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Abstract Sustainable forest management is only feasible if the water and 
nutrient cycles are monitored. Over a two-year period climatic parameters 
were collected and the water balance calculated. Two meteorological stations 
were set up, one in the forest and the other one in an adjacent cocoa 
plantation of the agricultural buffer zone. The investigation sites are at the 
fringe of the moist deciduous rainforest and it is shown that during the dry 
season water is the limiting growth factor. However, the plant community of 
the rainforest has developed strategies to cope with the water shortage. The 
cocoa trees suffer seriously if the dry season is extended by only a few days. 
Due to the soil structure of the prevailing soil type the advice to avoid 
monocultures is given. 

INTRODUCTION 

There is now general agreement that the remaining rainforests have to be protected 
against destruction (Balle & Anoh, 1992). Many species of these admirable 
ecosystems are still unknown and in accordance with the Convention of Biodiversity 
the erosion of biodiversity has to be stopped. What we need are strategies to manage 
rainforests without disturbing the ecological equilibrium (Brouwer, 1996). The flora 
and fauna depend on a balanced nutrient and water cycle and these cycles have to be 
investigated and monitored. In a state forest (forêt classée, FC) in the East of Côte 
d'Ivoire investigations since October 1995 were carried out concerning the 
determination of the nutrient- and water fluxes. 

METHODS 

Two meteorological stations equipped with data loggers were set up, one in the FC 
Bossematié and the other one in the adjacent agricultural buffer zone (6°31'N and 
3°27'W). These station operated over two years. The potential évapotranspiration 
(pET) was calculated using the equation of Penman (1948) modified by Doorenbos & 
Pruit (1988). The radiation data required for the calculation are taken from the 
station in the agricultural buffer zone because a mast exceeding the forest canopy 
would have been too costly. 

The throughfall in the forest stand was measured with an electrical raingauge 
connected with the data logger and additionally with 40 bulk samplers. Seven bulk 
samplers were set up in the open space of the agricultural buffer, and six in the 
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understorey of a cocoa plantation, and the water collected was measured early in the 
morning every day. According to Bruijnzeel (1990) stemflow constitutes only 1% of 
the rainfall and was therefore not determined. 

Kellner (1998), simulating high precipitation events on both sites with a rainfall 
simulator (120 mmh" 1) found that no surface runoff could be achieved. The soil 
water volume was measured in three different soil depths (20, 60, 100 cm) with TDR 
sensors (Time Domain Reflectometry). According to Gerold (1994) the root system 
of the soils in the Bossematié area is only well developed in the first 65 cm. 
Therefore the main nutrient and water uptake is restricted to that soil depth; drainage 
water below that soil depth contributes to the baseflow of the ground water. The 
actual évapotranspiration (aET) was calculated by using the precipitation and 
drainage water flux. 

RESULTS 

It is not surprising that the climatic conditions in a forest stand appear to differ from 
those of an open space. However to illustrate the difference, the following figures 
and explanation should clarify the consequences if forest is turned into agricultural 
land. 

Precipitation 

With special thanks to the meteorological observation centre in Abengorou (6°43'N; 
3°40'W) the presentation of annual precipitation data for Abengourou from 1920 is 
possible. The precipitation curve shows a bimodal character indicating the change 
between the dry and rainy season (Fig. 1). Although the rainforest areas were 
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Fig. 1 Monthly precipitation of the Bossematié area (RG: raingauge; T: throughfall; 
OS: open space). 
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exploited enormously in the sixties and seventies, no significant change of the annual 
precipitation can be determined. The calculated average is 1320 mm (1920-1996), 
although years with 1000 mm rainfall or less occurred. 

During the dry season of 1996, unusually high precipitation amounts were 
measured; the precipitation total in March 1996 was three times that of March 1997. 
In addition the dry season of 1997 was long with a precipitation total of 63 mm for 
the months lanuary-April, the lowest total in the last 10 years. But the annual 
precipitation reached 1340 mm in 1997, the third highest in the last 10 years due to 
the heavy rain storms in April, May and June. Although the curves of the different 
precipitation measurements show a very similar shape (Fig. 1), differences occur 
because of the sampling procedure (different sampling time due to the difficulty of 
reaching the sites), the spatial distance of the sites and the distinction between 
throughfall and rainfall in an open space. In the forest only the throughfall was 
measured, because there was no forest gap, big enough for open space sampling, 
close to the forest meteorological station. Comparing the throughfall measurements 
of the cocoa plantation with those of the forest, the big differences in May and 
October 1996 are striking (Fig. 1). Placing a raingauge under the canopy is tricky 
and it is assumed that due to the leaf orientation the rain water was collected and 
dropped straight in the bucket. The maximum throughfall rate at the cocoa station 
was 95 mm h"1 (23 May 1996). The maximum at the forest station was 52 mm h"1 (6 
July 1997). Due to the multi-layer structure of the forest canopy the interception is 
bigger than that of a cocoa plantation resulting in a lower throughfall amount and 
furthermore the energy of the falling rain drops is reduced to a greater extent in a 
forest stand than in a cocoa plantation. However the water uptake capacity of the 
ferralsols has to be high to avoid surface runoff. 

Soil moisture 

One of the main factors in the selection of the investigation sites was that the soils 
belonged to the same soil association (ferralsols). However there is always a two way 
relationship between soils and the vegetation present. This means, that the soil 
influences the vegetation succession and the vegetation has an influence on the 
chemical and physical soil properties. In particular the soil structure is influenced by 
the root system. Therefore it is not surprising that the soil moisture regime under 
forest differs from that under a cocoa plantation. As already demonstrated for the 
precipitation data, the soil moisture curve is obviously bimodal in character. From 
September to February, the tropical Continental Air Mass spreads southwards from 
the Sahara to about 5°N, accompanied by the hot, dry and dusty northeasterly wind 
known as the Harmattan. The évapotranspiration increases. It is the difference 
between the water saturation of the atmosphere and the leaf tissue of the plant which 
is the driving force for the nutrient- and soil water uptake. The root density is of 
course higher in the forest than in the cocoa plantation and therefore the soil water 
demand is higher. As shown in Fig. 2 the percentage of water volume decreases 
apparently during the dry seasons of the year, namely in December to March and 
August to October. Furthermore the absolute amount of soil water under the cocoa 
trees is higher than under forest and the change of the soil water volume with the 
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Fig. 2 (a) Soil moisture of the forest stand at three different soil depths (20, 60 and 
100 cm), (b) Soil moisture of the cocoa plantation at three different soil depths (20, 
60 and 100 cm). 

seasons is smaller in the soil of a cocoa plantation than in the soils of the forest. The 
reasons for those observations are the following: 
(a) The defoliation per square metre is higher in the cocoa plantation than in the 

moist deciduous rainforest resulting in a reduced transpiration. 
(b) The root density of the cocoa plantation is lower than that of the forest stand. 
(c) Even though the canopy of the cocoa plantation is not as closed as that of the 

forest, the soil temperature of the cocoa plantation changes by only a very small 
amount due to the thick litter layer (according to Hetzel, 1997). 
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(d) The clay content in the third horizon of the soil under cocoa is higher than the 
corresponding one under forest (Hetzel & Gerold, 1996). From this it follows 
that there is a higher percentage of "water not available for plants" under cocoa. 
Thus even if the absolute soil water volume under cocoa is higher than under 
forest it does not result in a higher water availability. 

The potential évapotranspiration (pET) and the actual évapotranspiration (aET) 

There are many different ways to calculate pET, however according to Lanfer (1995) 
the Penman equation modified by Dorenboos & Pruit (1988) is the choice if only a 
few climatic parameters are available for calculation. Because of the Harmattan and 
the high energy input during the day, pET during the dry season is higher than 
during the rainy season. Therefore the worst growing conditions are during the dry 
season. In Fig. 3 the calculated pET for the FCB area is shown. The Penman 
equation summarises important climatic parameters but it does not consider the 
vegetation or the soil properties which are influencing the real water shortage. 

The aET is calculated using the precipitation data and the measurements of the 
drainage water. According to Kellner (1998) surface runoff could not be simulated 
on Ferralsols and for that reason a loss of water depends only on the aET and the 
percolation flux. The water content below 65 cm depth does not contribute to the 
plant nutrition (Gerold, 1994). Hence the difference of the soil water content (0-60 
cm soil depth) measured directly after and shortly before the following precipitation 
event is equal to the aET. If the difference of the precipitation and the aET is greater 
than zero, water percolates to the groundwater; if it is less than zero the soil water 
store will be used to provide the plants with water and nutrients. In Fig. 3 the 
difference between the aET and pET is shown. However even if the pET considers 
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Fig. 3 The monthly actual (aET) and potential évapotranspiration (pET). 



416 Frieder Hetzel & Gerhard Gerold 

neither the plant coinmunity nor the soil properties it illustrates the worst case 
scenario illustrating the évapotranspiration when the vegetation and the soils are 
seriously damaged. The aET gives a more realistic idea since it depends on the 
change of the soil water content and therefore indirectly on the vegetation. The aET 
maximum of the cocoa plantation reaches 141 mm in March 1996, thus shortly after 
the first rainfalls of that year. The maximum of the pET is calculated for February 
1997 in the middle of the dry season, surpassing the aET of that month around 400 
mm. The course of the pET and aET curves show similarity however; the aET curve 
is slightly displaced in the direction of the following month indicating that a real ET 
can only occur if the soil can provide the plants with water. 

The water balance of the forest and the agricultural buffer zone 

Despite the lower plant density of a cocoa monoculture compared to that of a 
rainforest, drainage occurs only during the rainy season, indicating the high water 
demand during the dry season (Fig. 4). It is not surprising, that the amount of water 
percolating in the soil of the rainforest is smaller than that of the soil of the cocoa 
plantation since the water demand is higher and thus the forest is recycling the 
nutrients more efficiently. Hence, the nutrient loss with the percolating soil water of 
a cocoa plantation is higher than that one of a forest and it can be deduced that the 
nutrient loss of soils planted with annual crops is again higher. 

The aET of the rainforest exceeds that of the cocoa plantation only slightly 
indicating the limiting water resources. Further north of Abengourou cocoa can not 
be planted successfully and the moist deciduous rainforest formation changes 
gradually to the dry deciduous forest formation. However, although water seems to 
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Fig. 4 The water budget for a forest stand and a cocoa plantation. (T: throughfall; 
DW: drainage water; aET: actual évapotranspiration.) 
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be a limiting growth factor especially during the dry season, the plant community of 
the moist deciduous rainforest can cope with such periods of low rainfall due to 
various water saving strategies. If the dry season is only extended by a few days the 
cocoa trees suffer due to the insufficient water supply. 

CONCLUSIONS 

The moist deciduous rainforest is recycling nutrients more efficiently than the trees 
of the cocoa plantation and is therefore reducing leaching effects. Although the water 
demand of a forest is higher than that of a farming system, the moist deciduous 
rainforest can cope with periods of water shortage due to the comparably high air 
humidity in the stand resulting in a lower water saturation deficit, the very efficient 
fog stripping in the morning hours of the dry season, and the water conserving 
strategies of the plants. Although there is no relationship between the destruction of 
the rainforest and the annual precipitation it can be assumed that because only small 
areas of rainforest reserves are left, the variability of the rain has changed to such an 
extent (see also Schroth & Pity, 1992) that the agricultural benefits, especially those 
of monocultures, are jeopardised. According to the current investigations of the 
water balance, the remaining tropical rainforests should be used only if sustainability 
can be assured. 
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Abstract Two rainfall-runoff models (one daily and one monthly time-step) 
have been tested using catchments where the land-use changes (afforestation 
and clear felling) in the recent past have been well documented. In general 
terms, the models performed satisfactorily and the changes in parameter 
values required to simulate the changes were reasonably consistent across the 
range of catchments considered. While all the catchments used were small 
headwater areas, it is suggested that the same scheme of parameter value 
change can be applied at the larger scale. It is not really possible to 
determine whether the models are sensitive to differences caused by 
variations in planting or management practices, largely because these can be 
masked by errors in, or lack of representativeness of, the input rainfall and 
évapotranspiration data. 

INTRODUCTION 

The effective management of water resources in southern Africa has to consider the 
effects that land-use changes within catchment areas have on the availability of water 
downstream. This includes effects which are already present in the existing flow 
regimes, as well as future effects relating to expanding afforestation, clear felling or 
other landaus changes. Only then can effective water availability be quantified and 
future water resource management options be assessed. There have been a number of 
studies carried out in South Africa and Zimbabwe that have attempted to quantify the 
effects, but most of these have concentrated on estimating the changes in mean 
annual runoff (MAR) or other statistical summary indices of the full time series 
(Andrews & Bullock, 1994). There appears to have been less effort directed at 
assessments of incorporating the effects into time series simulation models, although 
the ACRU model development team at the University of Natal have worked 
extensively on this problem (Schulze, 1997). 

This paper reports on a part of the rainfall-runoff modelling sub-programme of 
the first phase of the southern Africa FRIEND project which was designed to assess 
the applicability of daily and monthly time-step models to catchments within the 
region. The models chosen were the widely used Pitman monthly model (Pitman, 
1973) and the daily VTI model (Hughes & Sami, 1994). The latter was chosen due to 
the familiarity with its application by the project team and because it has been 
demonstrated to simulate low flow responses quite well for catchments in the region. 
Apart from the general applicability of the two models, it was also decided to 
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investigate the sensitivity of the two models to known changes in land use. The full 
details of the results of this study are available in Hughes (1997). 

AVAILABILITY OF DATA 

It was necessary to select catchments which were well gauged (in terms of rainfall 
and potential évapotranspiration inputs and streamflow outputs) and where the land-
use changes are well documented. The only land-use impacts simulated during this 
project are therefore related to afforestation or clear felling on relatively small 
headwater catchments. Unfortunately, no data were made available to assess other 
typical land-use changes that are considered to potentially impact on streamflow in 
southern Africa (e.g. natural vegetation clearance for agriculture, overgrazing, 
construction of farm dams, urbanisation, etc.). 

The flow data were supplied by either the Institute of Hydrology, UK, or the 
CSIR (South Africa) and consisted of reasonably complete records of mean daily 
flow. Rainfall data were obtained from the same sources as the flow data and mostly 
consisted of mean catchment rainfalls, rather than individual station data. These 
small experimental catchments are located in mountainous areas with potentially 
steep rainfall gradients and it is not always possible to generate suitably 
representative rainfall inputs. The potential evaporation data used consisted of mean 
monthly data from the closest possible source. Given the importance of the 
evaporation component of the models in assessing land-use changes, it is possible 
that the lack of detail (spatial and temporal) in the quantification of potential 
evaporation could influence the results. Details of the catchments physical 
characteristics have been drawn from various published reports and scientific papers. 
As all the catchments were established for research purposes, the general level of 
detail is better than most of the other catchments used in the FRIEND project. It was 
essential that a high level of detail about the cover characteristics was available, 
otherwise there would be a degree of uncertainty in any conclusions reached about 
the parameter value changes required to simulate different effects. It was largely this 
criterion that limited the number of catchments that could be used. 

The catchments used 

Erin catchments, North Eastern Highlands, Zimbabwe These are located in 
the headwaters of the Odzi River at 18°54 S and 32°53 E and consist of a gauged 
control area of 0.21 km2 and a treated area of 0.76 km 2, the total area also being 
gauged. The catchments are relatively steep (approximately 20% slopes) and the soils 
(Du Toit, 1961) vary from shallow and stony sandy to sandy clay loams on the ridge 
tops and steep slopes to deeper sandy loams over sandy clays in the flatter areas. The 
bedrock consists of weathered and fractured granites, which are expected to play a 
major role in the catchments' baseflow response. The original vegetation consisted of 
relatively short montane grassland with some low shrubs and relict montane forest 
trees. The sequence of afforestation in the Lower catchment (0.76 km2) began during 
1980 with land clearance and there were two periods of thinning (1985 and 
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1992/1993). Rainfall data were available for 1975 to 1991, while flow data were 
available from 1977. Hydroiogical years 1977 and 1978 could therefore be used to 
calibrate the models under grassland conditions, after which the parameter values 
could be changed to reflect the treatment applied to the Lower catchment. 

Jonkershoek catchments, Western Cape, South Africa These consist of six 
gauged areas draining the Jonkershoek Mountains to the Eerste River in the Western 
Cape, South Africa (van Wyk, 1987). In this study, three of the gauged areas have 
been used; Bosboukloof (200.9 ha), Lambrechtsbos B (65.5 ha) and Langrivier 
(245.8 ha). The area is underlain by sandstones of the Table Mountain Group, which 
overlie deeply weathered Cape Granites. The soils are deep sandy to silty loams with 
high gravel and rock content, which are friable, have high infiltration rates and 
become highly water repellent at depth after intense fires (Scott & van Wyk, 1990). 
The natural vegetation is a tall (2-3 m) open to closed shrubland, dominated by 
Protea species, with evergreen tall forests occurring along permanent streams. 
Rainfall data were provided from the closest stations, but rainfall gradients are very 
steep, varying from approximately 1300 mm over Bosboukloof to over 2200 mm for 
Langrivier. Estimation of rainfall inputs to the latter are particularly difficult as the 
only raingauge is in the lower part of the catchment. 

Bosboukloof (data from 1978 to 1990) was planted (57% of area) to Pinus 
radiata in 1940, clear felled and re-planted during 1980/1982 then burned during a 
high intensity wildfire in 1986. The first two years of the record can therefore be 
used to establish parameter values for mature forest cover and the remaining period 
to assess the parameter value changes to account for clear felling and burning. 
Lambrechtsbos (data from 1972 to 1995) was planted (82%) to Pinus radiata in 
1964/1965 and then progressively thinned over 1973/1983. As the trees had not 
reached maturity when the hydroiogical data start, there is no stable cover period that 
can be used to calibrate the models. The approach was therefore to compare the 
results of fixed parameter values for the whole period versus changing values to 
account for a combination of growth and thinning. Langrivier (data from 1971 to 
1995) has natural Fynbos cover that was burned in a wildfire during 1987. 

Mokobulaan catchments, Mpumulanga, South Africa These are situated (at 
25°17S, 30°34E) in the Uitsoek State Forest on the Transvaal Drakensburg 
escarpment and full descriptions of their characteristics are provided in Nànni 
(1971). The area is underlain by basal shales which are semi-weathered, broken to 
30 m below the surface and permeable to roots and water for much of this depth. The 
real soil is only a few centimetres deep and plant growth relies upon water stored 
within the shale bedrock. The original vegetation is a sub-climax grassland with 
evergreen forest in the riparian strips. There are three gauged catchments: A 
(26.2 ha) planted to eucalypts, B (34.6 ha) 100% planted to pines in 1971 and 
thinned in 1973; C (36.9 ha) kept as a grassland control. Only data for Mokobulaan 
B were made available to this project. The catchments are relatively steep (slopes > 
20%) and experience mean annual rainfalls of 1100-1200 mm. The data made 
available cover the period from 1971 to 1982 after which all runoff ceased. As the 
data do not cover the period prior to planting, it was not possible to calibrate the 
models during natural conditions. The approach has therefore been to carry out a 
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rough calibration on the first three years of data, before the trees would be expected 
to have a great influence and then to test the parameter value change principles 
developed for the other catchments for the remainder of the period. 

Westfalia Estate, near Tzaneen, Northern Province, South Africa These are 
mountain catchments (slopes >20%) underlain by granite gneiss with friable, well 
drained and deep, clay loam soils. The mean annual rainfall is of the order of 
1600 mm, the natural vegetation consists of scrub forest and they are situated close 
to 23°43 S, 30°04 E. Data were made available for the treated catchment (40 ha) 
from 1975 to 1991. Clearance of the natural vegetation took place during 1981/1982 
followed by planting and thinning of Eucalyptus grandis. The first six years of data 
could be used for model calibration, after which the parameter values were changed 
to account for clearing and forest growth. 

MODEL CALIBRATIONS 

The calibrations were started using the Erin data, by first using the control catchment 
and the part of the record on the modified catchment before afforestation. The 
parameters of the models were then modified according to an intuitive understanding 
of the effects of parameter value changes in relation to the perceived impacts of 
afforestation, or through direct input of the area of forest (for those parameters 
which are estimated from physical catchment characteristics). The parameters 
changed are therefore mainly those that relate to interception, vegetation water 
demand and rooting depth. However, it was also perceived that the increased cover 
in relatively mature forest would influence the infiltration characteristics of the soil 
surface, largely by reducing effective rainfall intensity and through increased litter. 
Once the intuitive parameter value changes were revised for the Erin, the models 
were applied to the other catchments to determine if the same basic principles could 
be used. 

Both models allow "time-slices" of varying parameter values to be established. 
Periods within the total simulation can be defined so that parameter values either 
increase or decrease linearly over the time-slice, or are raised or dropped instantan­
eously at the start of the time-slice. The procedure for simulating new afforestation is 
therefore to gradually increase or decrease the relevant parameter values to simulate 
growth. The instantaneous change option is used for clear felling or thinning. It was 
accepted that there may be several stages of growth with different rates and that 
several separate time-slices may be required to simulate the situation from initial 
planting to maturity, with some intermittent thinning. The same principle would apply 
for a managed plantation under different harvesting and re-planting (rotation) practices. 

Pitman model results: Erin catchments 

Table 1 lists some of the parameter values and the initial phase of afforestation (first 
2-3 years after clearing) has been simulated with no forest cover, but a return to 
characteristics similar to summer grassland but with more effective 


