in the sewage effluent was treated
in the same manner as inorganic fertiliser additionms. Fig. 12 shows the

model predictions at two major pumping stations in the catchment compared
with measured values. Fig. 13 shows the areal distribution of nitrare in
groundwater at the present time, from which the effect of the sewage spreading

activities is clearly seen.

In Chalk and Sandstone catchments the model predictions of future trends
are relatively insensitive to future changes in land use and fertiliser
application rates because of the long transit time through the unsaturated
zone. The transit times are between 0.5 y and 2 y per metre of unsaturated
thickness for the two examples considered. It will be apparent that short

term control of groundwater nitrate concentrations by reduction of fertiliser
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applications in predominantly arable catchments is not practicable in

general.
5.  CONCLUSIONS

Field investigations have established that large quantities of nitrate
are present in the unsaturated zones of the principal aquifers in the United
Kingdom. A strong correlation has been found between high interstitial water
nitrate ccacentrations in the unsaturated zone and arable farming regimes.

Low nitrate leaching losses are associated with moderately fertilised, and

unfertilised, grassland.

Experimental and field observations indicate that very large nitrate
leaching losses are associated with the ploughing up of established grassland
or long-term grass leys, as a result of the mineralisation of soil orgamic

material.

Correlation of nitrate and tritium profiles through the unsaturated
zone of the Chalk with historical variations in nitrate leaching rates due
to changing husbandry practices and with the thermonuclear tritium content
of rainfall suggests that a high proportion of both solutes moves slowly
downwards. This has been confirmed by sequential sampling at three sites.
A bypass mechanism exists to allow the rapid infiltration of intense
rainfall to the water table; 5-15% of residual rainfall may reach the

groundwater by this route.

A mathematical model has been developed which satisfactorily simulates
measured tritium and nitrate profiles. The rate of downward movement is
dependent on the local hydraulic properties of the aquifer and infiltration
rates. In the Chalk the rate of movement is generally between 0.5 and 1.0
m/year and in the Sandstone up to 2 m/year. The quantity of nitrate leached
from the soil zome is assumed to be one half of that applied as fertiliser,
averaged over the year. Ploughed grassland leaches up to 280 kg N/ha and

is a major contributor to increasing groundwater nitrate comcentrations.

The mathematical model of vertical movement has been incorporated in a

catchment model for groundwater flow in the saturated zone and allows
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predictions to be made of future nitrate con