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ABSTRACT 
Schouwenaars, J.M., 1990. Problem-oriented studies on plant-soil-water 
relations. Doctoral thesis, Agricultural University Wageningen, The 
Netherlands, xiii + 175 p., 50 Figures and 37 Tables. English and Dutch 
summaries. 

Plant-soil-water models are applied in two case studies. Attention is 
given to the desired level of accuracy in (agro-)hydrological research 
when applied in problem-oriented studies. In the case studies it is 
shown that when decision criteria are only roughly known and when only 
little information is available about the other aspects relevant to the 
problem, simple plant-soil-water models should be used. 
A simple water balance and crop growth model was applied to simulate 
production of maize in southern Mozambique. For different sowing 
strategies, varying from a scattered one to sowing once a year, the 
available maize for consumption for an average family farming unit was 
determined. Different model parameters were varied to study their impact 
upon sowing strategies. 
For maximizing yearly consumption the preferred strategy almost fully 
depended on losses by pests and diseases and post-harvest losses. 
However, regarding the decision criterion of minimizing the periods with 
food shortage the preferred sowing strategy greatly depended on 
water-availability and potential production levels. 
Both field and model studies were carried out to study the water balance 
of bog relicts in the Netherlands. In the field experiments special 
attention was given to the hydrophysical properties of the upper peat 
layers and to the évapotranspiration of Sphagnum papillosum and Molinia 
caerulea. 
A simple model was applied to simulate the water level fluctuations in 
a bog relict under different water management options. Both external 
measures (e.g. hydrological bufferzone's) and internal measures (water 
conservation) were analysed. Which option has to be preferred depends 
on the hydrological conditions in the bog relict and on the ecological 
constraints for bog regeneration, which are not fully known. 
For an understanding of the hydrology of bogs and bog relicts detailed 
knowledge of the plant-soil-water relations is required. However, given 
the high spatial diversity in these areas, simple plant-soil-water 
models should be used. 

keywords: plant-soil-water models, simulation, optimization 
sowing strategies, maize, Mozambique 
hydrology, water management, bogs, bog-regeneration 



ACKNOWLEDGEMENTS 

It was Professor van Duin who learned me about the role of research in 
decision making. I expect that he will recognize important aspects of 
his ideas about research in this study. 
It was Professor van der Molen who learned me to do research and in 
particular how to handle difficult subjects in field studies.His 
interest in the hydrology of nature reserves and in particular in water 
management for bog-regeneration has stimulated me to return to the wet 
bogs after a temporary stay in a dry region of Africa. His ability to 
give valuable suggestions and comments on both case-studies shows his 
wide experience. I am indebted for his willingness to be my promotor. 
During the field work on the hydrology of bog-relicts I have had 
assistance from Roel Dijksma, who's enthousiasm to be a real digging 
bogman has not only resulted in nice photographs but was a highly 
appreciated support for the collection of field data. 
Although it is in the interest of any department of a University to 
present results of research, part of the time which I have spend on it 
was only available because colleages took care of administrative 
matters. 1 greatly appreciate their willingness to do so. 
Several students have participated in the case studies. Rudi Pelgrum 
and Jos Swennenhuis have given important contributions to the model 
studies on sowing strategies. Frans van Amerongen, Marian Booltink, Henk 
Eggink, Henk Nobbe en Jos Vink have been regular visitors in the 
Engbertsdijksvenen and have elaborated many of the collected data. Leon 
Schouten and Geert Sterk contributed to the model studies in bog 
relicts. 

I very much appreciate the cooperation of Mr. R. Pereira, Dean of the 
Faculty of Agronomy in Maputo, who has given me the opportunity to work 
on the model studies in Mozambique. It was a very pleasant experience to 
work in Maputo with Jan van der Laan, who introduced me in many aspects 
related to agriculture in developing countries like Mozambique. In 
Wageningen, as a member of the UEM-LUW Steering Committee, I have had 
the opportunity to stay involved in the research carried out in Maputo. 
The research carried out in the Dutch bog-relicts has always been very 
interesting and my enthousiasm for these areas certainly has been 
influenced by many persons. Here, I would like to mention Jan 
Streefkerk, Cor Beets and Hans Joosten. Also my regular visits to the 
Bodentechnologisches Institut in Bremen and the discussions and field 
visits with Prof. Kuntze, Prof. Eggelsmann and Dr. J. Blankenburg were 
very important. 

vil 



The National Forest Service has offered the facilities for field 
research in the Engbertsdijksvenen. In particular I would like to thank 
Jan Willem Hattink and Albert Hakkers for their support during the start 
of the field studies. 
Professor van Beek and Eligius Hendrix of the department of Mathematics 
are acknowledged for their comments on optimization problems in the case 
studies. Professor Feddes and his former colleages at the Staring Centre 
provided the SWATRE model and in a later stage he has given me some 
valuable comments on the manuscript. 
The drawings were made by Adrie van't Veer, the preparation of the 
manuscript for printing was done by Mrs. H.J. van Werven and Mrs. 
I. Liem. I acknowledge this support and the advice of the Graphic 
Service Centre for the reproduction of this thesis. 

vill 



LIST OF CONTENTS 

PART I 

1. PROBLEM-ORIENTED STUDIES ON PLANT-SOIL-WATER RELATIONS 

1.1 Introduction 3 
1.2 The plant-soil-water system 4 
1.3 Hydrological research on plant-soil-water relations 5 

1.3.1 Modelling 5 
1.3.2 Process-oriented studies 7 
1.3.3 Problem-oriented studies 8 

1.4 Examples of problem-oriented studies 10 
1.4.1 Sowing strategies for maize in rainfed 

agriculture in southern Mozambique 10 
1.4.2 Water management in bog relicts 12 

in the Netherlands 

1.5 A general outline for a problem-oriented approach 14 
1.5.1 A systems approach 14 
1.5.2 Sensitivity analysis 15 
1.5.3 Desired level of accuracy of data on 

plant-soil-water relations 19 
1.6 Discussion 25 
References 25 

PART II 

MODEL STUDIES ON SOWING STRATEGIES FOR MAIZE IN RAINFED 
AGRICULTURE IN SOUTHERN MOZAMBIQUE 

2. RAINFALL-IRREGULARITY AND SOWING STRATEGIES IN 
SOUTHERN MOZAMBIQUE 

2.1 Introduction 31 
2.2 Methods 33 

2.2.1 Determination of plant water use 33 
2.2.2 Selected stations and crops 38 
2.2.3 Growing period - criteria 38 
2.2.4 Soil and crop characteristics 38 
2.2.5 Water deficit and yield reduction 39 



2.3 Results 40 
2.3.1 Probability distribution of yields 

for maize and sorghum 40 
2.3.2 Irregularity in production 43 

2.4 Discussion 44 
References 46 

3. RESEARCH ON PLANT-SOIL-WATER RELATIONS AND ITS ROLE 
IN UNDERSTANDING SOWING STRATEGIES 

3.1 Introduction 47 
3.2 A comparison of water balance models 49 

3.2.1 A simple approach: the SWETAM model 49 
3.2.2 A detailed approach: the SWATRE model 49 
3.2.3 Results and conclusions 49 

3.3 A comparison of crop-growth models 51 
3.3.1 A simple approach: the Doorenbos formula 51 
3.3.2 A complex approach: the WOFOST model 51 
3.3.3 Results and conclusions 51 

3.4 A simple method to analyse sowing strategies 52 
3.4.1 A model to simulate yields under alternative 

sowing strategies 52 
3.4.2 Alternative sowing strategies 55 
3.4.3 Results and conclusions 55 

3.5 Conlusions and discussion 56 
References 58 

4. A MODEL APPROACH TO ANALYSE SOWING STRATEGIES 
FOR MAIZE IN SOUTHERN MOZAMBIQUE 
4.1 Introduction 61 
4.2 Simulation of sowing strategies 62 
4.3 Modelling yields for maize 63 

4.3.1 A simple approach: the SWETAM model 63 
4.3.2 Yield reduction by water deficit 64 
4.3.3 Potential yields 66 
4.3.4 Yield reduction by pests and diseases 66 

4.4 A sensitivity analysis 66 
4.4.1 Water availability 66 
4.4.2 Plant density 69 
4.4.3 Potential production 70 

4.5 Conclusions and discussion 70 
4.5.1 Water availability 70 
4.5.2 Plant density 71 
4.5.3 Potential production 71 
4.5.4 Decision criteria 71 
References 72 



PART III 

MODEL STUDIES ON WATER MANAGEMENT IN BOG RELICTS 

5. THE IMPACT OF WATER MANAGEMENT UPON GROUNDWATER-
FLUCTUATIONS IN A DISTURBED BOG 

5.1 Introduction 75 
5.2 The model SWAMP 76 

5.2.1 Near-equilibrium conditions 77 
5.2.2 Evapotranspiration 77 
5.2.3 Capillary fluxes 77 
5.2.4 Downward water losses 78 
5.2.5 Groundwater fluctuations 79 
5.2.6 Runoff 79 

5.3 Calibration of the model 79 
5.4 The evaluation of alternative water management 

measures 81 
5.5 Discussion and conclusions 84 
References 85 

. HYDROLOGICAL RESEARCH IN DISTURBED BOGS AND ITS ROLE 
IN DECISIONS ON WATER MANAGEMENT IN THE NETHERLANDS 

6.1 Introduction 87 
6.2 Modelling the water balance of disturbed bogs 89 

6.2.1 Introduction 89 
6.2.2 A detailed model: SWATRE 89 
6.2.3 A simple model: SWAMP 90 
6.2.4 A comparison of detailed and simple models 90 
6.2.5 Research for model development 90 

6.3 Simulation of groundwater fluctuations in the 
Engbertsdijksvenen under different water management 
options 93 
6.3.1 Area and spatial distribution of open water 93 
6.3.2 Three different water management options 93 
6.3.3 Results and conclusions 94 

6.4 Discussion and conclusions 96 
References 97 



7. CALIBRATION OF THE MODEL SWAMP 

7.1 Description of the SWAMP model 99 
7.2 The collection of data in the Engbertsdijksvenen 101 

7.2.1 Meteorological data 
7.2.2 Lysimeter studies on évapotranspiration 101 
7.2.3 Soil physical properties 101 
7.2.4 Superficial runoff from small catchments 102 
7.2.5 Vertical and lateral subsurface water losses 102 

7.3 Calibration 103 
7.3.1 Method 103 
7.3.2 The Engbertsdijk-Oost catchment 103 
7.3.3 The Nieuwe Leidijk catchment 108 

7.4 Conclusions and Discussion 110 
References 111 

PART IV 

FIELD STUDIES ON THE HYDROLOGY OF A BOG RELICT IN 
THE NETHERLANDS 

HYDRAULIC RESISTANCE OF PEAT LAYERS AND DOWNWARD 
SEEPAGE IN BOG RELICTS 

8.1 Introduction 115 
8.2 Description of the study area 116 
8.3 Water balance studies 118 

8.3.1 Water balance terms 118 
8.3.2 Catchments 118 
8.3.3 Rainfall 119 
8.3.4 Evapotranspiration 119 
8.3.5 Discharge measurements 120 
8.3.6 Water storage 120 
8.3.7 Lateral and downward seepage 120 

8.4 The relation between hydraulic resistance 
and thickness of the peat layers 120 

8.5 Results 122 
8.6 Conclusions and discussion 125 
References 126 

Xll 



9. HYDROPHYSICAL PROPERTIES OF PEAT RELICTS IN A FORMER BOG 
AND PERSPECTIVES FOR SPHAGNUM REGROWTH 

9.1 Introduction 129 
9.2 Methods 131 

9.2.1 Lysimeters 131 
9.2.2 Water storage coefficients 132 
9.2.3 Saturated vertical hydraulic conductivity 133 
9.2.4 Water retention curves 133 
9.2.5 Capillary fluxes and water suction 133 

9.3 Results 134 
9.3.1 Water retention curves 134 
9.3.2 Storage coefficients 135 
9.3.3 Saturated hydraulic conductivity 136 
9.3.4 Unsaturated hydraulic conductivity and 

capillary fluxes 139 
9.4 Discussion and conclusions 141 
References 143 

10. A STUDY ON THE EVAPOTRANSPIRATION OF MOLINIA CAERULEA 
AND SPHAGNUM PAPILLOSUM, USING SMALL WEIGHABLE LYSIMETERS 

10.1 Introduction 145 
10.2 Description of the study area 146 
10.3 Methods 147 

10.3.1 Lysimeters 147 
10.3.2 Rainfall 150 
10.3.3 Reference évapotranspiration 150 
10.3.4 Vegetation cover and leaf area index 151 

10.4 Results 153 
10.4.1 Weather conditions 153 
10.4.2 Molinia 154 
10.4.3 Sphagnum papillosum 157 

10.5 Conclusions 159 
10.6 Discussion 161 
References 162 

SUMMARY: SOWING STRATEGIES FOR MAIZE IN RAINFED 
AGRICULTURE IN SOUTHERN MOZAMBIQUE 165 

SUMMARY: WATER MANAGEMENT IN BOG RELICTS 
IN THE NETHERLANDS 168 

SAMENVATTING 171 



PART I 

PROBLEM-ORIENTED STUDIES ON PLANT-SOIL-WATER RELATIONS 



Far better an approximate answer to the right question, 
which is often vague, 

than an exact answer to the wrong question, 
which can always be made precise. 

(Turkey,J.W.(1962), quoted by Tarantola (1987)) 

1. Introduction 

Plant-soil-water relations play an important role in a wide range 
of agronomical and environmental studies. 
For the semi-arid region of southern Mozambique plant-soil-water models 
may serve to analyse sowing strategies. Schouwenaars et al(1988) applied 
them for maize, grown under rainfed conditions. Different factors, e.g. 
water use, pests and diseases and storage losses, which affect crop 
growth, production and consumption were quantified. An analysis of 
their relative impact as well as a selection of research priorities was 
made (Schouwenaars,1988a; Schouwenaars and Pelgrum,1990). 
For the humid region of the Netherlands, Schouwenaars (1988b,c) 
incorporated the plant-soil-water relations in a water balance model for 
bog relicts. With this simulation model alternative water management 
options could be evaluated. To acquire the necessary data for model 
development, different terms of the water balance were studied in the 
Engbertsdijksvenen area (Netherlands), in particular évapotranspiration 
and downward seepage (Schouwenaars,1989,1990; Schouwenaars et al.,1990; 
Schouwenaars and Vink,1990). 

Between the two case-studies, mentioned above, a great similarity exists 
in the problems related to the use of plant-soil-water models for the 
evaluation of alternative management options and for decision making. In 
both case-studies it is demonstrated that for the selection of 
management practices (sowing strategy, water management) quantitative 
information about many site specific characteristics is- needed. It is 
difficult to obtain detailed information for an accurate quantitative 
analysis for both cases. Mostly, descriptions of site specific 
characteristics are global and values for certain model parameters can 
only be presented in terms of probability. 

In either case it is questionable whether plant-soil-water relations, 
which are only part of the complex processes involved, should be studied 
in detail. It seems useful to define the desired level of knowledge of 
these plant-soil-water relations. 



In this study attention is given to the application of research on 
plant-soil-water relations in decision-making. A research approach will 
be presented to develop criteria for desired levels of accuracy in 
describing plant-soil-water relations. It will be shown that for 
complex problems, as illustrated in the two cases, the objective of 
research should be to minimize uncertainty rather than to maximize 
knowledge. 

2. The plant-soil-water system 

For the objectives of this study it is important to describe the 
plant properties which influence and/or are influenced by water use. 
This also holds for the soil properties which influence e.g. the water 
content and the uptake of water by plants. These relations will not be 
treated completely or in any depth. Some main elements will only be 
discussed. 

Terrestrial vegetation and agricultural crops depend for their water-
and nutrient supply on soil properties like texture, organic matter 
content, porosity, permeability, cation exchange capacity etc. 
Different parameters have been developed to describe these properties. 
The position of the phreatic level indicates the depth below which the 
pressure of the soil water is above atmospheric pressure. Above this 
phreatic level, soil water content and pressure head (now negative with 
respect to atmospheric pressure) are used to describe the moisture 
status in the unsaturated part of the soil. For a wide range of values 
for the soil water content (0), the corresponding pressure head (h(0)) 
and hydraulic conductivity (k(0)) can be described. 
In a mineral soil these hydrophysical properties largely depend on the 
texture of the soil and in a lesser degree on its organic matter 
content. The degree of humification is important for a peat soil. 
The root development of the plant is largely dependant on the physical 
characteristics of the soil. Mechanical properties (e.g. penetration 
resistance) and hydrological properties (e.g. water availability) are of 
particular importance. 
Under (semi-) natural conditions the development of the plant canopy 
and its structure depend on the competition between the different 
species within the plant community. In agriculture, human interference 
through management practices largely determines the canopy development. 
Water and nutrient conditions will also affect the growth of the 
vegetation canopy and influence its structure. 
A scheme of the plant-soil-water system with its main elements is 
presented in Fig.l. 



PLANT-SOIL-WATER SYSTEM 

canopy structure 
root distribution 
texture 
bulk density 
porosity 
organic matter 
water content 
pressure head 
conductivity 
phreatic level 

Fig.l The main elements of the plant-soil-water system 

3. Hydrological research on plant-soil-water relations 

3.1 Modelling 

There is a rich tradition in modelling various components of the 

plant-soil-water system, mostly interrelated with the atmospheric 

components (Fig.2). 

CLIMATE 

radiation 
temperature 
wind 
humidity 
precipitation 

PLANT-SOIL-WATER 

SYSTEM 

évapotranspiration 

Fig.2 The plant-soil-water-atmosphere system 

with its main elements 



Numerous simulation models of this system have been developed. Feddes at 
al.(1988) quote Prickett (1975) who defines a simulation model as a 
system that can duplicate the response of a real system. Tarantola 
(1987) divides the scientific procedure for the modelling of a physical 
system into the following three steps : 

- parametrization of the system 
discovery of a minimum set of model parameters whose values 
completely characterize the system 

- forward modelling 
discovery of the physical laws allowing prediction of the values 
of some observable parameters 

- inverse modelling 
use of the actual results of some measurements of the observable 
parameters to infer the actual values of the model parameters 

The set of observed values normally overdetermines some model parameters 
while leaving others underdetermined. Underdetermination is a result of 
both experimental uncertainty and lack of data. The difficult task of 
the experimenter is to perform measurements as accurately as possible. 
He also has to imagine new experimental procedures which allow him to 
measure observable parameters carrying a maximum of information on model 
parameters (Tarantola,1987) 

Sometimes a good resemblance of the real world can be obtained by 
physical models (e.g. lysimeters). Analogue models have been used based 
on the similarity between physical phenomena such as electrical flow and 
the processes under study (e.g. water dynamics) (Wind, 1979). 
Mathematical models are by far the most applied ones. These models 
usually have the form of a set of' partial differential equations 
together with auxiliary conditons. The latter describe the system's 
geometry and its parameters, the boundary conditions and initial 
conditions. If the governing equations and auxiliary conditions are 
simple an exact analytical solution may be found, but this usually 
involves the introduction of several simplifying assumptions. Otherwise, 
a numerical approximation is applicable (Feddes et al., 1988). 

The output of a simulation model can include such variables as soil 
water content, pressure head and water flux as a function of soil depth 
and time. In most studies the water balance terms are presented i.e. 
precipitation , actual evaporation, actual transpiration, infiltration, 
runoff, lateral and vertical subsurface fluxes and change in water 
storage. 



3.2 Process-oriented studies 

In many fundamental studies attention Is given to the physical, 
chemical and biological processes which underly water flow, water use 
and plant growth (e.g. Taylor,1983). Knowledge of these processes is 
needed to construct the various modules of a simulation model. Here, 
some examples will be mentioned briefly. 

The transport of water in the soil is often heterogeneous with part of 
the infiltrating water travelling faster than the average wetting front. 
This has important consequences for simulating the water balance. In 
some soils preferential flow occurs through large pores in an 
unsaturated soil matrix, a process known as bypass flow or 
shortcircuiting (Hoogmoed and Bouma (1980), Bronswijk(1988)). Hendrickx 
et al. (1988) describe the process of water repellency and its effect on 
water flow (wetting front Instability). Most simulation models ignore 
the; effect of preferential flow. 
This also holds for the effect of hysteresis. When frequent changes from 
wetting to drying occur, hysteresis in the soil water retention curve 
influences the soil water movement (Mualem (1977).Hopmans and Dane 
(1986)). Much attention is being given to the consequences of spatial 
variability for soil water modelling. Hopmans and Strieker (1987) 
present an overview of techniques to describe the spatial variation in 
soil physical properties. 
Spatial variation of rainfall may also pose problems for the reliability 
of model results. For example, Hromadka and McCuen (1988) argue that it 
is inappropriate to use a sophisticated runoff model to achieve a 
desired level of modelling accuracy if the spatial resolution of rain 
input is low. They found that with lack of precise rainfall data, 
simpler less data intensive models provided as good or better 
predictions than sophisticated ones. 

Feddes et al.(1988) reviewed the principles underlying water dynamics in 
the unsaturated zone and gave an overview of simulation modelling of 
soil water flow in the unsaturated zone. .They quote different authors 
who have shown that in arid and semi-arid regions with rapidly drying 
soils, the application of simultaneous soil water and heat flow 
principles is essential. A major problem in dealing with water flow in 
drying soils is the separation of vapour transport and liquid flow 
(Menenti,1984). 

Simplifications are not only useful for an analytic approach 
(Schouwenaars,1987) but very often they are the consequence of 
insufficient knowledge. Mostly many assumptions have to be made in 
describing the relations within a system. 
In studies on the plant-soil-water system one example is the way in 
which water uptake by the plants is described. Feddes et al. (1978) 
describe a 'sink'-term (S) representing water extraction by roots. In 



this model the root system is assumed to have a homogeneous distribution 
and the extracted quantity of water S is expressed as volume of water 
per volume of soil per unit of time. For given soil moisture conditions, 
S is described semi-empirically as: 

S(h) - a(h) . Sm« (1) 

possible water extraction by roots. 

Eq.l can be applied for the different nodes in a one-dimensional 
(vertical) soil water model. The integral of Smax over the different 
nodes in the rootzone is the potential transpiration rate (Tp) . For most 
crops and especially when applied to (semi-)natural vegetation the 
reduction of water uptake under non-optimal conditions (i.e either too 
dry or too wet) is not well known and the shape of the a(h) function has 
been defined quite arbitrarily. For a homogeneous root distribution over 
the soil profile it can be assumed that SmMt is equal to the ratio of 
potential transpiration rate (Tp) over the depth of the rootzone (zr). 
In a study of Prasad (1988) it is taken into account that in a moist 
soil the roots principally extract water from the upper soil layers. The 
root water uptake at the bottom of the root zone equals zero and for the 
water extraction at a depth z the following equation is used: 

2.Tp z 

(z) - • ( 1 

In practice it is difficult to determine the depth of the active roots 
and it may be an important source of error when model results are very 
sensitive to minor changes in root depth. Also, root distribution is 
normally not homogeneous (e.g De Willigen and Noordwijk, 1987). In soils 
with a dry top soil it might even occur that a single deep root 
extracts most of the water used for transpiration. 

When reliable and easily measurable field data such as water content 
and pressure head, etc., are available it is attractive to use inverse 
parametrization for the empirical determination of water uptake 
parameters. 

3.2 Problem-oriented studies 

The main purpose of studies on plant-soil-water relations is to 
obtain knowledge for the assessment of effects of alternative management 
options. Simulation models can be employed to evaluate different water 
management measures such as drainage, irrigation, soil improvement etc. 
Mostly the best option is searched among a limited number of tested 



ones, but also more sophisticated optimization methods can be used 
(Orlovski et al.,1986). 
For several decades much attention has been given to the integration of 
the various processes (sub-models) into dynamic crop growth and yield 
models (De Wit (1958), Van Keulen and Wolf (1986)). 
In most of these studies attempts are made to describe the interaction 
(feedback) between plant (and crop-) development and water use. To do 
this, a profound knowledge of biological processes is required (e.g. 
Goudriaan,1982). Agronomical studies, in which plant-soil-water models 
are applied, do often necessitate the knowledge of processes and 
relations of another nature, e.g. cost-benefit analysis of water 
management measures. These economical aspects mostly determine the 
decision criteria. 

When plant-soil-water models are applied in ecological and environmental 
studies it is evident that insight in the water balance of the system is 
not sufficient. Also here, for the selection of management alternatives 
it has to be clear which are the criteria to be decided upon. Often 
problems arise because ecological constraints are only roughly known. 
Several authors (Grootjans (1985), Van Wirdum (1981), Verhoeven et 
al.(1988)) show that nutrient budgets are closely interrelated with the 
water budget. Along this line attempts are made to develop simulation 
models which describe availability and uptake of the most important 
nutrients (Kemmers,1986). Due to limited knowledge of the biochemical 
and ecological processes involved in studies of this kind, mostly simple 
plant-soil-water models are used. 

A good example of the relative role of detailed descriptions of 
plant-soil-water relations can be found in studies for water supply 
(e.g. irrigation). In the calculation of daily potential 
évapotranspiration values an accuracy of less than 0.1 mm is often 
reached. However, information about water losses as a result of leakage 
in the channels, deep percolation or surface runoff is mostly absent or 
they are only estimated very roughly. 

When optimization models are used together with plant-soil-water models 
(Schweigman (1985), Hendrix (1989)) an improvement of mathematical 
methods might be irrelevant because of persisting uncertainties in 
the sub models describing the physical, biological and economical 
(decision-)environment. 

In such real-world problems it is necessary to follow an integrated 
approach to all the relevant aspects involved in simulation studies. In 
an early stage a comprehensive analysis should be made of the relevancy 
of the different aspects for the decision to be made. An assessment 
should be made of the desired level of accuracy in thé description of 
the processes involved (sub-models). 

The two case studies given below, will be used to illustrate these 
points. 
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4. Examples of problem-oriented studies 

4.1 Sowing strategies for maize in rainfed agriculture in 
southern Mozambique 

Rainfed crop production in the coastal zone of southern 
Mozambique is mainly practised by small family farming units. Each 
family cultivates different fields (machambas) with a total area of 
1 - 2 ha. Commonly mixed cropping is practised with low plant densities 
for maize, which is the most important cereal crop. 

Rainfall is concentrated in the rainy period between October and April. 
It is very irregular and its yearly fluctuations are high. In the sandy 
soils capacity for water retention is extremely low (5-10% of its 
volumetric content). Here, the average production of maize is very low 
(less than 1000 kg.ha"1) and yields vary with the amount and distribution 
of rainfall during the growing period. Although a concentration period 
can be distinguished, it seems a common practice to sow maize in small 
quantities throughout the whole year whenever rainfall Is sufficient. 
The most important period for sowing however, is September-October. From 
an agrohydrological viewpoint this period is not the most favourable 
period . Risks for water deficiency are lower when one would start 
sowing in the period December-January. Probably earlier sowing can be 
explained by the almost permanent food shortage, inducing people to sow 
as early as possible and by the higher risks for damage caused by pests 
and diseases in later periods. 

Schouwenaars and Felgrum (1990) used a model approach to understand the 
logic of certain sowing strategies. A selection was made of some 
environmental factors which are expected to play a role in preferences 
for sowing strategies. Their impact upon these preferences was analysed 
in quantitative terms by using a simple water balance and crop growth 
model (Schouwenaars,1988c; Schouwenaars et al.,1988). 

Available water for a maize crop depends on the amount and distribution 
of rainfall, water retention properties of the soil and of plant 
characteristics such as rooting depth, water uptake and plant-density. 
Water demand by the plant depends on climatic conditions and plant 
characteristics such as the length of the growing period, height of the 
crop and leaf area. Very important factors affecting the production of 
maize are the (low) soil fertility, damage by pests and diseases and 
losses caused by inadequate storage facilities. Different sowing 
strategies were analysed, varying from a very scattered strategy to 
sowing only once a year. Using simplifying assumptions, available maize 
for consumption per month for an average family farming unit was 
determined for a 28-year period. 

10 



In the studies mentioned above it was found that for the selection of an 

optimal strategy for a given site, it has to be well defined what the 

criteria are to decide upon. For instance, when alternative food is 

available during the whole year then preference might be given to the 

maximization of maize production. However, when this is not available, 

then preference might be given to the minimization of the length of the 

periods with shortage of maize. 

The different interrelations in this decision problem are illustrated in 

Fig.3. It is clear that a description of the plant-soil-water system 

will only contribute partially to the understanding of the problem. In 

most cases much of the information about the different factors in Fig.3 

will be only partially available, as was the case in Mozambique. Then 

also simple plant-soil-water models should be used, because a more 

detailed description of the water balance and corresponding yields does 

not substantially improve the analysis of sowing strategies (Pelgum and 

Schouwenaars, 1988). 

An illustration of the desired level of accuracy in descriptions of the 

plant-soil-water system in relation to other factors affecting the 

sowing strategy, will be presented later. 

CLIMATE 
PLANT-SOIL-WATER 

SYSTEM 

WATER USE 

NUTRIENT USE 

YIELD 

CONSUMPTION 

* 

SOCIO-ECONOMIC CONDITIONS 
consumption constraints 
labour availability 
decision criteria 

MANAGEMENT 

sowing date 
fertilizers 
pest/disease 

control 

food 
storage 
capacity 

T" 

Fig.3 The main elements involved in the study on sowing 

strategies for maize in rainfed agriculture 
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4.2 Water Management in bog relicts in the Netherlands 

In the Netherlands bog relicts cover about 9000 ha, which is only 
5 % of the area occupied by bogs in the 17th century. In most of these 
relicts the upper peat layers have been cut away and the thickness of 
the remaining peat layers varies considerably. In the Netherlands as 
well as in the Federal Republic of Germany, most of these areas are 
managed as nature reserves or will be managed as such after the peat 
mining activities have ended. Because of the scarcity of oligotrophic 
wetlands in this part of northwestern Europe, the main objective for 
their management is the restoration of the original bog vegetation. 
In bog relicts the hydrological conditions are different from those in 
undisturbed bogs. Vegetation indicates relatively drier conditions. In 
many relicts it can be observed that in summer the groundwater level 
drops below 40 cm depth, which is commonly accepted as the critical 
level fjor the growth of bog plant communities. 

Hydro-physical properties of the upper peat layers play a dominant role 
in the groundwater fluctuation pattern. In an undisturbed bog the water 
storage capacity in the upper 20 cm is very high. Together with a 
reduced évapotranspiration of the dominant Sphagnum moss vegetation in 
dry periods, it results in limited fluctuations of the water table. In 
bog relicts with moderately to strongly humified peat at the surface, 
water storage coefficients of the soil are much lower (Schouwenaars and 
Vink(1990). In most bog relicts the vegetation is dominated by the grass 
species Molinia caerulea and évapotranspiration from these sites is 
hardly reduced is dry periods (Schouwenaars,1990). 

During peat mining the bogs were drained and in many bog relicts deep 
open drains cut into the underlying sandy aquifer. As a consequence 
downward seepage from these areas has increased as compared to 
undisturbed bogs (Schouwenaars et al.,1990). In many bog relicts it is 
tried to reduce downward seepage by refilling the open drains reaching 
into the underlying aquifer and by diverting agricultural drainage 
channels that cross the area. For several bog relicts it is commonly 
believed that only the creation of hydrological bufferzones would reduce 
the losses to an acceptable level. These 'external' water management 
measures should limit the drop of the groundwater level in the summer 
period, whether this is a feasible option depends on the hydrological 
characteristics of the bog relict and its environment. Another option is 
to increase the water storage capacity near the surface in the bog 
relict itself by so called 'internal' water management measures. The 
storage coefficient in open water is 100% and areas characterized by a 
high fraction occupied with permanently inundated sites ( e.g. former 
drains after blocking With dams) show more limited water level 
fluctuations than areas without such sites (Schouwenaars, 1989). 
The field conditions and processes leading to a high water storage 
capacity and limited water level fluctuations depend on areal 
characteristics such as the fraction open water and its distribution and 
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on the properties of the plant-soil-water system (e.g. soil water 

storage coefficient, évapotranspiration). 

In the studies mentioned above it was found that also here well defined 

decision criteria are needed. For instance, when superficial runoff has 

to be guaranteed in order to remove sufficient nutrients from the 

bog-system (Streefkerk and Casparie, 1987), more emphasis should be laid 

on reduction of downward water losses. However, when one tries to 

minimize water level fluctuations preference might be given to other 

options, like the creation of more inundated sites within the bog 

relict. 
The different interrelations of this decision problem are illustrated in 

Fig.4. 

CLIMATE 
PLANT-SOIL-WATER 

SYSTEM 

WATER BUDGET 

infiltration 
runoff 
seepage 

évapotranspiration 

AREAL CHARACTERISTICS 
OF HYDROLOGICAL SYSTEM 

topography 
fraction open water 
drainage resistance 
vertical hydraulic 

resistance 

WATER 
MANAGEMENT 

dams 
compartments 
drainage 
bufferzones 

ECOLOGICAL CONDITIONS 
related to 

water and nutrients 

PLANT COMMUNITY 
floristic composition 

SOCIO-ECONOMIC CONDITIONS 
environmental and 
ecological constraints 
decision criteria 

Fig. 4 The main elements involved in the study 

on water management in bog relicts 

13 



Also here, a description of the plant-soil-water system will only 
partially contribute to understand the problem. For many bog relicts 
the information about the different factors in Fig.4 will only be scarce 
or unavailable. In this case, like in the Mozambique case, also simple 
plant-soil-water models should be used. On the other hand, a good 
description of the water storage properties in the upper layers of the 
peat soil is essential for a correct analysis of water management 
options. 

An illustration of the required attention to the different factors will 
be presented later. 

5. A general outline of a problem-oriented approach 

5.1 A Systems Approach 

Between the two cases discussed above, differences exist in the 
subject and object of study, in means and medium of manipulation and in 
the decision-criteria. In Table 1 a summary of these characteristics is 
presented. 

TABLE 1 

Comparison of some features of the two case studies 

Case 1 : 
Sowing strategies in 
southern Mozambique 

Case 2: 
Water management 
in bog relicts 

1. 

2. 

3. 

4. 

5. 

subject : 

obj ect 

medium 

human in­

tervention : 

decision 

criteria : 

human population 

maize production 

and -consumption 

plant 

sowing strategy 

maximizing consumption 

and/or minimizing 

risks for shortage 

plant population 

water level and 

water balance 

water 

water management 

maximizing water level 

and/or minimizing 

fluctuations and/or 

maximizing superficial 

discharge 
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Between both cases similarity exists in the role of the plant-soil-water 
system, where storage and transport of water occurs. Input and output of 
water is governed by upper boundary conditions (e.g. atmosphere), lower 
boundary conditions (e.g. underlying aquifer) and intrinsic regulation 
mechanisms (e.g. soil water storage, soil cover). 

Storage can be regarded as a very important regulation mechanism. In 
the plant-soil-water system, the storage of water and its availability 
regulates the water use by plants. In case study 1, also the storage 
facilities for maize appeared to be of utmost importance for decisions 
on sowing strategies. In case study 2, it appeared that the water 
storage capacity in the peat relicts has a dominant impact upon the 
fluctuation pattern of the groundwater. In these areas infiltration from 
open water into peat relicts can be regarded as a mechanism to reduce 
the lowering of the water table when input from the atmosphere is 
insufficient or when output rates (évapotranspiration, seepage) are too 
high. In bog relicts the low vertical permeability and the thickness of 
the peat layers offer a resistance mechanism to limit downward water 
losses. It appeared that this mechanism is of great importance for the 
decisions on water management. 
In the plant-soil-water system the plant canopy plays an important part 
in the rate of absorption and reflection of incoming solar radiation. In 
case study 1 a low plant density in combination with a mulched soil or 
dry top layer of the soil can be regarded as a mechanism to limit the 
conversion of incoming energy into latent heat. The same holds for sites 
in bog relicts (case study 2) where a high fraction of the soil is 
covered with the dead leaves of Molinia. 

5.2 Sensitivity Analysis 

Some of the above mentioned regulation mechanisms are 
selected for a further analysis. 

The selected model parameters in case 1 are: 
-water storage capacity of the soil 
-availability of the soil water for the plant 
-quality of storage facilities (post harvest losses) 

The selected parameters in case 2 are: 
-water storage capacity of the soil 
-infiltration from open water into peat layers 
(drainage resistance) 

-downward water losses (vertical hydraulic resistance) 

Different sets of values for these parameters gave different results in 
production (case 1) and groundwater fluctuations (case 2). They lead to 
differences in decisions on sowing strategies (case 1) and water 
management (case 2). These decisions are strongly influenced by losses 
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of maize (case 1: poor storage facilities and yield reduction by pests 
and diseases (par.4.1)) and losses of water (case 2: downward seepage 
(par.4.2)). 
As these losses can only be estimated in terms of probability (i.e. with 
a limited degree of accuracy) we need to define the desired level of 
accuracy for the parameters and variables governing the regulation 
mechanisms mentioned above. An outline for an approach is presented 
here. 

In three-dimensional figures (Fig.5a,5b and 5c), values for the object 
of study (case 1: consumption , case 2: groundwater level) are presented 
on the vertical axis ( F-f(x1,x2) ). On horizontal axes values for the 
parameters describing the plant-soil-water system are presented. 
Sensitivity of model results (object-values F) for the parameter values 
x and y, can be analysed. Of course in reality Fig.5 should be a 
n-dimensional figure ( F-f(xx, ...,x„) ). 
It is possible to analyse the impact of differences in losses (e.g. 
storage losses, pests and diseases) by presenting the results of several 
model runs within the same figure, as was done in Fig.5a and 5b. 
When this method is applied, It is possible to distinguish critical 
ranges for the values of the respective parameters. This is done by 
varying the values of one parameter (e.g. xx) while keeping the values 
for the other parameters (e.g. x2,x3) constant. This is repeated for 
different sets of values for these other parameters (Fig.5c). 
This sensitivity analysis serves to determine to which parts of the 
plant-soil-water system priority should be given in research. 
In the study on sowing strategies for maize in Mozambique the mean 
annual consumption was determined over a 28 year period (for details see 
par 4.1). In Fig.6 results are presented for concentrated sowing 
(strategy 3: in December) and for a more distributed sowing (strategy 
2: in September, December and March). In the case study also sowing 
throughout the whole year was examined (strategy 1) but this option is 
not regarded here. On the x-axis different sets for the two parameters 
describing water availability are presented. E.g. the figure 7.5 (25) 
indicates that maximum available soil water is 7.5 % of the volumetric 
soil content (equals 75 mm when the depth of the rootzone is 1 m.) and 
that 25% of it is easily available (no reduction in water uptake in this 
range). On the y-axis the monthly storage losses are presented. 
For maximizing maize consumption preference should be given to strategy 
3 when storage losses are limited. However, an increased water 
availability may lead to better results with strategy 2. The inclination 
of the planes in Fig.6 shows that storage losses have more effect on 
preferences for strategies than water availability. As a matter of fact, 
the impact of better storage facilities upon consumption levels is more 
pronounced when sowing is restricted to one period only. 
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Fig.5 An illustration of the approach for sensitivity analyses 
a: option 1, with high (1 h) and low (1 1) losses 
b: option 2, idem 
c: option 1 and 2 combined 
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The impact of a better water availability is more pronounced for low 
storage losses than for high storage losses. Measures to increase soil 
water availability will always result in higher production and 
consumption rates. However, optimal sowing strategies will only change 
when measures to increase soil water availability are combined with an 
improvement of storage facilities. More examples of other interrelated 
factors affecting preferences for sowing strategies are presented in 
chapter 2. 

In the study on water management in bog relicts different alternatives 
were evaluated over a 30-year period. The frequency distribution of 
the groundwater depth can be used as a criterion. In Fig. 7 the 
groundwater levels which are exceeded during 80% of the vegetation 
period (1 April - 15 October) are presented on the vertical axis. 
In the actual situation 10% of the area is open water. In option 1 this 
fraction is maintained but downward seepage is reduced by 50%. In option 
2 the fraction open water was increased to 50%, while there is no 
reduction in seepage. 
On the horizontal axes the water storage coefficient (x) and the 
downward water losses in the actual situation (y) are indicated. For 
minimizing the groundwater depth preference should be given to option 2 
when downward seepage is low. However, when the storage capacity is 
allready high, better results may be obtained with option 1 (i.e. 
bufferzones). The inclination of the planes show that both options have 
a similar relative impact upon the groundwater depth. Of course a 
combination of the reduction of seepage and the enlargement of the area 
with open water is possible. It is shown that both types of measures 
(external and internal) should be analysed and that a study involving 
only one of them is not sufficient (e.g. Poelman and Joosten, 1989). 

5.3 Desired level of accuracy of data on plant-soil-water relations 

When research priorities have been determined it is important to 
know how detailed the information about the selected model parameters 
should be and which level of accuracy is desired. When e.g. losses are 
estimated, it is possible to distinguish an upper and lower limit for 
its value, indicating the range with a given (e.g. 90%) probability that 
actual losses are within that range. The consequences of this 
uncertainty are illustrated in Fig.5. Upper and lower (probability-) 
limits for the rate of losses are distinguished (1 and h respectively). 
Values for the object function (z) are determined as a function of x and 
y (z - f(x,y)). This is done for two management options. 
In this way it is possible to determine critical trajectories for the x-
and y-values. Outside this critical 'zone' preference for a certain 
option only depends on values for x and y. 
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0.30 0.15 
wafer storage coefficient 

Fig.7 The effect of two water management options on the 
groundwater depth with 80% probability of exceedance 
(in vegetation period), for different sets of values for 
the soil water storage coefficient and downward seepage 
(Engbertsdijksvenen, Netherlands) 

option 1 : downward seepage is reduced with 50% 
option 2 : the fraction open water is enlarged to 50% 

-in the actual situation the fraction open water is 10% 
-the indicated values for downward seepage refer to the 
original situation and after realising option 1 values 
for seepage are only 50% of the indicated ones. 

-the actual groundwater depth is not indicated 
-only the results of the two options are indicated 
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Within this critical zone preference also depends on losses. Given the 
uncertainty in the estimation of these losses, an 'acceptable/ 
uncertainty' (or desired level of accuracy) for the values for x and y 
can be distinguished. 

In Fig.8 another approach to analyse the consequences of uncertainty is 
visualized. On the vertical axis the rates of losses are presented (z), 
and on the horizontal axes the parameters describing the 
plant-soil-water system. For a given set of values for x,y and z it can 
be determined which option is preferred. A set of (x,y,z) values can be 
distinguished which form a 'boundary-plane', indicating when preference 
changes from one option to the other. In Fig.8 the lower and upper 
(probability-) limits for the rate of losses are indicated (zx and z2, 
respectively). For a given uncertainty in z (i.e. z2- z^ a critical 
range for both x and y values can be distinguished. The width of this 
range can be regarded as the acceptable uncertainty (or desired level of 
accuracy) for the estimation of the values for the model parameters x 
and y. 

In Fig.9 the above mentioned procedure is shown for the study on sowing 
strategies, using the criterion of maximizing average yearly maize 
consumption. Here, the dominant role of storage losses for preferences 
on strategies is clearly demonstrated by the wide ranges of the physical 
soil parameters that have an equivalent effect. Consequently, detailed 
studies on water availability and on the water uptake function of a 
maize crop are irrelevant for the analysis of sowing strategies as long 
as the storage facilities and -losses are not studied in detail. 

In Fig.10 the procedure is illustrated for the study on bog relicts. 
Here, the criterion is to maximize the water level together with a 
minimization of its fluctuation. It is shown that the different factors 
affecting downward seepage, water storage and infiltration from open 
water are equally important. In studies where alternative water 
management options are evaluated these different factors (e.g. thickness 
of the peat layers, piezometric head difference with the underlying 
aquifer, vertical and horizontal permeability, water storage 
characteristics) need to be examined jointly. Given the difficulties in 
the correct assessment of downward seepage (where an error of 25% must 
be regarded as a minimum) the other aspects can be studied roughly. 
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boundary 2-3 

z = losses 
x,y : parameter values 

Fig. 8 An illustration of the approach to define acceptable 

uncertainty or required degree of accuracy 

-under boundary 1-2 option 1 is preferred 

-above boundary 2-3 option 3 is preferred 

-for a given uncertainty in z (z2-z1) a critical 

traject for x and y can be distinghuished. Its 

width is the acceptable uncertainty, 

-in this example with this range of z-values 

preference for option 1 or 2 only depends on x 
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Fig.9 Optimal sowing strategy for different sets of values for 
monthly storage losses and for the parameters describing 
soil water availability 
(Manhica, southern Mozambique) 

strategy 2: 0.4 ha is sown in September, December and March 
strategy 3: 1.2 ha is sown once a year (December) 

-the plane is formed by sets of values where both 
strategies give equal results (indifferent) 

-above the plane strategy 2 is preferred 
-below the plane strategy 3 is preferred 
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0.15 0.30 
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Fig.10 Optimal water management option for different sets of 
values for downward seepage, water storage and 
infiltration rate 
(Engbertsdijksvenen, the Netherlands) 

option 1 : downward seepage is reduced with 50% 
option 2 : the fraction open water in the area 

is enlarged to 50% 
•the plane is formed by sets of values where both options 
give equal results (indifferent) 

-above the plane option 1 is preferred 
-below the plane option 2 is preferred 
-in the actual situation the fraction open water is 10% 
-the indicated values for downward seepage refer to the 
original situation and after realizing option 1 values 
for seepage are only 50% of the indicated ones. 
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6. Discussion 

In both case studies emphasis has been laid on (agro-)hydrological 
research. It is evident that the contribution of the (agro-)hydrologist 
to the understanding of the problems involved is limited. Certainly when 
decisions on management practices have to be prepared, the research 
should be interdisciplinary. In an early stage of the research the 
relative importance of the different disciplines should be analysed and 
consequences for the desired level of knowledge on the different aspects 
should be formulated. 
In such analysis simple models serve to describe the different relations 
in a quantitative way. Only after a first, rough approach, as presented 
here, research priorities should be defined. It is shown that for a 
given decision problem, it is crucial to have well defined decision 
criteria. If they are not available main attention should be given to 
studies which focus on the problems related to the selection of. these 
criteria (e.g. economy, ecology, sociology). 
In more analytical studies, as on sowing strategies in southern 
Mozambique, a simple model approach on plant-soil-water relations may 
serve to distinghuish the probably relevant decision-criteria. 
When in problem-oriented studies, meant to prepare decisions (e.g. on 
water management in bog relicts) the selection-criteria are not well 
defined and only little information is available about factors relevant 
to the problem, the (agro-)hydrologist focussing on plant-soil-water 
relations, should be well aware of his limited contribution. 
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