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Stellingen 

1. Modelvergelijkingen zijn essentieel voor het vergroten van onze kennis over het 
functioneren van ecosystemen. 

2. Het meten van stuurvariabelen als straling, temperatuur en luchtvochtigheid vlak 
boven het bos is geen goede maat voor wat een bos echt "voelt'. 

3. Onzekerheden in geoptimaliseerde parameterwaarden zeggen zeker zoveel over 
het bestudeerde systeem als de geoptimaliseerde parameterwaarden zelf. 

4. Een betrouwbare kwantificering van de gevolgen van klimaatsverandering voor 
de relatie tussen bosgroei en boswaterverbruik is pas 50 jaar na nu mogelijk. 

5. De "empirical models' van de ene schaal zijn de process-based models' van een 
hoger schaalniveau. 

6. Een goed inzicht in de terugkoppelingen tussen biotiek en abiotiek is essentieel 
om onze kennis over het functioneren van ecostemen fundamenteel te vergroten. 

7. Een groot gevaar van uitgebreide process-based models als FORGRO is 'getting 
all the nouns without the verbs'. 

8. Het misverstand in de Bijbel dat schapen hun herder zouden volgen, terwijl ze 
toch vaak gedreven moeten worden, komt terug in de huidige relatie tussen 
wetenschap en de term 'maatschappelijke relevantie'. 

9. Om de relatie tussen bodemvocht en de waterstress van bomen en de parameters 
van deze relatie, 'precies' te kunnen vaststellen dient prinses Irene zo snel 
mogelijk betrokken te worden bij het boshydrologisch onderzoek. 

10. Een mogelijk oplossing voor een evenwichtige perceptie van verschillende 
processchalen zoals genoemd door Soren Kierkegaard, 'Ik wou dat ik een bril 
had waarvan het ene glas 50 keer vergroot en het andere 50 keer verkleint', leidt 
helaas tot knallende hoofdpijn. 

(Stellingen bij het proefschrift -Quantification of the mutual relationships between forest 
growth and forest water use' van Mark van Wijk) 
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1. INTRODUCTION 

Terrestrial ecosystems play a crucial role in modulating the carbon balance of 
the earth system. (Luo et al., 1999). The study of plant and ecosystem re
sponses to a changing environment is necessary to provide explanatory and 
predictive understanding of carbon, water and energy exchange in the current 
climate and in possible climate change scenarios. Simulation models are essen
tial tools in this study to provide formalised statements of hypothesis as a 
framework that encapsulates disparate pieces of information and knowledge 
(Mäkeläetal.,2000). 

In the study presented here, simulation models were used to quantify and 
obtain more knowledge about the mutual interactions between forest growth 
and forest water use. Carbon exchange of forested ecosystems, the latter of 
which form one third of the terrestrial ecosystems, is directly important for the 
quantification of carbon storage in the biosphere. Water is an important factor in 
energy exchanges between the atmosphere and terrestrial ecosystems, and has 
many direct and indirect influences on the functioning of (forested) ecosystems. 
These interactions receive increased attention, because with aforestation and 
reforestation of large areas, for example in South-America and in the Sahel, the 
water and energy cycles change, both on local and regional scales. These 
changes can result in shifting precipitation patterns, which can have dramatic 
consequences for land use. 

The relationships between water and tree growth are complex and working 
at different time and spatial scales. The direct linkage is at the leaf level. In Fig
ure 1 a global overview is given of gas exchange taking place at the stomata. 
The regulation of the stomatal conductance, influencing directly the uptake of 
C0 2 and the release of water vapour, is a complex process in which many fac
tors like radiation, assimilation, vapour pressure deficit, transpiration and the 
C02-concentration at the leaf boundary layer interact (see Ball et al., 1987: 
Aphalo and Jarvis, 1993: Leuning, 1995; Monteith, 1995). In experimental 
conditions correlations that exist in field conditions between driving variables 
like radiation, temperature and vapour pressure deficit can be broken, but be
cause correlations also exist between radiation and assimilation, and also va
pour pressure deficit and transpiration, the precise driving mechanisms are not 
clear. Increasing radiation and assimilation increase stomatal conduction until a 
certain maximum is reached, whereas high vapour pressure deficit and transpi
ration values have a negative influence on stomatal conductance. Increased 
C02-concentrations at the leaf boundary layer also have a negative effect on the 
stomatal conductance. 

Another negative feedback related to water is the negative influence of soil 
water stress on stomatal conductance. Also here the precise mechanisms are not 
clear yet. Anyhow, with the occurrence of soil water stress a signal is received at 
the leaf level, for tree seedlings and small plants this probably is the plant 
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Figure 1: Schematic overview of the gas exchange taking place at the leafstomata (after 
Salisbury and Ross, 1992) 

hormone ABA (Abscisic Acid) sent from the roots, and for tall trees it is believed 
to be a decrease in leaf water potential that leads to a decrease of stomatal con
ductance (Whitehead, 1998). Other feedback relations are playing at a longer 
timescale even, involving effects of water on mineralisation and nutrient trans
port to the roots. This influences the nutrient uptake by the trees and thereby 
can lead to effects on the photosynthetic capacity and the amount of leaves. 
Shortage of water available for trees can also influence tree growth in another 
way. The expression 'available for trees' is crucial here, because this water limi
tation can also occur when in principle enough water is available in the ecosys
tem, but in a for the trees unattainable way. A major constraint for the growth of 
boreal forests is for example the onset of snowmelt in spring. As soon as the 
overlying snow starts to melt and the temperature of the upper soil horizon rises 
towards 0 °C, the switch from a small net daily loss of carbon to a large net 
gain, representing forest growth, occurs over just a few days (Jarvis and Linder, 
2000). In boreal conifers, the availability of soil water is a prerequisite for the 
recovery of photosynthetic capacity in spring and early summer (Bergh and 
Under, 1999). 

In this study simulation models were used to gain quantitative insight in the 
shorter time scale (~ growing season) interactions between forest growth and 
forest water use. The most important mechanisms, processes and driving vari-



ables determining forest growth and forest water use were analysed and quanti
fied. Because of the enormous amount of data available on the short-term ex
change of carbon and water (see for Europe for example Valentini et al., 2000: 
Tenhunen et al., 1998), the first part of this thesis (Chapter 2 - 5 ) concentrates 
on the modelling of the exchange of carbon and water between coniferous for
ests and the atmosphere. Several models were developed, parameterised and 
tested on the same data to make a thorough comparison possible between dif
ferent modelling strategies. 

In Chapter 2 the question what input do we need for a reliable modelling of 
the half-hourly fluxes of carbon and water exchange of a set of coniferous for
ests?' is dealt with. For this, the performance of general applicable models was 
compared to the performance of models developed for specific, individual for
ests. Subchapter 2.1 deals with the application of artificial neural networks to 
both carbon and water fluxes of a set of 7 coniferous forests. In Subchapter 2.2 
fuzzy logic was applied to the latent fluxes of 6 coniferous forests to compare the 
performance of the method to artificial neural networks. By also modelling the 
carbon and water exchange of the Douglas-fir forest in Speuld, the technique 
was compared with other models and more thoroughly tested. 

In Chapter 3 the model applied to the forest in Speuld was no longer totally 
empirical, but the model formulation was derived from expert knowledge about 
the most important processes governing the exchange of carbon and water of a 
forest ecosystem. The parameterisation of the model was still totally measure
ment-based. This simple model was applied to the Speuld-dataset consisting of 
two years of flux measurements. The second year of measurements was ob
tained after a thinning took place in which one third of the trees were cut. 
Therefore, the changes in parameter values of the simple model optimised on 
these two years separately could be evaluated in terms of changes in ecosystem 
functioning due to the thinning. 

In Chapter 4 a process-based model consisting of a forest growth model, 
FORGRO (Mohren, 1986; Kramer, 1996), coupled to a soil water balance 
model, SWIF (Tiktak and Bouten, 1992), was applied to the two years of data 
available for Speuld. Both the forest growth model and the soil water model 
need detailed ecosystem knowledge for the parameterisation: the forest growth 
model for example needs the leaf photosynthetic characteristics and respiration 
coefficients. Photosynthesis and respiration are taking place on a different time 
and spatial scale than the large-scale flux-measurements on which the model 
was tested. The parameterisation of these processes can be done without using 
the measurements on which the model will be tested. The process-based model 
therefore is another step in the range from the totally empirical models of Chap
ter 2, the semi-empirical model of Chapter 3. to Chapter 4. The FORGRO-SWIF 
model was not parameterised totally independent of the carbon and water flux 
measurements: two parameters were still optimised using the data. In Subchap
ter 4.1 the FORGRO-SWIF model was used to test three different stomatal con
ductance models with regard to the way they could incorporate soil water stress. 
In Subchapter 4.2 the model was further tested on the second year of flux data 



available for Speuld, and then run for ten years to estimate the inter-annual 
variability in carbon and water exchange for the Douglas-fir forest. 
In Chapter 5 an integrative and thorough comparison of the models presented 
in the previous 3 Chapters, is performed. This could be done because all models 
were parameterised or optimised on the same dataset. The models were evalu
ated on the basis of their performance, their ability to increase our knowledge of 
forest ecosystem functioning and their application possibilities for estimating 
possible climate change effects and upscaling issues. 

The second part of the thesis concentrates on two characteristics that all 
models of the first part have in common. First, all models ignore or neglect spa
tial interactions and variability. In Chapter 6 a spatially explicit model based on 
eco-hydrological dynamics, simulates a spatial and temporal competition be
tween trees and grasses in semi-arid systems. Quantitative knowledge about the 
occurrence of water stress simulated by a point model was used to affect settle
ment and death chances of trees and grasses, thereby influencing the competi
tion for space. 

A second common feature of all models is that they are data-driven: using 
measured data the responses of the models were optimised to minimise the 
model-output versus measurements mismatch. The optimised responses thereby 
represent a quantification of the hidden strategy of the vegetation to deal with 
their environment. In Chapter 7 these concepts are reversed: no longer the 
measured values of the model output determine the strategy in which the forest 
deals with its environment, but now a tree strategy is assumed. The applied 
strategy was an optimisation strategy: hypothetically, the current vegetation uses 
the resources of the environment in an optimal way as a result of natural selec
tion working millions and millions of years. This strategy was assumed to deter
mine the best root distribution: the one that optimises the amount of water tran
spired by the forest. As the amount of water transpired by a forest is strongly 
linked to the growth of the forest, implicitly also the growth of the forest was op
timised. 
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PART I: MODELLING CARBON AND WATER EXCHANGE BETWEEN 
CONIFEROUS FORESTS AND THE ATMOSPHERE 





2.1 WATER AND CARBON FLUXES ABOVE EUROPEAN CONIFER

OUS FORESTS MODELLED WITH ARTIFICIAL NEURAL NETWORKS + 

ABSTRACT 

Artificial neural networks were used to select a minimal set of input variables 
to model water vapour and carbon exchange of coniferous forest ecosys
tems, independently of tree species and without detailed physiological in
formation. Neural networks were used because of their power to fit highly 
non-linear relations between input and output-variables. Radiation, tem
perature, vapour pressure deficit and time of the day were the dynamic in
put variables that determined ecosystem water fluxes. The same variables, 
together with projected leaf area index, were needed for modelling CCy 
fluxes. The results for the individual sites showed that the neural networks 
found mean water and carbon flux responses to the driving variables valid 
for all sites. The sensitivity analysis of the derived neural networks showed 
that the LAI-effect of the C02-flux model was over-fitted because of the low 
variability of LAI. However, the predictions of C02-fluxes of sites not in
cluded in the calibration set indicated that the LAI-response of the network 
was reliable and that results can be used as a first estimate of the net ecosys
tem carbon exchange of the forest sites. Independent predictions of forest 
ecosystem vapour fluxes were equally satisfying as empirical models specifi
cally calibrated for the individual sites. The results indicate that both short-
term water and carbon fluxes of European coniferous forests can be mod
elled without using detailed physiological and site-specific information. 

INTRODUCTION 

In recent years, great effort is made in modelling instantaneous carbon and wa
ter fluxes at stand scale (Jarvis, 1995; Landsberg et a l , 1991). Both top-down 
and bottom-up approaches are used to model short-term forest ecosystem 
fluxes. Several detailed physiological models use knowledge about photosyn-
thetic and stomatal responses at leaf level and scale these up to canopy level us
ing elaborate radiation interception models (Falge et al., 1996; Wang and Jar-
vis, 1990). With these detailed models both water and carbon fluxes are pre
dicted. For évapotranspiration only, a widely used approach is the combination 
of an energy balance, the Penman-Monteith equation, with the Jarvis-Stewart 
canopy conductance model (Jarvis, 1976; Stewart, 1988). An example of a 
more simple, purely empirical approach is the Makkink model (Makkink, 1957) 
used in several forest hydrological models (Bouten and Jansson, 1995). More 

Published by M.T. van Wijk and W. Bouten in Ecological Modelling 120: 181 - 197. © Elseviers 
Science 
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general applicable models for carbon fluxes are in most cases working on higher 
time and spatial scales (e.g. Williams et al. (1997)). 

Models for predicting instantaneous water and carbon fluxes in forest ecosys
tems are usually developed, calibrated and validated for one specific forest. For 
each application specific parameters of the response functions are optimised or 
detailed physiological information on species level is used. Extrapolation to 
other forest sites is in those cases difficult and time-consuming. 

Recently the Euroflux project provided measurements of carbon and water 
vapour fluxes above a large range of forests across Europe (Tenhunen et al., 
1998). These measurements give the opportunity to model ecosystem fluxes 
along a range of biotic and abiotic system inputs, and to evaluate the processes 
and environmental variables that determine short term forest ecosystem re
sponses. 

In this paper a dataset of ecosystem flux measurements (C02 and water va
pour) of six different coniferous forests in Northwestern Europe was used to ex
plore the possibilities to model these fluxes with a minimal set of explaining 
variables. The goal was to model water and carbon fluxes independently of tree 
species and to analyse the model performance over different forest sites without 
using detailed physiological or site-specific information. For this top-down ap
proach artificial neural networks were used because of their power to fit highly 
non-linear relations (Huntingford and Cox, 1997). Neural networks give the op
portunity to have a completely unconstrained optimisation and they estimate 
input-output responses without a pre-defined mathematical model. The method 
supplies so called model free estimations (Kosko, 1992). The relations found by 
the networks were tested by predicting ecosystem fluxes of forest sites with in
termediate characteristics not included in the calibration sets. In addition results 
of the évapotranspiration fluxes were compared to those of the Makkink model. 

METHOD 

The data were placed at disposal for the Euroflux workshop held in Sesto (Italy) 
at 26-29* of January 1998. Latent heat [Lh] and C02-fluxes of six coniferous 
forests in Northwestern Europe were used to model ecosystem water and car
bon fluxes. The flux and meteorological data were supplied on a half hourly ba
sis, all made with identical equipment (Tenhunen et al., 1998). Information 
about the six different sites is given in Table 1. The Vielsalm measurements are 
described and presented for a longer time period in Aubinet et al. (2000). 

Most data were between day number 150 to 250 of the year 1996 or 1997. 
All data were supplied with the assumption that there was no soil water stress. 
Measurements within 24 hours after a rain event were removed from the dataset 
to model real ecosystem transpiration and not also interception evaporation. 
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Table 1: information about the different forest sites 

s i t e country g e o g r a p h i c a l 
c o - o r d i n a t e s 

s p e c i e s a g e [yr] d a y s 
(dry) 

LAI 

Flakaliden Sweden 64°07' N 19°27' E P. abies 34 37(19) 2.4 
Hyytiala Finland 61°51' N 24°17' E P. sylvestris 34 98 (52) 3.9 
Loobos Netherl. 52°10' N 05°44' E P. sylvestris 100 108 (47) 3.0 
Tharandt Germany 50°58' N 13°38' E P. abies 106 24(9) 5.0 
Vielsalm Belgium 50°18' N 06°00' E P. menz. 60-90 41 (36) 4.2 
Weiden Germany 50°09' N 11°52' E P. abies 44 41 (13) 6.5 
Brunnen 

The total dataset of the six sites without missing values and after omitting the 
wet canopy data consisted of 8448 half hourly measurements. 

The night-time fluxes of C0 2 had to be corrected for stable atmosphere ef
fects in combination with storage effects (Baldocchi and Vogel, 1996: Kimball et 
al., 1997), when measured C02-fluxes were often close to zero. The problems 
associated with measuring night-time C02-fluxes are cancelled during windy pe
riods (Lee, 1998). Therefore night-time C02-fluxes were removed from the 
dataset when wind-speed was below 2.5 to 3.0 ms'1 which corresponds roughly 
to the wind criterion used by Black et al. (1996) in screening night-time C02-flux 
data for quantifying the carbon uptake of their forest. This reduced the C02-flux 
dataset to 5776 point measurements. 

In order to get a calibration set with high variability of input variables, the 
data of each site were classified into 15 classes per variable, equally distributed 
over their data-range. The input variables that were estimated as most important 
were global radiation [Rg] (other radiation components like PPFD were not 
available for all sites), temperature [T] and vapour pressure deficit [VPD]. All 
measurements of each site were incorporated in one of the 15 x 15 x 15 = 
3375 classes, so in total there were 3375 x 6 = 20250 classes. From each of 
these classes two data-combinations of measurements were randomly selected 
and put into the calibration set. To prevent artefacts caused by different 
amounts of measurement available for each site, the subsets of each site were 
made of the same size by random draws from the first calibration set. After this 
there were 248 point measurements for Lh and 238 point measurements for 
C0 2 for each site in the calibration sets. In total the Lh-flux calibration set con
sisted of 1488 data-points and the C02-flux calibration set consisted of 1428 
data-points. The other data-points (for C0 2 4348 and for Lh 6960) were placed 
in the validation set. Data of each site were therefore in both the calibration 
and in the validation set. The values of the input variables were scaled between 
zero and one. 

A three layer backpropagation neural network was used within Neural Net
work Toolbox 2.0 of Matlab 4.0, (Demuth and Beale, 1995). The optimisation 
method applied in the calibration phase was the Levenberg-Marquardt method. 
The total sum of squared errors (SSE) between measured and modelled values 
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was minimised by tuning the artificial neural network parameters (e.g. scaling 
factors and inter-neurone connection weights). The number of epochs used in 
the optimisation was 75 and for each model fifty initialisations were tested. The 
transfer function for the hidden node layer was the sigmoidal function: 

yf{M) = \ + e-
2*u~l (1) 

The other transfer functions available in the software package gave the same 
(other sigmoidal transformations) or much worse (other linear transformations) 
results (more details can be found in the Appendix). 

The results of different input variable combinations were evaluated using the 
independent validation set. As measures of the goodness of fit the normalised 
root mean square error (NRMSE) and the explained variance (R2) were used. 
The NRMSE corrects for the size of the data set and for the mean value of the 
modelled variable (Janssen and Heuberger, 1995). 

Besides physical driving variables like Rg, T and VPD, also variables like 
'Day of Year' [DoY] and 'Time of Day' [TofD] were tested. TofD was expressed 
in digital time and corrected for each site so that on cloudless days the maxi
mum global radiation value was at 12.00h. TofD was used in two ways in the 
input variable analysis because of the high correlation between the daily pattern 
of Rg and TofD. First it was used as an input variable together with Rg, T, VPD 
etcetera, but it was also used as a variable to analyse the possibilities to improve 
;he results of neural networks using purely physical driving variables. This was 
done by taking the best simulation results ('B.S.') achieved with physical driving 
variables together with TofD as input for the network. In this way we prevented 
he neural network using TofD as the main driving force for the daily pattern of 

ecosystem fluxes and Rg only as an offset variable to determine the height of 
this daily pattern. It was important to be careful with just adding input variables 
because correlations between the variables could lead to unintended side effects 
in the responses that the network found. 

Variables like soil temperature and soil water content, which influence soil 
respiration rates (Freijer et al., 1996), and leaf N-content, which influences leaf 
maintenance respiration (Barnes et al., 1997), were not available for all sites. To 
simulate the variability of soil temperature compared to air temperature (more 
damped and with a short time lag) also the mean air temperature of two hours 
preceding the current value was used as input. These calculations were made on 
a smaller dataset because data could only be used when the air temperature of 
the two hours preceding a C02-flux measurement were available. N-content of 
leaves is strongly correlated to leaf area index (Williams et al., 1997), so extra 
addition of this variable was nol expected to improve the performance of the 
neural networks very much. 

The results of neural networks modelling Lh-fluxes were compared to the 
Makkink model, which is a model predicting transpiration when there is no wa
terstress. For each site the empirical plant factor was calibrated: 
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Lh = fx 
S 

0.65 x • - x Rg 
S + y (2) 

in which: 

Lh = latent heat flux [ W m 2 ] 
f = empirical plant factor [ - ] 
S = derivative of saturated vapour pressure-temperature curve [hPa K-1] 
y = psychometric constant [ hPa K"1 ] 
Rg = global radiation [ W m "2 ] 

Independent predictions were made for sites not included in the calibration sets 
as a more thorough test of the water and carbon responses optimised by the 
neural networks. This was done with the Jack Knife method: calibrating the neu
ral networks on only five of the six forest sites and predicting the sixth not in
cluded forest site. The carbon fluxes of only four sites could be predicted be
cause of the importance of the variable 'Leaf Area Index' [LAI]. The extreme 
values of LAI of Flakaliden and Weiden Brunnen (lowest and highest value) 
were not predicted, because these values were clearly outside the interval of LAI 
values of the other five sites on which the networks were calibrated. The predic
tion of carbon fluxes of Flakaliden and Weiden Brunnen would therefore be an 
extrapolation for which the neural network technique is not suited (Huntingford 
and Cox, 1997). 

RESULTS AND DISCUSSION 

Model selection 

The validation results of the most important input-variable combinations are 
shown in Table 2. The optimal construction for most neural networks was the 
use of 3 hidden neurones, except for models 9 and 10 where only 2 hidden 
neurones were necessaiy. Increasing the number of neurones did not improve 
the model fit of Lh-fluxes (see model 5b and 5c), and only led to a minimal im
provement in model fit of C02-fluxes (see models 3b and 3c). Because of the 
low variability of LAI (only six different values) it was extremely important to 
keep the number of hidden neurones as low as possible, otherwise the neural 
network would use LAI as a kind of individual site index, without using it as a 
real quantitative variable. With two hidden neurones model performance in 
simulating Lh-fluxes and C02-fluxes the model error increased considerably (see 
models 5a and 3a). Increasing the number of iterations of the calibration period 
(the number of epochs) did not improve the model fit. The selection of calibra
tion data over the full experimental validity range used in this article precluded 
the problems of over-fitting reported by Schaap and Bouten (1996) 
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Table 2: Model misfits (NRMSE) of neural networks using different sets of input variables, 
explained variance between brackets 

Model Number 
of hid

den 
nodes 

Input-variables Lh-flux C02-flux 

1 3 R g & T 0.58 (0.79) 0.77 (0.66) 
2 3 Rg & T & LAI 0.57 (0.80) 0.73 (0.67) 
3a 2 Rg & T & VPD & LAI 0.58 (0.78) 0.76 (0.65) 
3b 3 Rg & T & VPD & LAI 0.56 (0.80) 0.71 (0.68) 
3c 4 Rg & T & VPD & LAI 0.56 (0.80) 0.70 (0.68) 
4 3 Rg & VPD & LAI 0.56 (0.79) 0.73 (0.67) 

5a 2 Rg & T & VPD 0.58 (0.78) 0.77 (0.63) 
5b 3 Rg & T & VPD 0.56 (0.80) 0.75 (0.64) 
5c 3 Rg & T & VPD 0.56 (0.80) 0.75 (0.64) 
6 3 Rg & T & VPD & Wind 0.56 (0.80) 0.75 (0.65) 
7 3 Rg & T & VPD & TofD 0.56 (0.80) 0.73 (0.67) 
8 3 Rg & T & VPD & LAI & TofD 0.52 (0.83) 0.69 (0.70) 
9 2 Best Simulation (Rg & T & VPD) & 

TofdD 
0.53 (0.82) 0.73 (0.67) 

10 2 Best Simulation (Rg & T & VPD & 
LAI) & TofD 

0.53 (0.82) 0.68 (0.71) 

11 3 Rg & T & VPD & LAI & DayNr - 0.75 (0.65) 

and Huntingford and Cox (1997). Both studies used much smaller calibration 
sets and did not classify the data. 

The error-values with TofD as an extra input variable (models 7 and 8) were 
not lower than when TofD was used as a model mismatch factor (models 9 and 
10). Lh model 9 had even a lower model error than Lh model 7, which used 
TofD as an extra input variable. As TofD did not improve modelling results 
when it was used as an extra input variable, the responses of the different physi
cal driving variables were not dependent on the values of TofD; there were no 
interaction effects between TofD and the other input variables. 

Most striking was that the variable LAI did not improve modelling results of 
the Lh-flux neural networks. This indicates that many feedback mechanisms are 
present in the process of transpiration (e.g. radiation interception, VPD effects, 
forest floor evaporation), resulting in no net LAI-effect in this interval of input 
values (2.4 - 6.5 m2 m2). The other input variables that were used for modelling 
C02-fluxes did not improve model performance. Soil temperature (at 5 cm 
depth) was available for two sites (Weiden Brunnen and Vielsalm). Modelling 
these sites individually adding the variable 'soil temperature' (ST) led to slight 
decrease in model misfit for the Vielsalm data (NRMSE 0.41 versus 0.40), but 
no increase in fit was found for the Weiden Brunnen site. The mean value of air 
temperatures of the two hours preceding the current value led to a decrease in 
model error for the Vielsalm site individually (NRMSE 0.38), but when applied 
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to the total dataset adding this variable did not lead to an increase of model fit 
(both NRMSE 0.70). 

The neural network models to be analysed further are Lh-flux model 9 with 
input {B.S.(Rg, T, VPD) & TofD} and C02-flux model 10 with input {B.S.(Rg, 
T, VPD, LAI) & TofD}. These models were chosen instead of the models with 
'TofD' as an extra input variables to prevent model artefacts due to highly corre
lated input variables. 

Model performance 
The performances for the different sites of the selected neural network models 
are given for Lh-fluxes in Table 3a and for C02-fluxes in Table 3b. The results 
of networks with the same input variables calibrated on the individual sites are 
also given. Networks calibrated on all data of the individual sites were defined 
as the best possible models with these input variables. For Lh-fluxes results of 
the Makkink model are also presented. 

Results in Table 3 showed that for both Lh and C02-fluxes the neural net
works calibrated on all sites found a mean ecosystem response to the driving 
variables. The sequence of fit values was the same for the total model and for 
the individual fitted models. The NRMSE values for the total model were always 
slightly higher than the individual fitted networks. This was no surprise because 
the latter were calibrated on site specific data. The results showed that the 'total' 
neural networks did not fit a few sites very well and the other badly, which 
would be the case if the different forest ecosystems did not react to the same ex
tend to the driving variables. 

Adding the variable TofD in modelling C02-fluxes led to an increase in 
model misfit of the sites Flakaliden and Weiden Brunnen. This was probably 
caused by the very specific TofD response of these sites individually for C02-
fluxes (see Figure 6 and below when explaining the response curves). When 
modelling Lh-fluxes adding the variable TofD led to a slight decrease in misfit 
for all sites. 

A typical value for the measurement error of eddy covariance measurements 
of Lh-fluxes is about 5%, which results in a standard deviation of about 18 W 
nv2 (Bosveld and Bouten, 1992). One can estimate the possibilities of model 
improvement by calculating the errors of model minus measurements, ex
pressed in variance or standard deviation, and comparing them with the meas
urement error according to: 

error (measurements - model) ~ error (model) + error (measurements) (3) 

The measurement minus model error of the total dataset expressed in standard 
deviation was for Lh model number 9 23.3 Wrrf2. The standard deviation of the 
results of the Vielsalm site, for which the neural networks had the highest per
formance, was 20.2 Wm'2. According to these results and this estimate of the 
measurement error the possibilities for improving of the neural network results 
for modelling Lh-fluxes seem small. 
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The performance results of modelling Lh-fluxes and C02-fluxes could not be 
compared in an easy way. The higher values of NRMSE for C02-fluxes were 
partly due to the fact that negative and positive values of this variable led to a 
small value of the mean, so that the fit error expressed as a relative value of the 
mean would be higher than for Lh-fluxes. 

Graphically the performance of model 9 for Lh-fluxes and model 10 for 
C02-fluxes are shown in Figure 1 and Figure 2. Regression lines we calculated 
with the modelled values on the x-axis and measured values on the y-axis 
(Janssen and Heuberger, 1995). Negative C02-flux values were net carbon up
take by the forests and positive values were net carbon release (respiration). 
The Tharandt site had both for Lh and C02-fluxes the lowest performance. As 
the individual calibrated networks had also clearly lower performances than the 
other sites (see Table 3), the high misfit values of Tharandt were probably not 
caused by different responses of the Lh and C02-fluxes to Rg, T and VPD. 

For Lh-fluxes a systematic underestimation of the high values of the meas
ured Lh-fluxes was visible. For the C02-fluxes an overestimation of the low 
negative daytime carbon fluxes was calculated, whereas the high night-time 
fluxes were underestimated. Also a limit is visible in the simulated values, for 
CGyfluxes both at the upper and lower levels of the modelled values whereas 
for Lh-fluxes the border is only visible at the high levels of the modelled values. 

This systematic misfit could be due to several causes. Huntingford and Cox 
(1997) had the same kind of systematic misfit in modelling canopy conduc
tance, and they mention a number of possible explanations like non-constant 
aerodynamic conductance, missing inter-annual variability, failure to capture 
non-linearity in responses and missing input that varies on a timescale longer 
than one day and shorter than one year. Not mentioned are possible artefacts 
due to the transfer function used in the neural network. The shape of these scat
ter plots is for the CGyfluxes very similar to the shape of the sigmoidal transfer 
function. If the upper and lower values of the validation data are not defined by 
unique values of the input variables it could be that in the optimisation proce
dure followed it is preferable for the network to fit the abundant values close to 
the mean very well and the extreme and less abundant values less well. The rea
son that the systematic error is seen at both ends for C02-fluxes and only at the 
higher values for Lh-fluxes, is probably that for Lh-fluxes the lower boundary is 
well defined (if there is no global radiation there will be almost no évapotranspi
ration), whereas for the C02-fluxes both the upper and lower boundary are not 
very well defined by any value of an input variable. Another explanation could 
be the measurement error, which is relatively high for the eddy correlation 
measurement technique compared to variables like temperature, radiation and 
vapour pressure deficit. Model uncertainty is in such a case small compared to 
measurement uncertainty. The highest peak measurement values can be caused 
by measurement-errors: they are noise effects. Because they are not character
ised by unique sets of input variables, they wiil be systematically underestimated 
by the model. 
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Figure 1: Measured versus simulated Lh-fluxesfor the individual sites 
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Response curves 
Responses of artificial neural networks can be evaluated by varying one single 
input while keeping other inputs at their mean value. These results should be 
interpreted with care, as the reference value of one variable can influence the 
response curve of another (Huntingford and Cox, 1997). To evaluate interac
tion effects in the networks presented here, two inputs were varied together, 
while the others are set to their mean value. The most interesting response sur
faces are shown in Figure 3 for Lh-fluxes and in Figure 4 for C02-fluxes. All the 
results presented in Figure 3 and 4 have to be interpreted with care, for extreme 
values of the graphs are in most cases extrapolations, although the amount of 
these was kept as low as possible. The values of the inputs that were varied were 
also constrained by the values of the constant inputs. If one used for example a 
constant VPD input of 15 hPa, temperature values below 5 °C would be an ex
trapolation of the neural network responses, as these combinations of input val
ues were not present in the dataset. 

A VPD = 10 hPa B T = 15 °C 

500 1000 
Global Radiation [W m -] 

C Rg = 750 W m 2 
D 

500 
Global Radiation [ W m 2 ] 

0.5 
Tune of Day [-] 

Figure 3: 
WnT2) 

Temperature [°C] 

The response curves of Lh-flux neural networks (grey-tones are Lh-flux values in 
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The response surfaces of the Lh model were not very surprising. Transpiration 
increased with radiation and temperature. Above an optimum value of T 
(around 18 °C) transpiration decreased (Figure 3A), probably caused by a cou
pled negative effect of high temperature and vapour pressure deficit values on 
the stomatal conductance. In Figure 3D the influence of adding the variable 
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TofD are shown. Best Simulations of Lh-fluxes were decreased in the morning 
and in the afternoon, whereas values at noon were increased. Figure 4A and 4B 
show different day and night-time effects of T and LAI on modelled C02-fluxes. 
As the results of Figure 4B were calculated with a global radiation of 0 W m 2 as 
input, this response surface can be interpreted as the night-time respiration 
curves of the neural network model. No simple interprétable results followed 
from these responses. The network seemed to find a kind of optimum curve for 
the net-ecosystem carbon uptake at LAI 5 m2 m"2, which was the value for Tha-
randt. This optimum however was dependent of VPD (Figure 4D). When a 
value of 20 hPa instead of 10 hPa was used, the highest net ecosystem ex
change was at LAI 6.5 m2 m"2, which was the value of Weiden Brunnen. How
ever, the value of 20 hPa could not be used for this response curve fitting, be
cause this value never occured at the sites of Flakaliden and Hyytiala, and 
therefore would mean an extrapolation of the network responses for which the 
method is not fit (Huntingford and Cox, 1997). Different from the daytime car
bon fluxes the respiration response for LAI showed over-fitting: the variability of 
LAI was too low. The model found a minimum for respiration at LAI 5 m2 m"2. 
To have an reliable respiration versus LAI relation, more sites should be in
cluded or data of a longer period of the individual sites, when the LAI is varying, 
should be used. The LAI-response of the neural network was also be tested by 
predicting independent datasets (see below). In this way the validity, reliability 
and applicability of this response could be verified. 

The response curves of TofD were interesting. Opposite to Huntingford & 
Cox (1997) we found clear optimum curves both for Lh-fluxes as for C02-fluxes 
(see Figure 3D, Figure 4F and for the individual sites Figures 5 and 6). The re
sponse curves plotted for the individual sites in Figures 5 (Lh) and 6 (C02) had 
a maximum around noon, except for Weiden Brunnen where both the Lh and 
the C02-fluxes show a time shift towards the afternoon. This TofD effect could 
be due to changes in the fraction of sunlit leafs. At low solar elevation there is 
more shadowing between the trees, and at high elevations (at noon) radiation 
can reach much more deeply into the canopy and can also reach the lowest leaf 
levels (Green and McNaughton, 1997). The effect was not measured in Rg be
cause radiation measurements were done above the forest canopy. This effect 
can lead to an overestimation of solar radiation effectiveness for the forest at low 
solar elevations and an underestimation of solar radiation effectiveness at high 
solar elevations by the neural network. This effect will be compensated by the 
variable TofD. The same effect can be achieved by introducing for each site the 
calculated solar height. The effect will be damped by cloudy days, when solar 
penetration into the canopy is less dependent on solar height. 

The time-shift of the Weiden Brunnen site could be explained by the fact 
that the forest site of Weiden Brunnen is located on a hill slope (though not very 
steep, only ten to fifteen degrees) with an exposition towards the south-west. 
This means that the sun will reach the highest point, from forest viewpoint, in 
the afternoon. 
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The differences between the other sites in their reaction to TofD could not be 
explained simply. You would, for example, expect the TofD effect to be more 
pronounced in forests with high LAI. This was not clearly visible in the Figures. 
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Prediction 
Results of independent model predictions are given in Table 4a and 4b. The 
predictions of Lh-fluxes were very satisfying and in all cases better (expressed in 
'NRMSE' ) than the results of the individually calibrated Makkink model (see Ta
ble 3a). The estimates of transpiration sums were also reliable, considering the 
fact that it was a totally independent prediction. The reliability of the simulated 
transpiration and carbon exchange sums was an important test for the derived 
artificial neural networks. Because of the high calculation speed of the networks, 
once the calibration is completed, the networks can be applied as input for re
gional models of carbon and water cycling. 

The results of the C02-fluxes were less well than the results of the Lh-fluxes. 
This was due to the importance of LAI, of which the variability was so small that 
the networks tend to over-fit the relation between C02-fluxes and LAI. On the 
other hand, also these results can be considered satisfying as a first approxima
tion of the carbon balances of the different coniferous forests. Striking was the 
difference between Hyytiala and the three other sites. Only the Hyytiala sum of 
C02-fluxes was overestimated by the neural network, probably caused by the 
over-fitted LAI response. 

Applicability of neural network models in data analysis 
The neural networks derived in this article are black box models with no 
conceptual mechanisms behind. Therefore they are only communicable by 
giving the network used and the derived parameters. This is done in the 
appendix. The neural network models presented are mathematical 
representations of mean responses of coniferous forests' water and carbon 
exchange to different driving variables. As the neural network technique is an 
empirical method (Huntingford and Cox, 1997; Kosko, 1992) the models given 
should not be applied to situations outside the maximum values of the variables. 

Neural networks are very powerful tools to extract information from datasets. 
Here neural networks are used to evaluate the general behaviour of different 
coniferous forests. Especially the results of independent flux predictions show 
that satisfying results can be obtained by distracting general behaviour of forests. 
This method can be applied to all kinds of ecological processes, if enough data 
are available for this top-down analysis. For these kinds of applications the 
model free estimations of neural networks are an advantage of the method be
cause there is no pre-defined constraint to the solution that the neural network 
will find, as in other methods. The disadvantage of a black box method, no clear 
insight in what the neural network did learn, can be overcome by applying other 
analysing techniques like fuzzy logic (Kosko, 1992). 

CONCLUSIONS 

Both instantaneous water and carbon fluxes could be modelled with artificial 
neural networks without physiological or site specific information. The variables 
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that were needed for modelling the évapotranspiration were global radiation, 
temperature, vapour pressure deficit and time of the day. The explained vari
ances of this model for the individual sites were between 0.63 and 0.87 
(NRMSE-values were between 0.47 and 0.83). The four input variables of the 
Lh-flux model together with leaf area index were needed for modelling C02-
fluxes. The explained variances of the carbon flux model for the individual sites 
were between 0.57 and 0.78 (NRMSE-values were between 0.44 and 1.13). In
dependent validations of the individual sites showed that the neural networks 
found mean ecosystem responses valid for all sites. For all sites neural network 
predictions of water fluxes were better than those of the site specific calibrated 
one parameter model Makkink. The LAI effect of the neural network describing 
C02-fluxes was probably over-fitted because of the low variability of this input. 
Independent predictions of the C02-fluxes, however, showed that the LAI effect 
was reliable and that the neural network model can be used as first estimate of 
the net ecosystem carbon exchange. 

The variable Time of Day' was used in this study as a model mismatch fac
tor, by using the best simulations achieved with the physical driving variables 
global radiation, temperature, vapour pressure deficit and leaf area index to
gether with 'TofD' as input for the neural networks. The results showed a clear 
optimum curve for 'TofD' with a maximum around noon. This effect was 
probably due to changes in the fraction of sunlit leaves. At high sun elevations 
radiation can penetrate deeper into the canopy. This explanation was supported 
by the time-shift of the maximum of the optimum curve for both Lh and C02-
fluxes of the Weiden Brunnen site, a site located on a slope with south-west ex
position. 
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APPENDIX: ARTIFICIAL NEURAL NETWORK MODEL PARAMETERS 

As neural networks are no conceptual models that are communicable, we give here 
the derived empirical parameters with a short description of the network architec
ture. 

Network architecture 
First all values of input x are scaled between zero and one using the formula: 

max(x) - value(x) 
input(x) = 1 — — — (Al) 

max(x) - min(x) 
These input values (I) are multiplied with the first connection matrix, A1; which con
tains the connections between the input nodes and the second, hidden, node layer 
(X): 

X = A1»I (A2) 
The number of input nodes determines the number or columns of the matrix, the 
number of hidden nodes determines the number of rows of the matrix. A neural 
network with three input variables and five hidden nodes therefore has a first con
nection matrix with five rows and three columns, containing 15 connection values. 

After multiplication of the input values with the first connection matrix the 
values of the hidden nodes are known. These values are scaled after adding an off
set parameter vector (A2): 

Ü = X + A2 (A3) 

m(M) = —^jr-i (A4) 
l + e 

With the above mentioned network with five hidden nodes, this gives another five 
parameters (for each hidden node one offset parameter). 
These scaled values are then multiplied with the connection matrix (A3), containing 
the connections between the hidden nodes and the output node. 

0=A,*HN (A5) 
In the case of five hidden nodes and one output node this will also give another five 
parameters. After this multiplication another offset parameter is added to this output 
node value. This final value is the definitive neural network output value (OV): 

OV = 0+A4 (A6) 

Parameter values 
The parameter values of four models are given here (see Table 2): for Lh-fluxes 
models 5 and 9, and for C02-fluxes models 3 and 10. 

Lh-fluxes model 5: 
Scaling parameters 
max(Rg): 929.0 Wm"2 min (Rg): -4.0 Wm2 [input node 1] 
max (T): 27.97 °C min (T): -4.2 °C [input node 2] 
max(VPD): 23.3 hPa min (VPD): 0.0 hPa [input node 3] 
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A = 

0.54 2.58 -2.32 

-3.96 1.72 1.13 

-0.59 3.83 -5.38 

A3 = [ -132 .0 62.0 82.l] 

A = 

AA 

-0.06 

2.75 

2.73 

[-18.0] 

Lh-ßuxes model 9: 
Scaling parameters: 
max(B.S.): 176.9 Wm2 

max (TofD): 1.0 [-] 
min(B.S.): -7.1 Wm2 

min (TofD): 0.0 [-] 
[input node 1] 
[input node 2] 

,1 
- 0.25 2.42" 

0.78 2.78 

^ , = [195.94 -180.34] 

C02-fluxes model 3: 
max (Rg): 929.0 Wrn2 

max (T): 27.97 °C 
max (VPD): 23.3 hPa 
max (LAI): 6.5 m2 m'2 

A2 

AA 

- 0.69 

1.96 

-10.5] 

min (Rg): -4.0 Wm2 [input node 1] 
min(T): -4.2 °C [input node 2] 
min (VPD): 0.0 hPa [input node 3] 
min (LAI): 2.41 m2 m'2 [input node 4] 

1.02 2.52 -3.24 -3.49 2.42 

A = -0.94 -2.22 2.93 3.72 A2 = -2.56 

-2.88 1.12 -1.02 0.11 
_ 

_ 3.96 

A,- 81.67 81.23 -43.43] A4 = 34.40] 

C02-ßuxes model 10: 
max(B.S.): 7.7^molm^s4 min (B.S.): -20.6 Wm2 [input node 1] 
max (TofD): 1.0 [-] min (TofD): 0.0 [-] [input node 2] 

2.91 
A7 = A 

0.06 -2 .58 

0.07 -1.84 

A3 = [- 73.96 65.35] 

2.14 

[12.39] 

36 



2.2 ANALYSING LATENT HEAT FLUXES OF CONIFEROUS FORESTS 
WITH FUZZY L O G I C 1 

ABSTRACT 

Fuzzy logic (FL) was applied to simulate latent heat fluxes of six coniferous 
forests. Goal was to test the application possibilities of fuzzy logic and to 
evaluate the information that could be derived from it. The data set con
sisted of five forests of the Euroflux project and a set of the Douglas-fir forest 
in Speuld, one year before and one year after a thinning. A set of models 
was compared regarding their performance and interpretability: a general 
FL-model, FL-models for the two years of Speuld, and a forest-growth 
model parameterised for Douglas-fir. The performance of the FL-models 
was close to optimal. The rules of the FL-models made objective model 
comparison possible, and showed a change in the sensitivity to vapour pres
sure deficit of Speuld. Fuzzy logic showed to be a very promising method 
for top down modelling of forest gas exchange, systematic model evaluation 
and model simplification. 

INTRODUCTION 

Fuzzy logic is a promising method for modelling ecological processes in which 
data availability is low, processes are working at different time and spatial scales, 
and only uncertain knowledge is available (Bardossy, 1996; Zimmermann, 
1996). Fuzzy logic gives the opportunity to incorporate expert knowledge into 
standard mathematical models (Droesen, 1996), and can also give much faster 
model calculations than traditional model formulations (Bardossy, 1996). 

Until now, fuzzy logic was not applied to modelling instantaneous forest gas 
exchange. Recently developed models use detailed physiological knowledge 
about photosynthetic and stomatal responses at leaf level, and scale these up to 
canopy level with elaborate models for radiation interception (see for example 
Falge et al. (1997); Wang and Jarvis (1990); Williams et al. (1996)). With these 
detailed models both water and carbon fluxes are predicted. For évapotranspi
ration only, a widely used approach is the combination of the Penman-Monteith 
equation with the Jarvis-Stewart canopy conductance model (Jarvis, 1976; 
Stewart, 1988). This latter approach, and also models that use simplified ver
sions of elaborate bottom-up models, are constructed from the 'single bigleaf' 
concept, which considers a forest canopy as a giant leaf for which the same in
fluencing variables and responses exist as for a 'normal' leaf (Lloyd et al., 1995). 

Published by M.T. van Wijk and W. Bouten in Water Resources Research 36 (7): 1865 - 1872. 
© American Geophysical Union 

37 



In an earlier article (Van Wijk and Bouten, 1999) artificial neural networks were 
applied to extract general behaviour of a range of coniferous forests when mod
elling instantaneous gas exchange. Results showed that latent heat and carbon 
fluxes of different sites can be modelled without detailed physiological or site 
specific information. A disadvantage of the neural network technique is that the 
derived models are black boxes: the responses they learn cannot be represented 
in an easily interprétable model concept or in simple mathematical formulas 
(Huntingford and Cox, 1997; Schaap and Bouten, 1996). 

Kosko (1992) shows that fuzzy logic can be used to derive interprétable 
model concepts, rules and parameters in a similar approach as with artificial 
neural networks: by learning input and output combinations, not the scaling 
constants and connection weights between neurons are adjusted, but fuzzy logic 
rules and class memberships are optimised. Fuzzy logic applied in this way is an 
empirical model derivation, with model-free function estimation, but with the 
advantage of model and parameter interpretability. The model performance, on 
the other hand, will be poorer than the performance of a neural network 
(Kosko, 1992). 

In this study, fuzzy logic was tested by applying it to a data set of latent heat 
fluxes of six different forests. The aim of this paper is to report the results of test
ing the application possibilities of fuzzy logic, and to evaluate what kind of 
knowledge and information could be gained by applying this relatively new 
technique to the modelling of ecosystem fluxes. The performance of fuzzy logic 
models was compared with results of artificial neural networks. The interpretabil
ity of the derived rules and parameters was evaluated by defining fuzzy logic 
models for Speuld individually, before and after a thinning took place. In this 
way changes in forest transpiration responses caused by the thinning were in
corporated into model rules and optimised parameters. For the Speuld forest 
also the deterministic forest growth model FORGRO was parameterised and 
tested (Van Wijk et al., 1999). The results of the different fuzzy logic models 
were compared to those of the FORGRO model. 

METHOD 

Data 
The data consisted of two separately obtained data sets. The first data subset 
was a Euroflux (Tenhunen et al., 1998) data set as described in Van Wijk and 
Bouten (1999), only with one site less. Data of latent heat (Lh) fluxes of five co
niferous forests in North-western Europe were used. The fluxes and the mete
orological data were supplied on a half hourly basis, all made with identical 
equipment. The meteorological variables were measured just above the forest 
canopies. The second subset consisted of measurements performed in 1995 and 
1996 at the Speuld forest, the Netherlands, by the Royal Meteorological Insti
tute, De Bilt. The measurements, the equipment used and the data processing 
methods are described extensively in Bosveld (1997) and Kohsiek (1991). 
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Table 1: Information about the different forest sites 

Site Country Geographical 
Co-ordinates 

Species Age 
[yr] 

LAI 

Hyytiala Finland 61°51 'N24°17 'E P. sylvestris 34 3.9 
Loobos Netherlands 52°10' N 05°44' E P. sylvestris 100 3.0 
Speuld Netherlands 52 o 01 'N05°40 'E Ps. menz. 40 9.0 
Tharandt Germany 50°58' N 13°38' E P. abies 106 5.0 
Vielsalm Belgium 50°18' N 06°00' E Ps. menz. 60-90 4.2 
Weiden Germany 5 0 ° 0 9 - N l l ° 5 2 - E P. abies 44 6.5 
Brunnen 

In the winter of 1995-1996 the stand was thinned; one third of the trees was cut. 
The measurements of 1996 were performed identically to measurements in 
1995. All flux and meteorological measurements were performed on a half 
hourly basis. Also here the meteorological variables used for the modelling exer
cise were measured above the canopy. 

Information of the sites is given in Table 1. All selected data were between 
day of year 150 and 250. All data in periods with soil water stress were removed 
from the data set. Measurements within 24 hours after a rain event were re
moved from the data set to model real ecosystem transpiration and not also in
terception evaporation. A longer time period after a rain event was not possible, 
because not enough data would remain in the definitive data set. 

A calibration set was constructed to train the fuzzy logic model. For this cali
bration set the data from the five Euroflux sites and Speuld 1995 were used. 
Speuld 1996 was not used for training because it was the only set of a thinned 
forest. In order to obtain a calibration set with high variability in the explaining 
variables the same classification method as in Van Wijk and Bouten (1999) was 
applied. For each site 300 point measurements were selected, so in total the Lh-
flux calibration set consisted of 1800 data points. The other data points were 
used as the validation set. 

Description of Fuzzy logic 
Fuzzy logic is a mathematical tool that enables the representation of human de
cision and evaluation processes in algorithmic form. Fuzzy logic gives the possi
bility to model linguistic uncertainty by relating quantitative data to human logic 
expressions, like 'tall men', 'hot days', etceteras. These categories can then be 
used for (complex) evaluations, like in human reasoning (Altrock, 1995; Kosko, 
1992; Zimmermann, 1996). 

A fuzzy logic model can be split up into three steps. In the first step, 'normal' 
quantitative data are translated into one or more linguistic classes. For example, 
if the fuzzy logic model input consists of one variable, for instance global radia
tion, the value of this variable is translated into the membership values of the 
defined classes. This membership value is a quantification of how strong a 
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1000 

•2n Radiation [W m" ] 

Figure 1: Membership functions of global radiation classes 

certain value of a variable belongs to a certain class. See Figure 1: if the meas
ured radiation is 400 W nr2, this value can then translated into a membership of 
the class 'Radiation is Low-Middle' of 0.25, and into a membership 'Radiation is 
Middle-High' of 0.75. The radiation value 400 W m"2 therefore is more typical 
for the class 'Middle-High' than for the class 'Low-Middle'. The relations between 
the values of the different variables and the memberships of the different classes 
are the so-called membership functions. The type of membership functions rep
resented in Figure 1 is the 'triangular membership function'. The parameter val
ues defining the zero and maximum values of the triangular membership func
tions are called the class-parameters. The step of translating values of a certain 
variable into class-memberships is called the 'fuzzification' step. 

These calculated class memberships are then the input for the second step, 
the real model that consists of the fuzzy logic rules. In this example the rules can 
be: 

IF 'Radiation is Low' THEN 
IF 'Radiation is Low-Middle' THEN 
IF 'Radiation is Middle-High' THEN 
IF 'Radiation is High' THEN 

'Transpiration is Low' 
'Transpiration is Middle' 
'Transpiration is High' 
'Transpiration is High' 

The outcome of this model will be with the input membership 'Radiation is 
Low-Middle' = 0.25 and membership 'Radiation is Middle-High' = 0.75, mem
bership 'Transpiration is Middle' = 0.25 and membership 'Transpiration is 
High' = 0.75. 

The third step is the so-called 'defuzzification' step, in which the member
ships of the different classes of the output variables are translated into 'normal' 
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quantitative data. These quantitative data are then the definitive output of the 
fuzzy logic model. 

Both the fuzzification as the defuzzification step is dependent on the so-called 
membership functions and the class parameters. A large amount of different 
concepts of fuzzy logic exist (Altrock. 1995: Zimmermann, 1996). Various 
shapes of membership functions and mathematical fuzzification and defuzzifica
tion methods are applied. Here the most simple and most commonly used 
method of fuzzy logic is applied. As membership functions of the fuzzy sets stan
dard membership functions (Z-type, Lambda-type and S-type, also called the 
triangular membership functions) are used (Altrock. 1995). In Figure 1 the 
membership functions of the global radiation fuzzy sets are given as an example. 

In this study, each membership function is described by a single parameter. 
Traditionally, the triangular membership functions are described by three pa
rameters: zero membership, maximum membership and again zero member
ship. As we assumed the two zero membership values to be the maximum val
ues of the adjacent classes, each membership function could be represented 
with only one parameter, the maximum membership value. These typical pa
rameters will be called the class-parameters in this paper. In this approach the 
memberships of the different classes could never exceed the value one. 

As defuzzification method the center of maximum (Altrock, 1995) or also 
called fuzzy centroid defuzzification (Kosko, 1992) is used: 

YA--P w 

7=1 

where y; is the typical value of class j of variable A and mA(yj) is the membership 
value for class j 

In this defuzzification method the memberships of all classes are multiplied 
with the typical values of the different classes, the results are summed and di
vided by the sum of all memberships. If the membership "Latent heat flux is 
Middle' is 0.25 and membership 'Latent Heat Flux is High' is 0.75, and the 
typical values for the Latent Heat Flux classes are for the class 'Middle' 100 
WnV2 and for the class 'High' 200 Wm"2 the defuzzification step becomes: 

„ _ 0.25*100 + 0.75*200 .2 

LatentHeatFlux = - - = 175 Wm 
0.25 + 0.75 

To be able to simulate fuzzy logic rules consisting of more than one input-
variable we used the so-called Zadeh-operators. An example of a rule with more 
than one input is: 
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{IF'Radiation is High'} AND {IF'Temperature is Middle-High'} 
THEN 

'Latent Heat Flux is High' 

The Zadeh-operators are (Altrock, 1995; Kosko, 1992; Zimmermann, 1996): 

A N D : ßA.ß=mm{jUA,jUB} 

OR: flA„B=max{/lA,filB} 

NOT: fl_A=\-ßA 

in which 'ß is the membership value of the classes A and B, and '-,' is the logi
cal 'NOT'. These are the classical T-norms and conorms for the AND, OR and 
NOT logical operators. Also here a great number of other methods exist, for ex
ample multiplicative-additive formulas (Zimmermann, 1996), but we chose, as a 
first test, the classical Zadeh-operators. 

Derivation of fuzzy logic models and parameter optimisation 
The model rules were calculated similar to Kosko (1992). First an initial guess of 
the different class-parameters was made. This was done with the results of the 
neural network analysis (Van Wijk and Bouten, 1999). These results showed 
that the important driving variables for modelling Lh-fluxes were global radia
tion, temperature and vapour pressure deficit (VPD). These variables were used 
as input variables for the fuzzy logic models. The variable time of day which also 
showed to be an influencing variable (Van Wijk and Bouten, 1999) was not 
used in the fuzzy logic analysis, because it only showed a fine-tuning effect. 
Fuzzy logic, as we applied it, can only represent rather large effects, and the 
fine-tuning effect of time of the day could not be represented in a low number of 
fuzzy rules. Therefore, only the three mentioned physical driving variables are 
used here. 

The values of these variables were divided into four classes (low. middle-low, 
middle-high. high). The number of four classes showed to be the best configura
tion to represent the responses of Lh-fluxes in relation to the different variables. 
To obtain a high sensitivity in the relation between input and output classes the 
Lh-flux values were divided into five classes. So in total there were 3 times 4 
plus 5 is 17 parameters, as each class is represented with one class-parameter. 
The initial guesses for the different class-parameters are shown in Table 2. 

The model rules were derived by grouping the data into the different class-
combinations of the three input variables. For each input class-combination the 
number of occurrences of a certain output class of Lh-flux was calculated. The 
Lh-class that was calculated most often for each input class-combination was 
then defined as the model rule. So for example, for the class combination 
"global radiation High', 'temperature Middle-High' and 'vapour pressure deficit 
Middle-High' the most often Lh-class calculated was 'Lh-flux High'. All class-
combination were filled with one Lh-flux class. 
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After derivation of the model rules the class parameter values were optimised. 
Because of the high number of 17 parameters and the interdependence of input 
and output parameters, resulting in a complex parameter space in which tradi
tional algorithms for parameter optimisation are unlikely to find the best possible 
solution, we used genetic algorithms for the parameter optimisation (Gallagher 
and Sambridge, 1994). 

Genetic algorithms are optimisation search methods inspired by the natural 
process of evolution. The main idea of genetic algorithms is to evolve the best 
possible solution from random elements using the basic components of the na
ture's evolutionary method: encoding of organisms as genetic (DNA) data struc
tures, recombination, mutation and persistence of desirable characteristics. Each 
parameter is represented as a gene, which is encoded as a binary string. A set of 
genes, representing a parameter combination, forms a chromosome. In our 
case, with 17 parameters, a chromosome consisted of 17 genes. First, a random 
initial population of chromosomes of a certain size was generated. For each 
chromosome the performance of the fuzzy logic model was calculated. The best 
performing parameter-combinations, or chromosomes, were selected, and a 
new population was created. In this new population the chromosomes of the 
selected parameter-combinations were present, and also new chromosomes, 
which were created by crossover and point mutations of the selected chromo
somes. In this way the parameter space was further explored in order to im
prove the solution. Of this new population the performance of each parameter-
combination was calculated again, a selection took place, a new generation was 
created, etceteras. 

We applied the method presented in Penny and Lindfield (1995) with a 
small adaptation: the best performing parameter combination is automatically 
placed unmutated in the next generation. Therefore, the crossing-over percent
ages and especially the random mutation percentage can be rather high: the 
values used were 0.80 for crossover and 0.15 for mutation chances. We used a 
population size of 100 chromosomes. After the genetic algorithm optimisation a 
simplex optimisation followed with the best performing chromosome. In this 
simplex optimisation each parameter by itself was optimised, starting with the 
output parameters of the Lh-flux classes. So all 17 parameters were optimised 
after each other. This simplex optimisation was performed five times iteratively. 
After five simplex optimisations the performance of the parameter-set did not 
improve any more. 

Parametehsation ofFORGRO 
A description of the forest-growth model FORGRO can be found in Kramer 
(1996) and Mohren (1987). Here an adapted version is used, in which also half 
hourly latent heat fluxes are simulated. The parameterisation of FORGRO was 
identical to Van Wijk et al. (2000). The increased inhomogeneity of the canopy 
after the thinning in the winter of 1995-1996 is simulated by increasing the clus
tering factor of 1.0 to 2.5 [-]. Also LAI was decreased from 7.0 to 4.5 m2m"2. No 
other adaptations to the model parameterisation presented in Van Wijk et al. 
(2000) were made. 

43 



Design of model comparisons 
First a general fuzzy logic model for latent heat fluxes was derived that was cali
brated on the six coniferous forests. This model is an interprétable version of the 
artificial neural network calibrated on the same data. The 'general' fuzzy logic 
model will be addressed in this paper as the 'GFL'-model, and the general neu
ral network as 'GNN'. The GFL-model was applied to all six sites for a global 
comparison with the GNN results. Then the model was applied to the Speuld 
forest for a more thorough test of the Lh-flux model rules that were incorporated 
in the model. The results of the GFL-model were compared to the Lh-flux simu
lation results of the process-based model FORGRO. and to two fuzzy logic mod
els specifically developed for Speuld 1995 (before thinning: FL95) and Speuld 
1996 (after thinning: FL96). The performances, derived rules and optimised pa
rameters of the different models were evaluated. Further, two fuzzy logic models 
were derived from the simulation results of FORGRO (FLFOR95 and 
FLFOR96). These models are therefore summary models of a deterministic 
model. In this way the rules derived from the simulation results of a model could 
be compared to the rules derived directly from the measurements. 

RESULTS AND DISCUSSION 

Derivation and performance of General Fuzzy Logic Model (GFL-model) 
The initial guess parameters with which the GFL-model rules were derived, are 
presented in Table 2 and the fuzzy logic rules themselves are presented in Table 
3. Table 3 is divided into four blocks, each representing one VPD input class. 
Within each block the rows represent the global radiation input classes, and the 
columns represent the temperature input classes. The numbers that are given for 
each combination of global radiation, temperature and VPD input classes are 
the derived fuzzy logic output rules for the latent heat fluxes. For example, the 
most upper right number of the second (from the left) VPD-block (in italic and 

Table 2: Initial guess parameters for the variables of the fuzzy logic model, and between 
brackets the optimised values 

Class I Class II Class III Class IV Class V 

Rg[Wrrf2] 0.0 100.0 500.0 900.0 
(2.7) (295.2) (756.0) (1013.0) 

T[°C] 0.0 7.5 15.0 25.0 
(3.4) (10.2) (11.7) (19.8) 

VPD[hPa] 0.0 7.5 15.0 25.0 
(3.5) (3.7) (26.4) (30.0) 

Lh [W m2] 0.0 40.0 80.0 120.0 165.0 
(6.2) (51.4) (106.7) (166.2) (222.5) 

Rg is global radiation, T is temperature, VPD is vapor pressure deficit and Lh is latent heat flux 
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Table 3: Calculated general fuzzy logic rules (1 = low, 2 = low-middle, 3 = middle, 4 
middle-high, 5 = high) for latent heat flux output (for interpretation of italic underlined 
number see text) 

VPD low VPD low-middle VPD IT iiddle-h igh VPD high 

R s " 
T 1 m-1 m-•h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 

1 1 1 1 1 1 1 1 1 - 1 1 1 - - 2 1 

m-1 2 2 2 2 2 2 2 3 - 2 3 3 - - 3 3 

m-h 2 2 3 3 2 2 3 5 - 3 5 5 - - 5 5 

h 3 3 4 4 3 3 5 5 - 3 5 5 - - 5 5 

underlined), of which the value is one, represents the fuzzy logic rule: 

{IF 'Rg is LOW'} AND {IF T is HIGH'} AND {IF 'VPD is LOW-MIDDLE'} 
THEN 

• Latent heat flux is LOW' 

The model rules showed the generally known effects of increasing latent heat 
fluxes due to increasing global radiation and temperature. The difference in sen
sitivity of the Lh-fluxes was also clear: with the radiation classes increasing from 
'Low' to 'High' the Lh-flux output classes in most cases also increased from 
'Low' to 'High', whereas the effects of increasing temperature or VPD were 
smaller. The optimised parameters of the general model are given in Table 2, 
between the brackets. 

The performance of the GFL-model is presented in Table 4 for the six sites 
individually. For almost all sites the GFL-model was performing only slightly less 

Table 4: Results of general fuzzy logic (GFL)-model and general artificial neural network 
(GNN) expressed in normalized root mean square error (NRMSE), explained variance (R2) 
and the relative values of summed modeled and measured values 

Site General FL-model General NN-model 
NRMSE R2 Sum(Meas) 

/Sum(Mod) 
NRMSE R2 Sum(Meas) 

/Sum (Mod) 

Hyytiala 0.65 0.75 0.96 0.62 0.78 0.99 
Loobos 0.47 0.86 0.88 0.46 0.86 0.91 
Tharandt 0.58 0.78 1.13 0.57 0.79 1.09 
Vielsalm 0.53 0.84 0.99 0.48 0.87 0.98 
Weiden 0.65 0.83 0.82 0.69 0.83 0.80 
Brunnen 
Speuld 0.40 0.88 0.95 0.42 0.88 0.99 
1995 
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than the optimal results obtained with artificial neural networks. The perform
ance of the fuzzy logic model was therefore close to optimal, whereas model in-
terpretability increased. Comparison of the relative value of the summed totals 
of the measured Lh-fluxes and the simulated Lh-fluxes showed that especially 
the totals of the Weiden Brunnen site were clearly over-estimated by both the 
GNN and the GFL-model. This could be caused by the fact that the forest of 
Weiden Brunnen is located on a hill slope (though not very steep, only ten to 
fifteen degrees) with an exposition towards the southwest. This could mean that 
the amount of radiation intercepted by the forest was less than that of a levelled 
forest, thereby leading to lower Lh-fluxes. For the other forest sites the summa
tion estimates were satisfying, and the results show that the simple GFL-model 
can be used to make a first estimate of forest water use without site-specific 
knowledge. 

Performance of different models for Speuld 
Next step was the application of the GFL-model to Speuld 1995 (which was in
cluded in the calibration set) and Speuld 1996, and the comparison of the GFL-
model performance to specifically developed and calibrated models for these 
years. The performances of the different models are shown in Table 5. 

The two specifically calibrated neural network models of course performed 
best, but the FL95 and FL96 models were performing almost as good. FOR-
GRO and the GFL-model were performing less than the specifically developed 
models, although still high explained variances are obtained. As expected, the 
results showed that models developed for one site were performing better than 
the general model. However, the satisfying results of especially the GFL-model 
showed that there is a firm basis for developing Lh-flux models valid for a range 
of coniferous forests, with the limitations of course of the absence of soil water 
stress and rainfall interception. 

Table 5: Results of different models for Speuld 1995 en 1996, given are normalized root 
mean square error (NRMSE) and R2 for explanation see text) 

Speuld '95 Speuld '96 
NRMSE R2 NRMSE R2 

Speuld NN-model 0.36 0.89 0.46 0.83 
GNN 0.42 0.88 0.65 0.81 
GFL 0.40 0.88 0.64 0.79 
FL95 0.37 0.88 
FL96 0.47 0.82 
FORGRO 0.41 0.86 0.54 0.80 
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The rules of the FL95 and FL96 models were calculated with the initial guess 
parameter values of Table 2. The calculated rules are given in Table 6 and the 
optimised parameters in Table 7. A comparison of the different fuzzy logic rules 
showed that at high radiation inputs and lower VPD inputs, the FL95 rules were 
higher than the GFL rules. Also striking was the fact that the lowest temperature 
class of Speuld 1995 was never used. The summer of 1995 in the Netherlands 
was a very hot summer. The FL96 Lh-flux rules were clearly lower than those of 
the GFL and the FL95 models. 

Another clear effect could be seen in the rules obtained for the 'Middle-High' 
and 'High' VPD classes. If the rules of these classes for Speuld 1996 were com
pared, a clear down-regulation of transpiration is visible at high VPD's (see Ta
ble 6, italic rules). These effects were not visible in the FL95 rules. According to 
the differences between the fuzzy logic models, transpiration of the Speuld forest 
was more sensitive to VPD after the thinning than before the thinning. This 
could be explained by the fact that after the thinning the forest was coupled 
stronger to the atmospheric conditions above the forest, and is not able to keep 
up a higher humidity in the canopy layer. An important point to remember with 

Table 6: Calculated fuzzy logic rules for Speuld 1995 and 1996 using parameters of table 
2 (1 = low, 2 = low-middle, 3 = middle, 4 middle-high, 5 = high) 

Speuld 1995 
VPD low VPD low -middle VPD middle-high VPD high 

\ T 1 m-1 
R<N 

1 - 1 

m-h 

1 

h 

1 

1 m-1 

1 

m-h 

1 

h 

1 

1 m-1 m-h 

2 

h 

2 

1 m-1 m-h h 

2 

m-1 - 1 2 2 - 2 2 2 - - 3 3 - - 3 

m-h - 2 3 3 - 2 5 5 - - 5 5 - - 5 5 

h - 5 5 5 - 5 5 5 - - 5 5 - - 5 5 

Speuld 1996 
VPD low VPD low -midd le VPDrr iddle-hi gh VPD high 

\ T l m-1 
R<N 

m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 

L 1 1 1 1 1 1 1 1 - 2 1 1 - - 1 1 

m-1 2 2 2 2 2 2 2 2 - 3 3 3 - - 2 2 

m-h 2 2 3 3 2 3 3 3 - 3 4 4 - - 4 3 

H - 3 3 4 - 3 4 5 - 4 5 5 - - 5 4 
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Figure 2: Latent heat flux measurements and simulated values on a day with high vapour 
pressure deficits for Speuld 1995 (a) and 1996 (b); CFL is general fuzzy logic model, FL95 
is fuzzy logic model of Speuld 1995 data, FL96 is fuzzy logic model of Speuld 1996 data 

these simple canopy models is the fact that the model inputs are meteorological 
measurements above the forest, and not within the forest. 

This difference in VPD-sensitivity is more difficult to demonstrate with the 
commonly used model of the canopy conductance (Stewart, 1988) in combina
tion with the Penman-Monteith equation. The parameter values of this model 
can be rather insensitive and interrelated, and therefore differences in parame
ter-estimations are difficult to interpret. 

The magnitude of the VPD-effect is shown in Figure 2. The simulation results 
of one day from 1995 and one day from 1996 are shown in which high VPD-
values occurred. Clearly visible is a down regulation in 1996 in the afternoon 
with high VPD-values, whereas in 1995 no clear effect of VPD is visible. Also 
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Figure 3: Latent heat flux measurements and simulated values on days with no extreme 
vapour pressure deficits for Speuld 1995 (a) and 1996 (b); GFL is general fuzzy logic 
model, FL95 is fuzzy logic model of Speuld 95 data, FL96 is fuzzy logic model of Speuld 
96 data 

shown are the model results of the different fuzzy logic models and FORGRO. 
The FL96-model was the only model that showed the afternoon depression in 
transpiration, whereas both FORGRO and the GFL-model overestimate after
noon transpiration. 

In Figure 3 some 'normal' days of Speuld 1995 and 1996 are shown to 
compare different model performances on less extreme days. Speuld 1995 re
sults showed that on 'normal' days the GFL-model simulated the highest Lh-
fluxes compared to FORGRO and FL95. In the late afternoon FORGRO 
seemed to keep up transpiration at too high values in 1995. Also visible was a 
cut-off of the FL95 model at day of year 212. This was caused by the value of 
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Table 7: Optimised parameters of fuzzy logic models ofSpeuld 1995 and 1996 

Speuld 1995 
Class I 

-2.6 

Class II Class III Class IV Class V 

Rg [W m 2] 

Class I 

-2.6 130.3 779.4 937.1 
T[°C] - 10.2 11.6 18.5 
VPD [hPa] 0.5 0.6 6.7 29.4 
Lh [W m'2] 4.2 23.6 69.4 80.0 202.9 

Speuld 1996 
Class I Class II Class III Class IV Class V 

Rg [W m 2] 10.7 167.7 387.7 743.8 
T[°C] 0.7 12.2 17.3 19.3 
VPD [hPa] 2.2 2.2 10.8 23.6 
Lh [W rrf2] 3.0 43.1 70.2 97.9 185.6 

Rg is global radiation, T is temperature, VPD is vapour pressure deficit and Lh is latent heat flux 

the highest Lh-flux class. The highest class-value was the maximum value that 
the fuzzy logic model could calculate and therefore a strict upper border ap
peared in the simulated fluxes. Results of 1996 showed that the general model 
grossly overestimated midday Lh-fluxes. At day of year 202 all models showed 
a comparable complex behaviour because of varying global radiation inputs. 

The optimised parameters of the FL95 and FL96 models presented in Table 
7 were not simple to interpret because of high interdependency of output and 
input parameter values. Obvious was that the highest Lh-flux class of 1995 is 
higher than that of 1996, after the thinning. The lowest temperature class of 
1995 was not used for optimisation because no rules were derived for this input 
(see Table 7). It seems that fuzzy logic rules are simpler to interpret and to com
pare between different models, and that only the extreme parameter values (of 
the highest and lowest classes) can be evaluated in a direct manner. 

The sets of derived rules also show a potential for further model simplifica
tion: for example in Table 6, at VPD is Low' and at 'Radiation is Low', all three 
output rules are 'Lh-flux is Low', independent of the Temperature input-class. 
Therefore, the high number of rules of the fuzzy logic models can be decreased 
strongly. This shows that the method we used to derive the fuzzy logic rules 
based on the method of Kosko (1992) will result in a number of unnecessary 
fuzzy logic rules, which can be removed later on. However, the removal of the 
redundant rules can only be done after the model is derived, and not a-priori, 
which would lead to a more efficient model calculation. 
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Table 8: Calculated rules using FORGRO simulation results for Speuld 1995 and 1996 and 
parameters of table 2(1 = low, 2 = low-middle, 3 = middle, 4 middle-high, 5 = high) 

Speu ld 1995 
VPD low VPD lou 

ld 1995 
VPD low VPD lou /-middle VPDrr liddle -high VPD high 

Rs" 
T 1 m-1 m-h h 1 m-1 m-h h 1 m-i m -h h 1 m-1 m-h h 

1 - 1 1 1 - 1 1 1 - 2 2 - 2 
m-1 - 1 2 2 - 2 2 3 - 4 4 - 4 
m-h - 2 3 4 - 2 4 5 - - 5 5 - - 5 5 

h - 1 4 4 - - 5 5 - - 5 5 - - 5 5 

Speu Id 1996 
VPD low VPD low 

Id 1996 
VPD low VPD low -middle VPD middle- high VPD high 

Ra^ 
T 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 

L 1 1 1 1 1 1 1 1 - 2 2 2 - - 2 2 
m-1 2 2 2 2 2 2 2 2 - 4 4 4 - - 4 4 
m-h 2 2 3 3 2 2 4 4 - 4 5 5 - - 5 5 
h - 4 4 5 - 4 5 5 - 5 5 5 - - 5 5 

Fuzzy logic applied to FORGRO-simulation results 
The simulation results of FORGRO represented in fuzzy logic rules are shown in 
Table 8. The simple fuzzy logic model predicted FORGRO responses very well 
after optimisation of the class parameters (R2 = 0.98). Fuzzy logic can in this 
way also be used for model simplification. 

In the FLFOR96 rules the VPD down-regulation was absent, as expected 
when the results of Figure 2b are recalled. The results therefore showed that an 
increase of only the clustering factor could not represent all changes in forest-
ecosystem functioning. Incorporation of canopy-atmosphere exchange coeffi
cient is probably necessary to simulate the stronger coupling between the can
opy and the atmosphere. By increasing the exchange of water vapour the can
opy and the atmosphere the thinning effect can be represented better. In the 
version of FORGRO used in this article no gradients of humidity in the canopy 
were assumed. 

The differences in FORGRO model parameterisation between 1995 and 
1996 were only clear at the lower VPD classes. The middle-high and high VPD 
classes of 1995 and 1996 showed exactly the same model rules. Comparison of 
the FLFOR95 and FLFOR96 rules with the FL95 and FL96 rules also revealed 
the flux-overestimation of FORGRO in the late afternoon. At 'Middle-High' and 
'High' VPD's, when global radiation is already strongly decreased compared to 
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the highest values, FLFOR95 and FLFOR96 had higher Lh-flux rules than the 
FL95 and FL96 models. Fuzzy logic can in this way be used for an objective 
survey for systematic model errors compared to rules derived directly from data. 

Evaluation of application possibilities of fuzzy logic 
The results of the general fuzzy logic model for the individual sites showed that 
fuzzy logic is a good method for empirical modelling. The great advantage of 
fuzzy logic models if compared to artificial neural networks, is the interpretabil-
ity. A fuzzy logic model on itself, as applied in this article, does not give much 
information. However, if another fuzzy logic model is derived, as is done here 
for an individual site, the rules can be compared easily. For such a comparison 
the use of the same initial class parameters is crucial. When this is done, flux re
sponses of different forest ecosystems can be compared in fast and an easy way: 
is one forest more or less sensitive to high VPD's, what are the maximum Lh-
fluxes and how often do they occur, etceteras. 

Another promising application in this field of research is the possibility of sys
tematic model evaluation. By calculating the rules of the fuzzy logic model with 
measured and simulated data, simulation models can be evaluated in a consis
tent manner. Because the input variables are 'blocked' per class, situations 
where the model has systematic errors can be identified. In this way a large 
search through the data becomes unnecessary. The use of fuzzy logic has the 
advantage to error plots that in fuzzy logic values of input variables are clustered 
and not clumped into one graph. A question is still the sensitivity of the method: 
as mentioned in the 'Method'-section the fine-tuning effect of 'Time of Day' 
could not be incorporated into the fuzzy logic model, because a large amount of 
classes had to be defined, which would result in a high number of parameters. 
Therefore, only rather large systematic errors can be identified with this method. 

Another application possibility of fuzzy logic is as a method for model simpli
fication and up-scaling. After optimising the class parameters of the fuzzy logic 
model based on FORGRO results, a good simplified version of the latent heat 
flux-results of FORGRO emerged. Such a simplified model can then be used for 
calculating latent heat exchanges at higher time and spatial scales because of the 
lower calculation times required. Another possibility is the integration of fuzzy 
logic rules with expert knowledge that can only be represented with human rea
soning. In this way fuzzy logic can be used as a bridge between processes that 
can be simulated with deterministic models, and processes of which our knowl
edge is limited or uncertain. 

Other applications that were not used in this article are the possibilities to 
represent models with different levels of detail at the same level of abstraction. 
Detailed models can be summarized into the same fuzzy logic rules as more ag
gregated models. It can also be used a kind of sensitivity analysis: the input vari
ables with the largest influence on the output variable can be easily detected 
with the derived fuzzy logic rules. 

A clear limitation to application of the fuzzy logic method, as presented in 
this paper, is the need of a large amount of data. Both model rules and class-
parameters need to be derived from the training data, and afterwards the fuzzy 

52 



logic models need to be tested with an independent validation set. This problem 
is similar to one of the application limitations of artificial neural networks (Van 
Wijk and Bouten, 1999). However, for model simplification and aggregation 
data amounts need not to be a limitation. 

CONCLUSIONS 

Fuzzy logic is a promising method for empirical modelling of latent heat ex
change of forests. The performance of the fuzzy logic models was close to opti
mal. Rules of different models could be compared easily and in an objective 
way systematic model deviations could be defined. If there are systematic model 
over or under-estimations at certain intervals of input variables, these will be de
tected by fuzzy logic rules that are specifically calculated on the measured and 
simulated data available. 

As in Van Wijk and Bouten (1999), model results show that a reliable first es
timate of forest transpiration could be obtained with a general applicable model. 
The results of the general model were comparable with results of FORGRO, 
which uses site-specific physiological information. Fuzzy logic models calibrated 
for Speuld 1995 and 1996, before and after a thinning, showed in their rules a 
change in the sensitivity of forest transpiration to vapour pressure deficit. 

Three possible applications of fuzzy logic in analysing instantaneous forest 
gas exchange are high performance empirical modelling, systematic model 
evaluation and model simplification, and integration of uncertain and expert 
knowledge with deterministic modelling concepts and results. 
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3. SIMULATING DAILY AND HALF-HOURLY FLUXES OF FOREST 

CARBON AND WATER VAPOUR EXCHANGE WITH A SIMPLE MODEL 

OF LIGHT AND WATER USE+ 

ABSTRACT 

A simple light and water use model was used to simulate half-hourly and 
daily carbon and water exchange of a Douglas fir forest (Pseudotsuga menzies-
sii (Mirb.) Franco) in the Netherlands for two years, before and after a thin
ning. The model divides carbon-fluxes into a radiation driven assimilation 
term and a temperature driven respiration term. Water exchange is simu
lated using the simulated assimilation term, vapour pressure deficit and a 
water use efficiency coefficient. The performance of the half-hourly model 
was satisfactory and similar to the performance of the process-based model 
FORGRO, whereas the performance of the daily model was high for water 
exchange, but clearly lower than FORGRO for carbon exchange. Compari
son of the model parameters before and after the thinning showed that the 
coefficients of the half-hourly model could be separated into more physio
logically determined and stand determined characteristics, whereas for the 
daily model this separation was not clear, probably because of non-linear 
aggregation effects. These results indicate that the half-hourly model has po
tential for large scale application by relating ecosystem characteristics like 
the leaf area index to model coefficients. A sensitivity analysis showed that 
strong correlations exist between similar performing parameter-sets. For 
comparison of parameter values of different studies, even for these simple 
models, ranges of parameter values and their correlations should be pre
sented rather than the optimised values. 

INTRODUCTION 

At the moment the up-scaling of carbon and water fluxes from forest canopy 
scale to regional scales is an important issue (Jarvis 1995, Dewar 1997, Williams 
et al. 1997). Fine-scale process-based models that use physiological knowledge 
about carbon and water exchange at leaf level (Farquhar et al. 1980) are com
monly used to simulate carbon and water exchange at canopy level (for exam
ple Wang and Jarvis 1990, Williams et al. 1996, Falge et al. 1997). However, 
application of these models at regional scale is hampered by the need of physio
logical and site-specific parameters, like leaf photosynthesis and respiration 
characteristics, soil parameters, etceteras. Another problem is the large amount 
of input data needed for model runs (Williams et al. 1997). A promising way to 
overcome these problems is the derivation of simplified versions of the fine-scale 
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models, in which only the most important and easy measurable driving variables 
are included. Williams et al. (1997) is a good example of simplification of a 
complex fine-scale model into a much simpler broad scale model, although their 
broad scale model still needs difficult to obtain empirical knowledge about water 
pressure head differences between the soil and plant compartment. 

Another approach is the use of simple relations of growth and water use 
emerging at canopy scale. The most important concepts used are a linear rela
tion between the amount of dry matter produced and the amount of intercepted 
radiation, expressed as the light or radiation use efficiency (Bartelink et al. 1997, 
Dewar 1997), and a linear relation between the amount of dry matter produced 
and the amount of water transpired, expressed as the water use efficiency (Wit 
1958, Dewar 1997). From a physiological and ecological point of view, these 
concepts are interesting because they represent a summary of forest ecosystem 
responses to the environment. The coefficients characterize the resource use ef
ficiencies of different ecosystems and they can be compared easily. By using 
physiological knowledge about the existing links between the different processes 
of forest transpiration and forest growth, confidence in the simple relations can 
be obtained (Dewar 1997). Attempts are made to understand the physiological 
basis of the conservative quantities of the light use efficiency and the water use 
efficiency, and to theoretically predict the values of these constants (e.g., Mon-
teith 1990, Dewar 1996, Landsberg et al. 1996). 

One simple model that combines these attractive features is the Rescap 
model. This model of light and water use originally developed for crops 
(Monteith 1986, Monteith et al. 1989) was adapted and evaluated for trees in 
Dewar (1997). The model was validated in Dewar (1997) rather indirectly by 
the simulation of soil water contents, whereas the most interesting model out
puts are forest growth and forest transpiration. 

Our research aims at testing a slightly adapted version of the Rescap-model. 
in which the linear relation between intercepted radiation and forest growth was 
replaced by a curve-linear relation. This model was applied to half-hourly and 
daily carbon and water fluxes of a Douglas fir forest (Pseudotsuga menziessii 
(Mirb.) Franco) in the Netherlands. The interpretability of the model parameters 
was tested by parameterising the model on two years of flux data: one year be
fore and one year after a thinning took place. The changes in light use efficiency 
and water use efficiency were evaluated in relation to the thinning. We also ap
plied a sensitivity analysis to test whether the changes in parameter values were 
real shifts in ecosystem functioning, and the interpretability of these changes is 
not hampered by large parameter uncertainties. The respiration and assimilation 
components are evaluated by comparison to results of the process-based model 
FORGRO (Mohren 1987, Kramer and Mohren 1996, Van Wijk et al. 2000b). 
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METHOD 

Site description 
The study used data from a Douglas-fir stand of 2.5 ha within a large forested 
area (Speulderbos) near the village of Garderen, the Netherlands. The stand, 
which was planted in 1962, had a tree density of 780 trees ha"1 and was without 
under-story in 1995. Mean tree height between 1990 and 1992 was 21.6 m. 
Projected leaf area index ranged from 7.8 to 10.5 m2 m2 , which was estimated 
by needle samplings at different heights in different trees, and multiplying the 
measured leaf densities by the tree density (Jans et al. 1994). In the winter of 
1995 - 1996 a thinning took place in which about one third of the trees was cut. 

The soil at Speulderbos is a Haplic Podzol, well drained, and consisting of 
fluviatile deposits with textures ranging from fine sand to sandy loam. The 
groundwater-table is at 40 m. The 30-year mean rainfall is 834 mm year1. More 
detailed information on the research site has been published by Tiktak et al. 
(1988) and Van der Maas (1990). 

Measurements 
Meteorological data were collected by the Royal Meteorological Institute of the 
Netherlands (KNMI) from a 36 m tower. The types of measurement, the instru
ments and the data processing are described extensively in Bosveld (1997) and 
Bosveld et al. (1998). Eddy covariance measurements of C02-fluxes in 1995 
were performed with a DAT 300 sonic anemometer with a TR-61A probe (Kaijo 
Denki Co., Ltd., Tokyo, Japan) together with an open path, infrared absorption 
sensor for water vapour and C0 2 (Kohsiek 1991), mounted 30 m above the for
est floor. CGyconcentrations were measured at heights of 24 and 36 m with an 
LI-6262 infrared gas analyser (IRGA) (LI-COR, Inc., Lincoln, NE, USA). Night
time CGyflux data were corrected for the effects of stable atmosphere and stor
age (Baldocchi and Vogel 1996; Kimball et al. 1997) by also calculating night
time C02-fluxes from the CGyconcentration profiles. The gradients flux was 
calculated with the turbulent exchange coefficient, which was assumed to be 
equal to the corresponding coefficient for the sensible heat flux; the latter was 
calculated according to Bosveld (1997). The time step of all measurements used 
in this article was 30 minutes. Due to the influence of a neighbouring oak forest, 
data were removed from the data set when the wind was from the southwest. 
Sap flow in 1995 and 1996 was measured using the Granier method (Granier 
1985). Measurements were performed on eleven trees. All sap flow data were 
set to zero every night, weighted to the sapwood area of the measured trees and 
scaled to eddy covariance measurements of water vapour, using daily total sap 
flow from 6 a.m. to 6 a.m. to avoid problems associated with a possible time 
lag. 
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The adapted Rescap-model (Rescapji: half-hourly fluxes and Rescap_D: daily 
fluxes) 
The carbon flux is divided into an assimilation-term, which we assume purely 
radiation driven, and a respiration term, which we assume temperature driven. 
The assimilation relation is given by a saturated curve-linear relation; this formu
lation of the relationship is chosen because the simple conceptual interpretation 
of the two coefficients. 

a* Re 
Ass= -— (1) 

b + Rg 

In which: 
'Rg' is global radiation (expressed in M J m"2 d"1) 
'Ass' is radiation driven canopy assimilation (expressed in g C0 2 m"2 d"1) 
Interpretation of parameters: 'a / b' is the initial light use efficiency of the forest 
canopy (in g C0 2 MT1), and 'a' is the saturated, or maximum, canopy assimila
tion (in g C0 2 m"2 d"1). 
'b' is in MJ m2 d 1 

The respiration relation: 

T-25 

R = c*2~W (2) 

In which: 
'R' is the forest respiration (in g C0 2 nv2 d1), 'c' is the reference respiration at 
25°C (in g C0 2 m"2 d1) and T is temperature (in °C) 

For the assimilation transpiration relation we used the Vapour Pressure Deficit 
[VPD] -correction as shown in the appendix of Dewar (1997): 

T = - *Ass*(l + — ) " ' (3) 

In which: 
'T' is transpiration (in mm H 20 d"1), 'q0' is the VPD corrected water use effi
ciency (in g C0 2 kg r-^O"1 kPa), 'D' is vapour pressure deficit (in kPa) and 'D0' is 
an empirical constant (in kPa) 

Parameterisation ofRescap 
Two different model parameterisations were used: the half-hourly version of the 
Rescap-model [Rescap_H] was based on the half hourly data of eddy covari-
ance carbon and water fluxes in combination with the half hourly input values 
of radiation, temperature and VPD. The further simplified daily version of 
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Table 1: Quantities of available data for the parameterisation 

1995 1996 

Rescap_H C02 2093 3823 
Rescap_H H20 1490 1879 

Rescap_D C02 43 110 
Rescap_D H20 60 247 

Rescap [Rescap_D] was based on daily values of eddy covariance carbon 
fluxes, daily values of the sap flow and daily values of the input variable. Both 
models were parameterised on 1995 and 1996 data. As a thinning took place in 
the winter of 1995-1996 in which one third of the trees was cut, the models can 
be tested on how this thinning is represented in the optimised parameter values. 

The parameters of both Rescap_H and Rescap_D were optimised with the 
Simplex-optimisation method (Press et al. 1989) based on measured carbon 
and water vapour fluxes in periods in which there was no water stress (Van Wijk 
et al. 2000b). The quantity of data available for the parameterisation is given in 
Table 1. In 1995 measured data were only available from day of year 180 on
ward. This resulted in fewer data available for parameterisation for 1995 than 
for 1996. To test whether this influenced the comparison of the optimised pa
rameter-values, the 1996 parameters were also optimised with data from day of 
year 180 onward. The effects of the limited data availability of 1995 were fur
ther tested in the sensitivity analysis (See 'Evaluation of Rescap'). 

Evaluation of Rescap 
Both Rescap-models were tested and evaluated by, first, a comparison of the 
model performances to those of the process-based FORGRO model, parameter
ised for Speuld for both years separately (Van Wijk et al. 2000a. Van Wijk et al. 
2000b). Second, by a comparison of the estimated respiration and assimilation 
amounts to the amounts estimated by FORGRO. In this way the effects of the 
assumption that assimilation is purely driven by radiation were evaluated, and 
the distinction made by the Rescap-models between respiration and assimilation 
was tested. An extensive description of the process-based forest growth model 
FORGRO can be found in Kramer and Mohren (1996) and Mohren (1987). The 
concepts of the model are the standard leaf photosynthesis model of Farquhar 
et al. (1980), the stomatal conductance model of Leuning (1995), a layered ra
diation interception model (Goudriaan and Van Laar 1994) and respiration cal
culations as applied in Van Wijk et al. (2000b). 

Third, changes in parameter values of the 1995-models versus the 1996 
models were tested by a sensitivity analysis. In this analysis the Rescap-models 
were run with a Monte-Carlo simulation with 50 values of each parameter. All 
model parameterisations with a model outputs within two times the standard 
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deviations of the half-hourly fluxes for Rescap_H and within two times the stan
dard deviations of the daily summed fluxes for Rescap_D were accepted. The 
daily standard deviations were calculated with: 

48 

In which oD is the daily standard deviation and aH is the half-hourly standard 
deviation. 

As the sap flow measurements were scaled on the eddy covariance meas
urements of water vapour, and because we want to compare the parameter sen
sitivity of half-hourly versus the daily model, we calculated the standard devia
tions of the daily transpiration from the standard deviations of the half hourly 
water vapour fluxes. To perform this analysis we had to define measurements 
outside the uncertainty intervals as outliers. About 30 half hourly measurements 
and two daily values were indicated as outliers. 

The accepted parameter values of 1995 and 1996 were plotted in the same 
graphs to evaluate whether the shift in accepted parameter clusters was a clear 
change in ecosystem efficiency or a minor shift in an uncertain parameter space. 
The limited data availability of 1995 was tested by comparing the accepted 
'clouds' of parameter combinations with those of 1996. If the data availability of 
1995 influenced the parameter sensitivity of the daily model this would result in 
larger 'clouds' of accepted parameter combinations for 1995 than for 1996. 

RESULTS 

First, simulated half-hourly water and carbon fluxes of the modified Rescap 
model are presented. The optimised model parameters, performance and a 
comparison with the results of the process-based model FORGRO are shown 
separately for the half-hourly fluxes of 1995 and 1996, together with the results 
of a sensitivity analysis in which the uniqueness and thereby the potential for 
functional interpretation of the model parameters were assessed. In the second 
subsection the same results are presented for the daily carbon and water ex
change values. 

RescapJH 
The optimised values of the Rescap_H model parameters are presented in Table 
2. The values showed clear differences between 1995 and 1996. The perform
ances of the models are presented in Table 3 together with the performances of 
FORGRO. Plots of the model simulations versus the measured values are given 
in Figure 1; the fluxes of both years are plotted on the same scale. In compari
son to the process-based model FORGRO, the performance of the Rescap-H 
models showed to be better for carbon and equally well for water. 
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Table 2: Parameter values of'Rescap_H for Speiild 1995 and 1996 

Coefficient Value for 1995 Value for 1996 

Assimilation 

a [g C0 2 rn2 d1] 160.7 91.6 
b [MJ m 2 d1] 38.0 18.7 
a / b [g C0 2 MJ '} 4.2 4.9 

Respiration 

c l g C O g m ^ d 1 ] 41.5 30.2 

Transpiration 

q0 [g C0 2 kg H 2 0 ] kPa] 3.4 3.0 
D0 [kPa] 0.26 0.23 

Table 3: Performance of the Rescap_H Model on measured carbon and water vapour ex
change (given are RMSE (for carbon in g C02m'2 d' and for water in mm H20 d') and be
tween brackets the explained variance) in comparison to F0RGR0 

Performance of Performance of FOR-
Rescap H GRQ  

Carbon exchange 1995 20.0 (0.76) 21.2 (0.73) 
Carbon exchange 1996 20.9 (0.58) 21.6 (0.56) 
Water vapour fluxes 1995 1.00(0.87) 1.02(0.86) 
Water vapour fluxes 1996 0.86(0.77) 0.85(0.80) 

Table 4: Comparison of simulated assimilation and respiration amounts for 1995 and 
1996 of Rescap and FORGRO (given are values of (sum of Rescap) I (sum ofFORGRO)) 

Half-Hourly Daily  

respiration 1995 0.82 0.97 
assimilation 1995 0.88 0.99 
respiration 1996 1.13 1.14 
assimilation 1996 1.13 1.08 
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Figure 1: Measured and simulated half-hourly carbon and water vapour fluxes for 1995 
and 1996 

The separation of the carbon fluxes into an assimilation part and a respiration 
part was close to the simulated values of FORGRO as the explained variance of 
the FORGRO simulated respiration by the Rescap_H respiration was 0.98, with 
no significant deviation from the 1:1 relation (results not shown). The response 
used in Rescap_H is therefore a good summary of all the respiration responses 
of the different forest compartments to temperature in FORGRO, like the can
opy, tree bole and soil. In Table 4 the simulated totals of respiration and assimi
lation of the Rescap_H models are compared with the values estimated by 
FORGRO. The results showed that the estimation of the Rescap_H models was 
close to the FORGRO-values and that thereby the division of the total C02-flux 
into a respiration and assimilation component by the Rescap-model can be con
sidered to be reliable. 

Figure 2 shows the results of the sensitivity analysis of the 1995 and 1996 
models. The accepted values of the different parameters were clearly correlated 
with each other. In the case of the 'q0' and the 'D0'-parameters the clusters of the 
accepted parameter values of 1995 and 1996 could not be distinguished. The 
difference in the optimised values of these parameters as presented in Table 2 
was therefore not significant. 
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In the carbon part of Rescap_H the change in the 'a' (the light saturated assimi
lation) and 'c'-coefficients (respiration coefficient) was clear, whereas the 'a/b'-
coefficient (initial light use efficiency) did not change significantly. 

Rescap_D 
The optimised parameter values of Rescap_D are presented in Table 5 and the 
performance is presented in Table 6, and in Figure 3 and 4; also here the y-axes 
are the same for both years. The performance of the Rescap_D model in simu
lating measured daily water-fluxes was similar to the FORGRO-performance. 
However, the performance in simulating measured daily carbon-fluxes was 
clearly lower than the FORGO-model, both expressed in Rz as in RMSE. 

In Figure 5 the accepted parameter combinations of Rescap_D are presented 
in a similar way as for the Rescap_H model. The shifts in parameter values dif
fered from the Rescap_H model. The RescapD model showed significant shifts 
in the 'q0', 'D0' and 'a/b'-coefficients, whereas the shifts in the 'a' and 'c'-
coefficients were only minor compared to the large intervals of accepted pa
rameter-values. The accepted parameter 'clouds' of Rescap_D were larger than 
the parameter 'clouds' of Rescap_H: this indicated lower parameter 
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Table 5: Parameter values of the Rescap_Dfor Speuld 1995 and 1996 

Parameter Value for 1995 Value for 1996 

Assimilation 

a [g C0 2 m 2 d-1] 45.2 50.6 
b [ M J m 2 d > ] 11.3 20.5 
a / b [g C0 2 MJ-1] 4.0 2.5 

Respiration 

c [g C0 2 m 2 d"1] 25.9 19.8 

Transpiration 

q0 [g C0 2 kg H 2 0 4 kPa] 3.6 2.0 
D0 [kPa] 0.5 0.14 

sensitivity for Rescap_D than for Rescap_H. The size of the accepted parameter 
clouds of 1995 and 1996 showed no clear differences in size for the carbon part 
of Rescap_D. The size of the 1995 parameter cloud of the water part of the 
model (consisting of accepted 'q0' and 'D0' values) did not influence whether the 
change in these coefficients was considered significant or not. 

A parameter optimisation was also performed using only 1996 data from 
day of year 180 onward, the same period as data were available in 1995. The 
optimised parameters were close to the optimised for the total year: 'a' - coeffi
cient was 52.3 g C 0 2 m2 &\ 'b' was 22 .3 MJ m 2 d \ 'c' was 23.7 g C 0 2 m 2 d"\ 
'q0' was 2.6 g C 0 2 kg F^O"1 kPa and D0 was 0.19 kPa. These values are within 
the uncertainty 'clouds' of the different coefficients (see Figure 5). 

In Table 4 the division into respiration and assimilation components is 
evaluated by the summed totals. The day-to-day variations were very close to 
the FORGRO simulation results. In the summed totals the relative values of 
1995 are very close to one, whereas the 1996 values showed a larger deviation 
from the ideal value of one. 
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Table 6: Performance of the RescapJ) on FORGRO and daily measured carbon exchange 
and forest transpiration (given are RMSE and between brackets the explained variance) 

Rescap D FORGRO 

Measured carbon exchange 1995 
Measured carbon exchange 1996 
Measured transpiration 1995 
Measured transpiration 1996 

66.2 (0.43) 
53.3 (0.46) 
0.30 (0.91) 
0.22 (0.84) 

49.1 (0.55) 
48.1 (0.58) 
0.27 (0.92) 
0.27 (0.80) 
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Figure 3: Measured and simulated daily carbon and transpiration fluxes for Speuld 1995 
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Figure 4: Measured and simulated daily carbon and transpiration fluxes for Speuld 1996 

DISCUSSION 

The performance of both Rescap_H and Rescap_D was satisfactory. The per
formance in simulating the water fluxes was similar to or sometimes even slightly 
better than the process-based model FORGRO. The half hourly carbon fluxes 
were simulated better by RescapH than by FORGRO, whereas the daily car
bon exchange was simulated less well by Rescap_D than by FORGRO. The 
relatively lower performance of Rescap_D is probably caused by the aggregation 
of half-hourly temperature and radiation values into one mean or total daily 
value, which is used as an input for Rescap_D. In this aggregation information is 
lost, for example about non-linearity, which resulted in a lower performance. 

The differences in the optimised coefficients of Rescap_H and Rescap_D for 
1995 and 1996 show interesting features. Whereas Rescap_H showed signifi
cant changes in the 'a' and 'c' coefficients (saturated assimilation and respiration) 
Rescap_D showed significant changes in the 'q0', 'D0' and 'a/b'-coefficients (re
spectively the water use efficiency, the VPD-sensitivity and the initial light use 
efficiency). The shifts in the Rescap_H coefficients show that the coefficients of 
this model can be interpreted in terms of tree physiological characteristics and 
stand characteristics. The coefficients that did not change, 'q0', 'D0' and 'a/b', can 
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Figure 5: Accepted parameter values of the daily models of 1995 and 1996 (for explana
tion see text); the coefficient not shown in the diagrams of the carbon part of the model is 
at its optimal value, see Table 5 

be considered as more physiologically determined by their definition. The effi
ciency of assimilation versus water use and the light use efficiency are more spe
cies intrinsic coefficients, and less affected by management than the saturated 
assimilation coefficient. In this way the parameters of the model can be sepa
rated into parameters that can be determined by using species characteristics 
and by parameters that can be determined by using stand characteristics. Both 
the saturated assimilation and the respiration coefficient are much influenced by 
the amount of foliage present. 

Both coefficients decreased from 1995 to 1996 with a similar factor as the fo
liage: almost one-third. Of course, Rescap_H should be tested on other forests 
to determine whether the linkage between Leaf Area Index and the model pa
rameters is generally applicable. 

The separation into physiologically linked and stand characteristically linked 
coefficients is not clear with Rescap_D. With this model the sequence of chang
ing and non-changing coefficients is exactly opposite to Rescap_H. Two factors 
probably cause this difference. First, the non-linear aggregation effect of the 
temperature and radiation inputs versus the daily summed values of transpira
tion and carbon exchange outputs. This aggregation leads to a shift in the 
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depths of concavity in the equations (Rastetter et al. 1992) and thereby to shifts 
in the functional interpretability of the parameters. Another effect is a decreased 
parameter sensitivity as is shown in Figure 5 compared to Figure 2. By aggrega
tion the relative ranges of the radiation and temperature inputs decrease, for ex
ample the half-hourly global radiation varies from 0 to 900 Wm"2 where the 
daily global radiation varies from 1 to 30 MJ m 2 d"1. This decrease in relative 
range of the input variables will lead to a decrease in parameter sensitivity. 

The difference between parameter shifts between 1995 and 1996 is a clear 
disadvantage of the daily version. Where Rescap_H shows potentials for linking 
stand characteristics to the 'a' and 'c' coefficients and linking 'q0', 'D0' and 'a/b' to 
physiological characteristics of species, this is not the case for Rescap_D. In this 
study the parameters of Rescap_D are just fit parameters without a clear func
tional interpretation, due to the aggregation effects that are incorporated into the 
parameter values. This limits the application possibilities for Rescap_D. 

An important question in this comparison is whether the results were influ
enced by the limited period of data-availability in 1995. This could have two ef
fects: first, it can influence the optimised values of the different coefficients. 
However, as the parameter optimisation of a limited period of 1996 data (from 
day of year 180) showed similar parameter values as for the total set of 1996 
data, this problem did not seem to have biased our results. Second, the limited 
data availability can decrease the parameter sensitivity. The results of the sensi
tivity analysis shown in Figure 5 did not indicate this effect except for the water 
part of Rescap_D. However, the significance of the changes in the 'q0' and 'D0'-
coefficients from 1995 to 1996 was not determined by the data availability-

Another important factor for the comparison of parameter values is the reli
ability of the division of the carbon flux into an assimilation and respiration 
component. The best estimate we had of such a division was the outcome of the 
process-based model FORGRO. By considering the results of this model as 
'truth', we tried to gain confidence in the derived coefficients. In this case the 
estimates of respiration and assimilation of the Rescap-models and of FORGRO 
were in reasonable agreement, using the optimised parameter values. Both the 
half-hourly and the daily model overestimated the respiration of 1996, com
pared to FORGRO. Maybe this is caused by the increased inhomogeneity in the 
forest, due to the thinning: radiation was not that determining as in the 1995 
case. However, the broad range of accepted parameter combinations, especially 
for the RescapJD model, indicate that the separation into assimilation and respi
ration is rather uncertain. As a consequence of the correlated input values of 
temperature and radiation an increase in the respiration coefficient can be com
pensated by the model with an increased saturated assimilation coefficient, with 
only a limited decrease in model performance. Due to the difficulties in measur
ing C02-fluxes at night, this problem could not be solved by dividing the data 
set into a respiration-subset consisting of only nightly respiration C02-fluxes and 
a high radiation subset to calculate the saturated assimilation. The large errors in 
the night-time fluxes result in a large error in the estimated respiration coeffi
cient, and thereby also in larger errors in the other coefficients. 
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The sensitivity analysis for both Rescap_H and Rescap_D showed that strong 
correlations exist between the accepted parameter-values. This is a consequence 
of correlations between input variables (for example temperature and radiation) 
and the chosen model (for example, the 'a'-coefficient is present both as the 
saturated assimilation and as a factor in the initial light use efficiency, 'a/b'). If 
the goal of the application of these simple models is to derive parameters that 
quantify ecosystem functioning, such an analysis is crucial for comparison of the 
derived values. A presentation of only the optimised values of the parameters as 
has been done until now (Baldocchi et al. 1987, Dewar 1997) can give strong 
biased results. 

For a broad application of these kind of simple models it will be essential to 
relate the parameters of the model to ecosystem characteristics that are (rela
tively) easy to measure, like the leaf area index. A combination of model re
search and field research will be necessary for this. An advantage of relating 
these 'functional interprétable' coefficients to forest characteristics, is an open 
model structure: the model rules will be easy to interpret and model-
communication will be improved. 
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4.1 MODELLING DAILY GAS EXCHANGE OF A DOUGLAS-FIR FOR

EST: COMPARISON OF THREE STOMATAL CONDUCTANCE MODELS 
WITH AND WITHOUT A SOIL WATER STRESS FUNCTION+ 

ABSTRACT 

Modelling stomatal conductance is a key element in predicting tree growth 
and water use at the stand scale. We compared three commonly used mod
els of stomatal conductance, the Jarvis-Loustau, Ball-Berry and Leuning 
models, for their suitability for incorporating soil water stress into their for
mulation, and their performance in modelling forest ecosystem fluxes. We 
optimised the parameters of each of the three models with sap flow and soil 
water content data. The optimised Ball-Berry model showed clear relation
ships with air temperature and soil water content, whereas the optimised 
Leuning and Jarvis-Loustau models only showed a relationship with soil 
water content. We conclude that use of relative humidity instead of vapour 
pressure deficit, as in the Ball-Berry model, is not suitable for modelling 
daily gas exchange of Douglas-fir (Pseudotsuga menziessii (Mirb.) Franco). 
Based on the calculated responses to soil water content, we linked a model 
of forest growth, FORGRO, with a model of soil water, SWIF, to obtain a 
forest water-balance model that satisfactorily simulated carbon and water 
(transpiration) fluxes and soil water contents in the Douglas-fir forest of 
Speuld, The Netherlands, for 1995. 

INTRODUCTION 

Process-based models are essential for understanding and predicting tree growth 
and water use on a stand scale, and for assessing possible effects of climate 
change (Houghton et al. 1990). The underlying processes of C 0 2 exchange be
tween the atmosphere and individual leaves are relatively well understood (De-
war 1997). There is general consensus about the use of the Farquhar approach 
(Farquhar et al. 1980) for modelling leaf photosynthesis. Carbon exchange on a 
leaf level can be scaled up to canopy level by models for radiation interception 
(e.g., Falge et al. 1996; Wang and Jarvis 1990; Williams et al. 1997). 

A key element in modelling fluxes in forest ecosystem for which no clear 
consensus exists is stomatal conductance (Monteith 1995). There are two main 
approaches to modelling of stomatal conductance. The purely empirical ap
proach makes use of a set of response functions to link stomatal conductance 
through fitted response functions to environmental variables (Jarvis 1976; Stew
art 1988). A wide range of model types and variables is currently used, indicat-

+ Published by M.T. van Wijk, S.C. Dekker. W. Bouten, F.C. Bosveld. W. Kohsiek. K. Kramer and 
G.M.J. Mohren in Tree Physiology 20: 115 - 122. O Heronpublishing 
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ing an incomplete knowledge of relationships between stomatal conductance 
and environmental variables and a failure to represent plant physiological pa
rameters accurately. In all of these models, the calibrated values of parameters 
change if another response is added (Lankreijer 1998). 

The second approach is through physiologically oriented models in which 
stomatal conductance is linked directly or indirectly through assimilation to the 
environment (Lankreijer 1998). Several of these models link stomatal conduc
tance to leaf water potential (Whitehead and Hinckley 1991), which is simulated 
by defining a set of water conductances through the soil-plant continuum. 
Stomatal conductance models based on leaf water potentials will not be dis
cussed in this article. 

Leaf stomatal conductance models based on a direct link between photosyn
thesis and stomatal conductance are widely used because they require the link
ing of only a few empirical parameters to plant-specific characteristics, and are 
easy to incorporate into growth and ecosystem models (Leuning 1995; Ten-
hunen et al. 1990). Two common models of this type are the Ball-Berry model 
(Ball et al. 1987) and the Leuning model (Leuning 1995). The Ball-Berry model 
uses net assimilation, C02-concentration in the leaf boundary layer and relative 
humidity in the leaf boundary layer (Ball et al. 1987). Because the use of rela
tive humidity is questionable (Aphalo and Jarvis 1993; Monteith 1995), Leuning 
adapted the model by substituting vapour pressure deficit at the leaf surface for 
relative humidity (Leuning 1995). 

To incorporate soil water stress in modelled stomatal conductance, these 
Jarvis-Stewart-like models include a response function using soil water deficit 
(Jarvis 1976; Stewart 1988). In both the Ball-Berry and the Leuning models it is 
assumed that the empirical constant gfac, which couples stomatal conductance to 
the empirical relation between assimilation, humidity (deficit) and the C02-
concentration at the boundary layer, can be related to soil water content to ac
count for water stress effects (Tenhunen et al. 1990). However, no clear rela
tionship between g[ac and soil water content has been demonstrated, although 
gfac is related to other properties characterising water status, such as needle wa
ter potential (Sala and Tenhunen 1996). In modelling the effects of soil water 
stress (Sala and Tenhunen 1996). 

We compared the Ball-Berry model, the Leuning model and a modified Jar-
vis-Stewart model, the Jarvis-Loustau model (Granier and Loustau 1994; 
Loustau et al. 1997) to determine if soil water stress could be incorporated into 
their formulation. Soil water stress was incorporated by relating stomatal con
ductance to soil water content. We also determined their performance in simu
lating daily transpiration fluxes of a Douglas-fir forest (Pseudotsuga menziessii 
(Mirb.) Franco) by linking the forest growth model FORGRO (Kramer 1996; 
Mohren 1987) with the forest soil water model SWIF (Tiktak and Bouten 1992) 
to produce a forest water balance model. All three stomatal conductance models 
were included into the same forest water balance model, so that a systematic 
comparison of these conductance models could be conducted. The models were 
parameterised with transpiration data obtained in 1989 for Douglas-fir at the 
Speuld, The Netherlands. With the stomatal conductance models that were 
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modified to incorporate a soil water stress function, fluxes of transpiration and 
carbon, as well as soil water content for 1995, were simulated to test the models. 

METHOD 

Site description 
Data were obtained from a Douglas-fir stand of 2.5 ha within a large forested 
area (Speulderbos) near the village of Garderen, the Netherlands. The stand, 
which was planted in 1962, had a tree density of 780 trees ha'1 and was without 
under-story. Mean tree height between 1990 and 1992 was 21.6 m. Projected 
leaf area index ranged from 7.8 to 10.5 m2 m"z, which was estimated by needle 
samplings at different heights in different trees, and multiplying the measured 
leaf densities by the tree density (Jans et al. 1994). The soil at Speulderbos is a 
Haplic Podzol, well drained, and consisting of fluviatile deposits with textures 
ranging from fine sand to sandy loam. The groundwater-table is at 40 m. The 
30-year mean rainfall is 834 mm year1. More detailed information on the re
search site has been published by Tiktak et al. (1988) and Van der Maas (1990). 

Measurements 
Meteorological data were collected by the Royal Meteorological Institute of the 
Netherlands (KNMI) from a 36 m tower. The types of measurement, the instru
ments and the data processing are described extensively in Bosveld (1997). 
Eddy covariance measurements of CGyfluxes in 1995 were performed with a 
DAT 300 sonic anemometer with a TR-61A probe (Kaijo Denki Co., Ltd., To
kyo, Japan) together with an open path, infrared absorption sensor for water 
vapour and C0 2 (Kohsiek 1991), mounted 30 m above the forest floor. C02-
concentrations were measured at heights of 24 and 36 m with an LI-6262 infra
red gas analyser (IRGA) (LI-COR, Inc., Lincoln, NE, USA). Night-time C02-flux 
data were corrected for the effects of stable atmosphere and storage (Baldocchi 
and Vogel 1996; Kimball et al. 1997) by also calculating night-time C0 2 fluxes 
from the C02-concentration profiles. The gradients flux was calculated with the 
turbulent exchange coefficient, which was assumed to be equal to the corre
sponding coefficient for the sensible heat flux; the latter was calculated accord
ing to Bosveld (1997). The time step of all measurements used in this article was 
30 minutes. Due to the influence of a neighbouring oak forest, data were re
moved from the data set when the wind was from the southwest. 

In 1989, sap flow was measured by means of the calibrated heat pulse veloc
ity method (HPV) (Marshal 1985) on seven trees to estimate tree transpiration 
without soil evaporation (Bouten 1992). In 1995, sap flow was measured by the 
Granier method (Granier 1985) with one sensor per tree, on 11 trees located 
near the tower. All sap flow data were set to zero every night. The data were 
weighted according to the sapwood area of the measured trees (ranging from 
1.1 to 3.7 dm2) and scaled to eddy covariance measurements of water vapour 
based on daily total sap flow from 06:00 h to 15:00 h, to avoid problems asso-
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ciated with a possibis time lag. Differences between the two techniques for 
measuring sap flow were ignored because the results of both methods were 
scaled on eddy covariance measurements of latent heat fluxes. 

During 1989, soil water was measured weekly by time domain reflectory 
(TDR) and a neutron-scattering method. The TDR-probes were placed between 
trees for which sap flow was being measured. Data from the forest soil water 
model SWIF, calibrated on this forest site (Bouten et al. 1992), were used to in
terpolate these measurements. In 1995, soil water was measured two to four 
times each day with an automated TDR system of 18 probes (Heimovaara and 
Bouten 1990). The values of the various probes were averaged to obtain a daily 
value of the soil water content of the upper 50 cm of soil 

Simulation models 
Soil water content was calculated with the soil water model SWIF (Soil Water in 
Forested Ecosystems), which describes vertical water flow and root water uptake 
in the unsaturated soil zone. The model also incorporates soil evaporation as 
formulated by Schaap and Bouten (1997) and distributes root water uptake 
over several soil layers from data on the relative root density per layer (Tiktak 
and Bouten 1992). SWIF inputs are precipitation and the soil physical 
characteristics that are expressed with the Van Genuchten equations (Van 
Genuchten 1980). Outputs of the model are soil water content and pressure 
head, and soil water flow. 

Carbon and transpiration fluxes of the forest were calculated with the proc
ess-based forest growth model FORGRO. Inputs are radiation, air temperature, 
wind speed, early-morning vapour pressure and precipitation. FORGRO outputs 
may vary from daily transpiration and carbon exchange to yearly forest yield. 
Central to FORGRO is the description of the attenuation of radiance in a can
opy whose homogeneity can be adjusted by increasing or decreasing the clus
tering factor that describes clustering of foliage around branches and within the 
canopy. The radiance intercepted by the canopy is weighted by the amount of 
foliage in each layer. Absorption of diffuse and direct fluxes of PAR (Photosyn-
thetic Active Radiation) and NIR (Near Infrared Radiation), daily gross photo
synthesis and transpiration are calculated by integrating hourly over both sunlit 
and shaded leaf layers using a Gaussian integration scheme (Goudriaan 1986; 
Goudriaan and Van Laar 1994). 

The costs of maintenance respiration are based on the costs of biosynthetic 
processes and the biochemical composition of structural biomass (Penning de 
Vries et al. 1974). Maintenance respiration is related to temperature by the Q10 

approach, whereas growth respiration is assumed to be insensitive to changes in 
temperature (Goudriaan and Van Laar 1994). 

To calculate daily carbon exchange, soil respiration rates were calculated 
with a model based on the concept of multiplicative interaction (Freijer et al. 
1996; Stroo et al. 1989): 
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exp(-kTx(Tr-T)2)XOr 

o c " V „ - àr X ^ ^ ^ ^^ ^ N2> x — where 9 / 9r < 1.5 (1) 

where T is temperature [°C] and 9 is soil water content [m3m-3]- T = 20 °C T 
= 46.2 °C, kT = 1.902 10"3 °C* (Freijer et al. 1996). Sr [kg C0 2 ha 1 day1]'and 
6r [m3m-3] are empirical coefficients that will be optimised later on in this study. 

The model of leaf photosynthesis (Falge et al. 1996) used in this version of 
FORGRO is based on the approach of Farquhar and co-workers (Farquhar et 
al. 1980) with the model formulation of Harley and Tenhunen (1991) This 
photosynthesis model was used to calculate photosynthesis, transpiration and 
stomatal conductance within each leaf layer. Leaf photosynthesis parameters 
were obtained from leaf chamber measurements. To calculate leaf photosynthe
sis and transpiration we assumed that there were no gradients of C02 , water va
pour or temperature within the canopy. Air temperature and humidity'measured 
in the tower at 18 and 30 m showed no large systematic differences. 

We incorporated three models of stomatal conductance (Gs) into the model 
of leaf photosynthesis (without a function for soil water stress). The Ball-Berry 
model (Ball et al. 1987) was incorporated as: 

„ Ax Rh 
Gs-gf-mx—~ (2) 

where gf.BB is an empirical coefficient [-], A is net assimilation [fimol rn2 s"1] Rh 
is relative humidity [-, fraction] and Cs is the boundary layer C02-concentration 
[Ml 1 ]• 
The Leuning model (Leuning 1995) was incorporated as: 

Gs=gf_,x (3 ) 

( C , - r ) x ( l + U) 
A) 

where gH [-] and D0 [kPa] are empirical coefficients, x is the C0 2 compensation 
point [/xl l"1], A is net assimilation [/xmol m 2 s"1], D is vapour pressure deficit 
[kPa] and Cs is the boundary layer C02-concentration [/il I"1]. 
The Jarvis-Loustau model (Loustau et al. 1997) was incorporated as: 

„ Kg i-k.xöq 
Gs = gmia x r - - x - — - — — (4) 

k] + Rg l + k^xôq [ ' 
where gmax [m s1] , k, [W m"2], k2 [kPa '] and k3 [kPa4] are empirical coefficients, 
Rg is global radiation [W rn2] and Sq is specific humidity deficit [kPa] 

Leaf assimilation, transpiration and stomatal conductance were calculated 
for the Ball-Berry and Leuning models based on the coupled photosynthesis -
conductance model presented by Leuning (1990). For the Jarvis-Loustau 
model, stomatal conductance was calculated with the values of the driving vari
ables of the model, after which leaf photosynthesis and transpiration were calcu
lated analytically. Leaf transpiration was calculated using the simulated gradient 
of water vapour inside the leaf (set at a relative humidity of 1) and the leaf 
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boundary layer. Boundary layer conductance was calculated according to Nobel 
(1983) and modified for conifers as suggested by Jarvis et al. (1976). 

Model parameterisation 
The empirical coefficients for the three stomatal conductance models were de
termined from the 1989 sap flow data. This was done by minimizing the differ
ence expressed in NRMSE (normalized root mean square error) between daily 
measured and simulated transpiration from day 145 until 265 of 1989. For the 
optimisation the simplex method was used (Press et al. 1989). 

To incorporate any effect of soil water stress effect the empirical coefficients 
(Ball-Berry gf.BB, Leuning gH and Jarvis-Loustau gmax) were optimised each day 
by minimizing the difference between modelled and measured transpiration 
flux. The optimised coefficients were related to soil water content data and to 
meteorological driving variables to obtain information about missing responses. 
Stomatal response to soil water content was modelled by multiplying each of 
Equations 2, 3 and 4 by the standard response function used by Jarvis (1976) 
and Stewart (1988): 

fs = l - / t 4 xexp(£ 5 xS) 0 < S < 1 (5) 

f,=l-k4 S < 0 (6) 
Where 

0 , - 0 
S = — (7) 

0f-9w 

and 0f and 0„ are the volumetric soil water content [m3 rrr3] at field capacity and 
wilting point, respectively. 

We used the derived stomatal response to soil water stress to link the forest 
growth model FORGRO with the soil water model SWIF at a daily time step to 
create a forest water-balance model. SWIF calculated soil water contents each 
day from measured rainfall minus interception (in the Speuld up to 50% 
(Bouten et al. 1992)), drainage of water and the forest transpiration calculated 
by FORGRO. Based on the calculated soil water content of the upper 50 cm, 
the Ball-Berry, Leuning and Jarvis-Loustaus coefficients were updated accord
ing to the responses found with the 1989 data. 

We used the linked model FORGRO-SWIF to simulate daily exchange of 
carbon and sap flow for 1995. The validation of the simulated forest transpira
tion was therefore completely independent. The model of soil respiration was 
parameterised by calibrating Sr and 9r against the difference between daily 
modelled C0 2 fluxes without the root and soil respiration calculation of Equa
tion 1 and daily measured C0 2 fluxes of 1995. Values obtained were Sr = 71.7 
kg C0 2 ha4 d_1 and 6r = 0.11 m3 nr3. Modelled rates of soil respiration varied in 
summer from 70 to 90 kg C0 2 ha 1 d"1, which agreed well with measured values 
of 60-80 kg C0 2 ha 1 d'l in 1994 (unpublished measurements by A. Tietema, 
Universiteit van Amsterdam). 

The leaf area index used in the model was less than that measured in spring 
(7.8 mz m~2) or in summer (10.5 m2 nf2). These higher values included (almost) 
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dead needles in the lower leaf layers. Leaf chamber measurements showed 
hardly any respiration or assimilation fluxes in the lowest layer of the canopy. 
To account for the effects of decreasing respiration and assimilation activity of 
the needles in the lower canopy, it is common to introduce a vertical gradient of 
nitrogen within the canopy and make the leaf photosynthetic and respiration 
parameters dependent on leaf nitrogen concentration (Friend 1991; Kull and 
Jarvis 1995). However, because we did not determine the relationships between 
leaf N and the photosynthetic and respiration coefficients, we chose another ap
proach for modelling daily carbon fluxes. Net assimilation was optimised during 
the growing season so that only needles with a positive carbon gain were in
cluded (cf. Hauhs et al. 1995). Such optimisation gave an LAI value of 7.0, 
which was incorporated into the model as a first approximation. 

RESULTS AND DISCUSSION 

The modelling results are presented and discussed in four stages, because the 
results of each stage depend on the results of the previous stage. In Stage 1, the 
three stomatal conductance models were optimised without water-stress. In 
Stage 2, the data were examined daily to identify systematic errors in the mod
els that were related to soil water content and air temperature. In Stage 3, we 
coupled the models FORGRO and SWIF using the stomatal conductance mod
els that could include soil water stress, to obtain a forest water-balance model. In 
Stage 4, we simulated transpiration, carbon exchange and soil water contents 
for 1995. 

General optimisation of parameters 
Parameters for the three models of stomatal conductance without functions for 
soil water stress are given in Table 1, together with model fit values to 1989 
transpiration data. The Jarvis-Loustau model had the highest performance 
whereas the Ball-Berry model had the lowest performance, as would be ex
pected since the Jarvis-Loustau model has the highest number of fit-parameters 
(four) and the Ball-Berry model the lowest (one). The model parameters pre
sented here are not the leaf physiological parameters of Douglas-fir, because 
they were derived in an inverse modelling method in which a large amount of 
scaling was involved. This means that the derived parameters were model spe
cific, or more precisely, FORGRO-dependent. 

Optimisation of daily performance 
With the parameters obtained from this general optimisation g,_, (Leuning), g(.BB 

(Ball-Berry) and gmax (Jarvis-Loustau) were optimised with day-to-day data. As 
all three models were scaled up in the same way, day-to-day variation in model 
parameters could be compared. 

81 



Table 1: Results of optimisation of the three stomatal conductance models with daily tran
spiration data of 1989 

Model Ball-Berry Leuning Jarvis-Loustau 

Optimised Sf-BB -= 7.70 » , = 1657 Gmax = 0.052 ms"1 

parameters D0 = 2.74 kPa fc, = 132.2 W m 2 

fc2 = -4.4 Pa 1 

k3= 1.5 kPa1 

Modelfit 
R2 0.71 0.75 0.78 
SSE 38.6: mm2 day"2 29.4 mm2 day 2 25.9 mm2 day2 

NRMSE 0.27 0.23 0.22 

Optimised values of gH, g,_BB and gmax were plotted against daily values of soil 
water content and daily mean temperature (Figure 1). Although scatter was 
large, the effects of the different variables were evident. The large scatter is not 
surprising, since both model and measurement error were incorporated into the 
optimised parameters. 

Of the three models, the Jarvis-Loustau model (with more parameters) 
showed the clearest effect of soil water content on optimized gmax values. Proba
bly because of the large number of parameters, the effects of the different physi
cal driving variables such as radiation and temperature could be distinguished 
clearly from the effect of soil water stress. 

Of the two models with a low number of fit-parameters, optimised gf_B&B 

(Ball-Berry) was related to both soil water content and daily mean temperature, 
whereas gH showed a relationship only with water content. These results support 
the suggestion of Aphalo and Jarvis (1993) that the Ball-Berry model lacks a 
temperature response. The difference in temperature sensitivity between the 
Leuning model and the Ball-Berry model cannot be explained by the extra pa
rameter that is included in the Leuning model. The D0 parameter is only a scal
ing coefficient to quantify the sensitivity of the stomatal conductance to vapour 
pressure deficit. Different values of this parameter are compensated for by dif
ferent values of gH, and the sensitivity of the model to variations in values of D0 

was low. Because the Leuning model showed no relationship with temperature 
and differs from the Ball-Berry model in the substitution of vapour pressure 
deficit for relative humidity, we conclude that replacing the term for relative hu
midity by one for vapour pressure deficit automatically includes the temperature 
response for Douglas-fir, which the Ball-Berry model lacks. 

Formulation of the forest water-balance model 
Because the Ball-Berry model showed no clear relation to soil water stress and 
the use of relative humidity was not valid for this Douglas-fir forest, this model 
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Figure 1: Daily optimised coefficients of the three models of stomatal conductance plotted 
against soil water content and daily mean temperature. The optimised soil water response 
functions are also plotted for the Leuning and Jarvis-Loustau models (Parameter values: 
Leuning function, 6( = 0.12 m3m\ 9W = 0.03 m2m\ gfl = 1797, k4 = 0.016, k5 = 4.1;Jarvis 
function; 8r = 0.12 m2m3, 0W = 0.03 nrW, g„mx = 0.0550 ms\ k4 = 0.041, k5 = 3.2) 
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Table 2: Results of Leuning and Jarvis-Loustau models of stomatal conductance in simulat
ing daily carbon exchange and transpiration (with explained variance (R2) and relative 
amount of the sum of the simulated and measured fluxes over the measurement period) 

Leuning Jarvis-Loustau 
Z(mod)/ 
Z(meas) 

R2 
Z(mod)/ R2 

Z(meas) 

Transpiration 1989 
Transpiration 1995 
carbon 1995 

0.97 
1.02 
1.09 

0.81 
0.88 
0.55 

0.96 0.83 
1.05 0.89 
1.10 0.55 

was not used to formulate a forest water-balance model. One could fit a tem
perature and soil water content relationship based on the results of Figure 1, but 
this would introduce a set of new parameters and would be a difficult way of de
riving the Leuning model of stomatal conductance. Water-balance models in
corporating Leuning and Jarvis-Loustau models of stomatal conductance were 
formulated by fitting the responses of gH and gmax to soil water content with the 
response function described earlier. The calculated fit responses are shown in 
Figure 2 with the optimised parameters. 

Simulation of water and carbon fluxes 
Table 2 shows the performances in simulating the transpiration fluxes of 1989, 
and the carbon exchange and transpiration fluxes of 1995 with the optimised' 
responses of the two stomatal condutance models. The models performed simi
lar in explained variances, though the Leuning model gave slightly lower sum
mations of daily calculated carbon exchange than the Jarvis-Loustau. 

The day-to-day results of 1989 for FORGRO-SWIF with the Leuning con
ductance model are shown in Figure 2, both with and without a soil water stress 
function. Because the Jarvis-Loustau model was optimised with the same data 
as the Leuning model, and the same model of leaf photosynthesis and transpira
tion was used, day-to-day variations in the Jarvis-Loustau model and the Leun
ing model were similar. The model variant without a water stress function clearly 
overestimated transpiration around Day 220 (mid-August). The model variant 
with a soil water stress function gave higher transpiration rates around Days 160 
and 180 than the model variant without a water stress function. The discrepancy 
arises because the model variant without a water stress function had to fit tran
spiration rates in the period of water stress (around Day 220), as well as those in 
the periods in which there was no stress. The parameter values of this model 
variant, therefore, represent an average response to periods when soil water 
content was adequate and to periods when it was inadequate, whereas the 
model variant with the water stress function can distinguish between these peri
ods, and, therefore, can estimate transpiration rates in both periods more accu
rately. 
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Figure 2: Transpiration in 1989 simulated by F0RGR0-SW1F linked through the Leuning 
model of stoma tal conductance 

Measured and simulated carbon and transpiration fluxes for 1995 are shown in 
Figure 3; Figure 4 shows measured and simulated soil water contents of the up
per 50 cm of 1995. Both were simulated with the Leuning model of stomatal 
conductance. Transpiration in 1995 was simulated satisfactorily, although the 
plot of simulated data against measured data was a flattened curve rather than a 
straight line. The water stress period between Day 210 and Day 240 in 1995 
was well simulated. Thus, although trees in the Douglas-fir forest of Speuld had 
rooting depths in excess of the 50 cm used in this modelling approach (rooting 
depths down to 2.3 m), the variability in soil water content of the upper 50 cm 
seemed to represent the overall variability of soil water contents fairly well. 

Few measurements of soil water content were available. The model fitted 
these data well, although it deviated immediately after heavy rain. Apparently, 
the model predicted faster drainage to deeper layers. However, the lower values 
of soil water content were simulated accurately and these values were used to 
calculate stomatal conductance in response to water stress (Days 220-240). 

Because soil respiration was not calibrated independently, the simulation re
sults of net carbon exchange of Speuld could not be used for independent vali
dation of the model, but only as a qualitative test. Carbon dioxide exchange 
above the canopy showed a larger scatter than transpiration fluxes, which is to 
be expected because the uncertainty in measured C0 2 exchange is greater than 
the uncertainty in measured sap flow. More processes contribute to the net car
bon exchange of a forest than to tree transpiration, all with their own driving 
variables and spatial scale (e.g. growth respiration, maintenance respiration, 
root respiration and litter decomposition). The independent method of optimis
ing the LAI seems to work well because there was no major under- or overesti-
mation of the daily summations (see Table 2). The values of the FORGRO-
SWIF model approximated the values of both daily flux and totals of carbon ex
change, despite the many simplifying assumptions (uniform canopy, constant 
LAI in 1995, one air temperature and one value of soil water content used to 
model soil-respiration). 
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Figure 4: Measured and simulated soil water contents of the upper 50 cm of soil in 1995. 
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CONCLUSIONS 

The Ball-Berry model of stomatal conductance based on relative humidity is not 
valid for Douglas-fir in Speuld. Our simulations indicate that the relative humid
ity term should be replaced by a term for vapour pressure deficit, as is done in 
Leuning's model. Daily optimised parameters of both the Jarvis-Loustau and 
the Leuning models were clearly influenced by soil water content, whereas the 
empirical Ball-Berry parameter gf.BB depended on both soil water content and air 
temperature. Measured transpiration data of 1989 and 1995 were simulated sat
isfactorily (R2 = 0.81 for 1989 and 0.88 for 1995) when a function for soil water 
stress was used to create the forest water-balance model FORGRO-SWIF. Pre
dictions for daily exchange of carbon were poorer than predictions for transpira
tion (R2 = 0.55), although there was no systematic mismatch and summations 
of daily carbon exchange were estimated satisfactorily. Simulated soil water con
tent did not deviate under conditions of drought, but increments in measured 
soil water content caused by rainfall were underestimated. 
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4.2 SIMULATION OF CARBON AND WATER BUDGETS OF A DOUG
LAS-FIR FOREST+ 

ABSTRACT 

The forest growth / hydrology model FORGRO-SWIF, consisting of a forest 
growth and a soil water model, was applied to quantify the inter-annual 
variability of the carbon and water budgets of a Douglas-fir forest (Pseu
dotsuga menziessii (Mirb.) Franco) in the Netherlands. With these budgets the 
Water Use Efficiency, the amount of carbon fixed per amount of water, and 
its variability was estimated. After testing the model performance in simulat
ing daily carbon and transpiration fluxes, and soil water contents of this for
est ecosystem, the model was applied to a 10 year period of meteorological 
data. Two forest parameterisations were used: the non-thinned situation of 
1995, and the thinned situation in 1996. Relations between forest water use 
and forest growth were quantified with the model. The model performed 
satisfactory, an R2 value for daily carbon fluxes of 0.58 and for daily transpi
ration fluxes 0.81. The forest showed to be a clear carbon sink, in the climax 
situation between 1000 and 1210 g C rrf2 y1. In the thinned situation the 
carbon uptake was more than halved to values between 430 and 620 g C 
nr2 y1 . The calculated yearly WUE's for the forest were between 2.5 and 
4.3 g C m 2 mm1 and for the total ecosystem between 1.1 and 2.0 g C m2 

mm1 . The thinned forest had clearly lower WUE's than the non-thinned 
forest. The importance of including interception evaporation as forest water 
use is discussed, and the results showed the importance of integration of 
forest growth and forest water use for calculating yearly carbon and water 
budgets. 

INTRODUCTION 

Water is an important factor influencing forest growth and thereby potentials for 
carbon fixation (Baldocchi, 1997; Arneth et al., 1998). To estimate carbon and 
water exchange a large amount of flux measurements are performed along a 
range of terrestrial ecosystems (Williams et al., 1997). These measurement cam
paigns are very expensive and in most cases limited in time and spatial scale. 
Both the spatial and inter-annual variability of carbon and water budgets can be 
large, and measurements performed for only a limited time-period can give 
strongly biased results. To overcome these problems the development and the 
rigorous testing of different kinds of simulation models is essential (Luan et al 
1996). 

+ Published by M.T. van Wijk, S.C. Dekker, W. Bouten, W. Kohsiek, and G.M.J. Mohren. Forest 
Ecology and Management, in press. © Elseviers Science 
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For studying the complexity of forest ecosystems, with the interactive relations of 
nutrients, water and forest growth, the development of process-based simulation 
models is crucial (Landsberg et al., 1991). Nutrient dependent processes at leaf 
scale can be integrated and scaled up to canopy level, thereby maintaining the 
most important physiological interrelations between the forest and the environ
ment. Process-based models can integrate data and mechanistic knowledge 
about ecosystem processes in a way that enhances our understanding and pre
dictive capability with respect to ecosystem functioning (Nikolov and Fox, 
1994). 

At this moment a large number of different forest ecosystem models exists 
that can simulate carbon and water exchange at canopy scale, using detailed 
physiological knowledge at leaf level (e.g. Wang and Jarvis, 1990; Falge et a l , 
1996; Williams et al., 1996). The transfer of carbon and water between the for
est canopy and the atmosphere are strongly linked, because both carbon diox
ide and water vapour diffuse through stomata. Another relation between water 
use and carbon exchange of forest ecosystems works at another scale, namely 
by possible drought effects (Baldocchi, 1997). An important interaction between 
forest growth and forest water use that receives relatively little attention is rainfall 
interception (Calder, 1998). A study at the Plynlimon experimental catchments 
in mid-Wales showed for example that yearly interception was twice as high as 
yearly forest transpiration (Calder, 1978; Calder, 1998). The interactions be
tween forest growth and forest water use therefore act at totally different time 
scales, and quantification of these relations is important for a reliable estimation 
of carbon and water exchange at higher spatial and time scales. 

In an earlier article we related the Leuning stomatal conductance model to 
soil water content of the upper 50cm of the Speuld forest, a Douglas fir forest 
(Pseudotsuga menziessii (Mirb.) Franco) in the middle of the Netherlands (Van 
Wijk et al., 2000). In this way dynamic feedback relations between forest water 
use, forest growth and carbon dioxide exchange were incorporated into one 
combined forest ecosystem model. The model has two sub-models: the forest 
growth model FORGRO, which calculates gas exchange at leaf level and scales 
this up to canopy level, and the forest soil water model SWIF, which calculates 
soil water contents and flows (Van Wijk et al., 2000). 

The FORGRO-SWIF model was parameterised and validated for the Speuld 
forest on the basis of transpiration and carbon exchange measurements (Van 
Wijk et al., 2000). The model integrates all kinds of measurements performed at 
the Speuld forest over a period of more than ten years. The water cycle of the 
Douglas fir forest was characterised by sap flow measurements (Bouten, 1992; 
Van Wijk et al., 2000), eddy covariance measurements of water vapour 
(Bouten, 1992; Bosveld and Bouten, 2000a; Van Wijk et al., 2000), soil evapo
ration measurements (Schaap and Bouten, 1997), soil water content measure
ments using time domain reflectory and neutron probes (Bouten et al., 1992; 
Tiktak and Bouten, 1994), rainfall interception measurements with microwave 
transmission (Bouten et al., 1991; Bouten et al., 1996) and throughfall meas
urements with a large amount of funnels (Bouten et al., 1992). The carbon bal
ance of the forest was characterised using eddy covariance measurements of 
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carbon dioxide (Van Wijk et al., 2000). soil respiration measurements (A. Ti-
etema, non published measurements; Van Wijk et al., 2000), leaf chamber 
measurements (Steingröver and Jans, 1995) and forest biomass and forest 
growth measurements (Kort, 1989; Jans et al., 1994). During most of the moni
toring period micro-meteorological measurements were available (Bosveld et 
a l , 1998; Bosveld and Bouten, 2000a; Van Wijk et al., 2000). 

In this study the FORGRO-SWIF model was used to estimate the inter-
annual variability of carbon and water exchange of the Speuld forest. With these 
simulated values the Water Use Efficiency of the forest, expressed as the amount 
of carbon fixed by the forest per amount of water, was estimated. First, the 
FORGRO-SWIF model was tested by applying it to carbon exchange and tran
spiration measurements performed in 1996, after a thinning. After this extra test, 
the FORGRO-SWIF model was applied to simulate yearly carbon and water 
budgets for the ten-year period 1988-1997. These budgets were calculated for 
the forest in the 1995-non-thinned model parameterisation, and for the 1996-
thinned model parameterisation, for a thorough comparison and a quantifica
tion of the ecosystem changes due to the thinning. With the simulation outputs 
the relationships between the water and carbon cycle are discussed, and the im
plications of the results of the model simulations for measurement strategies of 
forest ecosystem carbon and water exchange are evaluated. 

METHOD 

Site description 
Data were obtained from a Douglas-fir stand of 2.5 ha within a large forested 
area, the Speuld forest, near the village of Garderen, the Netherlands. The 
stand, which was planted in 1962, had a tree density of 780 trees ha"1 and was 
without under-story. Mean tree height between 1990 and 1992 was 21.6 m. 
Projected leaf area index ranged from 7.8 to 10.5 m2 m"2, which was estimated 
by needle samplings at different heights in different trees, and multiplying the 
measured leaf densities by the tree density (Jans et al. 1994). The soil at Speuld 
is a Haplic Podzol, well drained, and consisting of fluviatile deposits with tex
tures ranging from fine sand to sandy loam. The groundwater-table is at 40 m. 
The 30-year mean rainfall is 834 mm year1. More detailed information on the 
research site has been published by Tiktak et al. (1988) and Van der Maas 
(1990). 

Measurements 
Meteorological data were collected in 1989, 1995 and 1996 by the Royal Mete
orological Institute of the Netherlands (KNMI) from a 36 m tower. Meteorologi
cal measurements of the other years were obtained from the nearby meteoro
logical station in De Bilt. The characteristics of the ten years of meteorological 
observations are given in Table 1. 
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Table 1: Meteorological characteristics of the years 1988 to 1997 

Year Mean T [°C] Total Rg 
[106 kj nv2] 

Total precipitation 
[mm] 

1988 
1988 day 100-200 

10.3 
13.4 

3.24 
1.55 

876 
175 

1989 
1989 day 100-200 

10.2 
13.3 

3.56 
1.78 

801 
192 

1990 
1990 day 100-200 

10.8 
13.5 

3.66 
1.73 

806 
232 

1991 
1991 day 100-200 

9.4 
12.0 

3.46 
1.52 

777 
243 

1992 
1992 day 100-200 

10.5 
14.9 

3.58 
1.80 

1001 
270 

1993 
1993 day 100-200 

9.6 
14.6 

3.31 
1.66 

1044 
245 

1994 
1994 day 100-200 

10.5 
13.7 

3.39 
1.63 

1023 
181 

1995 
1995 day 100-200 

9.7 
13.0 

3.64 
1.65 

738 
230 

1996 
1996 day 100-200 

7.8 
12.1 

3.36 
1.54 

669 
151 

1997 
1997 day 100-200 

10.2 
13.4 

3.53 
1.63 

744 
239 

The types of measurement, the instruments and the data processing are de
scribed extensively in Bosveld (1997) and Bosveld et al. (1998). Eddy covari-
ance measurements of COz-fluxes in 1995 and 1996 were performed with a 
DAT 300 sonic anemometer with a TR-61A probe (Kaijo Denki Co., Ltd., To
kyo, Japan) together with an open path, infrared absorption sensor for water 
vapour and C0 2 (Kohsiek 1991), mounted 30 m above the forest floor. C02-
concentrations were measured at heights of 24 and 36 m with an LI-6262 infra
red gas analyser (IRGA) (LI-COR, Inc., Lincoln, NE, USA). Night-time C02-flux 
data were corrected for the effects of stable atmosphere and storage (Baldocchi 
and Vogel 1996; Kimball et al. 1997) by also calculating night-time C0 2 fluxes 
from the C02-concentration profiles. The gradients flux was calculated with the 
turbulent exchange coefficient, which was assumed to be equal to the corre
sponding coefficient for the sensible heat flux; the latter was calculated accord
ing to Bosveld (1997). The time step of all measurements used in this article was 
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30 minutes. Due to the influence of a neighbouring oak forest, data were re
moved from the data set when the wind was from the southwest. 

Sap flow was measured by the Granier method (Granier 1985) with one 
sensor per tree, on 11 trees located near the tower. All sap flow data were set to 
zero every night. The data were weighted according to the sapwood area of the 
measured trees (ranging from 1.1 to 3.7 dm2) and scaled to eddy covariance 
measurements of water vapour based on daily total sap flow from 06:00 h to 
15:00 h, to avoid problems associated with a possible time lag. Soil water was 
measured two to four times a day using an automated TDR system (Hei-
movaara and Bouten, 1990) with 42 probes. The values of the various probes 
were averaged to obtain a daily mean value of soil water content of the upper 
50 cm. 

Simulation model: the integrated FORGRO-SWIF model 
Soil water content was calculated with the soil water model SWIF (Soil Water in 
Forested Ecosystems), which describes vertical water flow and root water uptake 
in the unsaturated soil zone. The model also incorporates soil evaporation as 
formulated by Schaap and Bouten (1997), and distributes root water uptake 
over several soil layers from data on the relative root density per layer (Tiktak 
and Bouten, 1992). SWIF inputs are precipitation and the soil physical charac
teristics that are expressed with the Van Genuchten parameters (Van Genuch-
ten, 1980). Outputs are soil water content and pressure head, and soil water 
flow. 

Carbon and transpiration fluxes of the forest were calculated with the proc
ess-based forest growth model FORGRO (Mohren, 1987; Kramer and Mohren. 
1996), inputs of which are radiation, air temperature, wind speed, early-
morning vapour pressure and precipitation. FORGRO outputs may vary from 
daily transpiration and carbon exchange to yearly forest yield. The version of 
FORGRO used in this study is presented in Van Wijk et al. (2000). The leaf pho
tosynthesis module (Falge et al., 1996) is based on the approach of Farquhar 
and co-workers (Farquhar et al., 1980) using the model formulation of Harley 
and Tenhunen (1991). To calculate leaf photosynthesis and transpiration, we 
assumed that there were no gradients of C02 , water vapour or temperature 
within the canopy; air temperature and humidity measured in the tower at 18 
and 30 m showed no large systematic differences. 

The Leuning model was used to calculate the stomatal conductance 
(Leuning, 1995): 

Gs=gfacx — "ö" M 
( C , - T ) X ( 1 + — ) 

where gfac and D0 are empirical constants, x is the COz compensation point [p\ 
l"1], A is net assimilation [/imol m~2 s"1], D is vapour pressure deficit [kPa] and Cs 

is the boundary layer C02-concentration [yà Y1] 
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The stomatal response to soil water content is modelled using the standard re
sponse function used by Stewart (1988): 

gfac = gfac X (1 - ky X e X p 0 ^ ^ ) (2) 
where 5S is soil moisture deficit according to: 

OS ef-e 
e,-e... 

0 < OS < 1 (3) 

Parameter values of the Leuning model are x=40 p\ l1, D0 2.75kPa, gfac = 
1797, kj = 0.016, k2 = 4.1, 8f = 0.12 rnrnr3 and 6>w = 0.03 m3nv3 (Van'Wijk et 
al., 2000). 

To simulate the forest carbon and water vapour fluxes of 1996 (after the 
thinning!) the radiation interception parameters of FORGRO had to be adjusted. 
The increased inhomogeneity of the canopy after the thinning was simulated by 
increasing the clustering factor (Van Wijk and Bouten, 2000). No other adapta
tions were made: the most simple adjustment was chosen to be able to model 
daily forest gas exchange and soil water contents by only adapting the light in
terception of the FORGRO canopy. The LAI of 7.0 m2 m'2 used in Van Wijk et 
al. (2000), was decreased to 4.0 at the beginning of 1996, and increased during 
the growing season between day of year 150 to 250 from 4.0 to 4.5 (Van Wijk 
and Bouten, 2000). The relative amount of rainfall interception was decreased 
from 0.45 before the thinning to 0.41 after the thinning. 

Both values were based on measurements of more than forty throughfall 
funnels. Figure 1 shows the measured throughfall ratios after the thinning on 
which the relative amount of interception that was used in the FORGRO-SWIF 
model was based. These throughfall measurements were performed once a 
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Figure /: Measured throughfall ratios together with ratio used in F0RGR0-SW1F (for ex
planation see text) 

96 



month. The measured amounts of water in the funnels were divided by the 
length of the measurement period to obtain comparable throughfall velocities. 

The interception values of the Speuld forest are high compared to other for
ests in the Netherlands (Bouten et al., 1998), and this is probably caused by a 
low gap fraction and a high storage capacity (Bouten et al., 1996). The increase 
in throughfall and therefore the decrease in canopy rainfall interception caused 
by the thinning was surprisingly low and the most probable cause for this minor 
change was a decreased aerodynamic resistance and increased evaporation 
rate. 

RESULTS AND DISCUSSION 

Simulation results of 1996 
The simulation results of the FORGRO-SWIF model of 1996 are shown in Fig
ure 2 (daily transpiration and carbon exchange) and in Figure 3 (soil water con
tents). The measured daily transpiration was simulated satisfactory with an ex
plained variance of 0.81, although in Figure 2a an overestimation is visible in a 
set of 20 days between day of year 160 and 230. These days turned out to be 
rainy days. FORGRO-SWIF did not include the decreasing effects of a wet can
opy on the stomatal conductance. Although this effect is less important than the 
micro-climate influence, the effect is clear for totally wet canopies (Bosveld and 
Bouten, 2000b). On dry days FORGRO-SWIF performance was better, the ex
plained variance for days with no rain was 0.91. 

The FORGRO-SWIF model simulated the measured forest carbon exchange 
less well: the explained variance was 0.58. The performance in modelling daily 
carbon forest exchange of 1996 of the model was slightly better than the per
formance for 1995, before the thinning, presented in Van Wijk et al. (2000), 
which had an R2 of 0.55. In addition, these results showed that with a minimal 
amount of model-adaptations, increase of the clustering factor and decrease of 
the LAI, the FORGRO-SWIF model represented the changed carbon and water 
exchange rather well. The sum of the measured daily carbon fluxes was 9407 kg 
C m 2 (110 days), where the sum of simulated daily carbon fluxes was 9910 kg 
C m"2. The simulated carbon exchange sum was therefore within 6 % of the 
measured carbon exchange sum. 

The results of the modelled and measured soil water contents are shown in 
Figure 3. As no parameter adjustments were performed in the SWIF-model to 
represent thinning effects on the soil physical characteristics, these results were 
satisfactory. Similar to the results presented in Van Wijk et al. (2000), the in-
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creases in soil water contents after rain events were underestimated, although 
the measured increase in soil water contents at the end of 1996 was simulated 
well by the model. Figure 3 also shows the maximum and minimum values of 
the measured soil water contents, reflecting the high spatial variability in the 
TDR-measurements. 

The minimal amount of model-adaptations needed to represent the effects of 
the thinning was surprising. For example, the throughfall measurements showed 
almost no decrease in interception whereas one third of the canopy was re
moved in the thinning. Individual funnel measurements showed that the relative 
amount of throughfall increased strongly for some funnels (above which the 
trees are cut), but for other funnels the relative amount of throughfall decreased, 
which led to an overall increase in throughfall which was lower than expected 
(see Figure 1 for the measured throughfall ratios). This was probably caused by 
a decrease in the aerodynamic resistance, which led to a higher evaporation of 
intercepted rainfall. One variable that was likely to increase was the amount of 
soil evaporation. The change of soil evaporation could not be estimated, as 
there were no measurements available after the thinning. As the results of Figure 
3 indicated no large model error associated with this model assumption, the 
change in soil evaporation was probably a minor factor in the changes in the 
water cycle due to the thinning. The decrease in LAI was much more important. 

Simulation of carbon and water budgets 
The calculated budgets for the non-thinned forest situation and for the thinned 
forest situation for ten different years are presented in respectively Table 2 and 
Table 3 and in relative values in Figures 4 and 5. The calculated carbon budgets 
showed that the Speuld forest in the non-thinned situation was a carbon sink of 
about 1000 to 1210 g C m 2 y"1 (which is equivalent to 10 - 12 Mg C ha'1 y-1). 
These modelling results were consistent with measured stem growths equivalent 
to about 700 gC m z y1 . The combination of a relatively young Douglas fir for
est, about 30 years, a soil with sufficient nutrient availability, only limited peri
ods of soil water stress a strong accumulation of soil organic matter probably led 
to this high carbon sink. 

A rather surprising result was, comparing the carbon budgets of the ten dif
ferent years, the relative equality of the calculated carbon budgets, whereas the 
differences in yearly transpiration budgets were larger. The inter-annual variabil
ity of the carbon budgets of the ten years was about 25 percent. This inter-
annual variability is low compared to the results of Goulden et al. (1996), in 
which the yearly net carbon exchange could differ a factor two from one year to 
another. An important factor for the Speuld forest in the non-thinned situation 
was the high carbon uptake by the forest and consequently, an inter-annual 
variability of 210 g C m"2 y"1 expressed in relative amounts is low. About the 
same inter-annual differences were reported by Arneth et al. (1998), measured 
in a Pinus radiata forest, but their absolute amount of carbon uptake by the forest 
was much lower: the relative inter-annual variability was therefore 
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Table 2a: Simulated water budgets (all in [102 mm y'j of the different forest compart
ments in the non-thinned situation 

Year Rain Interception Transpiration Soil evapora
tion 

Drainage Storage 
change 

1988 8.8 4.0 3.9 0.7 0.2 -0.1 

1989 8.0 3.6 4.0 0.7 -0.3 0.0 

1990 8.7 4.0 4.1 0.7 -0.3 +0.2 

1991 7.8 3.5 3.5 0.7 -0.4 +0.4 

1992 10.0 4.5 4.2 0.7 +0.3 +0.3 

1993 10.4 4.7 3.9 0.7 +0.5 +0.6 

1994 10.2 4.6 4.0 0.7 + 1.2 -0.3 

1995 7.4 3.3 3.8 0.7 +0.9 -1.3 

1996 6.7 3.0 2.8 0.7 -0.5 +0.8 

1997 7.4 3.3 3.9 0.7 -0.4 -0.1 

Table 2b: Simulated carbon budgets (all in [103gC m2 yf) of the different forest com
partments in the non-thinned situation 

Year Net Ecosystem Canopy As Canopy Respi Bole Respira Soil Respira

Exchange similation ration tion tion 

1988 1.12 2.62 1.07 0.12 0.31 

1989 1.16 2.70 1.09 0.13 0.33 

1990 1.16 2.80 1.17 0.13 0.32 

1991 1.14 2.61 1.08 0.12 0.27 

1992 1.05 2.75 1.19 0.13 0.38 

1993 1.07 2.61 1.06 0.12 0.35 

1994 1.00 2.66 1.18 0.12 0.37 

1995 1.16 2.69 1.10 0.12 0.31 

1996 1.21 2.46 0.93 0.11 0.21 

1997 1.10 2.70 1.17 0.12 0.31 

larger. The inter-annual variability of the thinned Speuld forest expressed in 
relative amounts is also larger (Table 3). Another important difference with 
Goulden et al. (1996) is that their forest is a deciduous forest, in which phenol
ogy plays a very important role in the carbon uptake. The Speuld forest is a co
niferous forest, Douglas-fir, dealing with the sea-climate of the Netherlands. 
Therefore, effects of phenology and frost damage have less effect on the yearly 
carbon budgets of Speuld. 

The inter-annual variability of the carbon part of the model was lower than 
the transpiration part of the model, both for the non-thinned as for the thinned 
situation. This was caused by several compensating feedbacks in the carbon ex
change part of the model. For example, because of a relatively low mean tem
perature and total incoming radiation in the growing season of 1996 the Table 
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Table 3a: Simulated water budgets (all in [W2 mm y'j of the different forest compart
ments in the thinned situation 

Year Rain Interception Transpiration Soil evapora
tion 

Drainage Storage 
change 

1988 8.8 3.6 2.2 0.7 2.4 -0.1 

1989 8.0 3.3 2.3 0.7 1.7 0.0 

1990 8.7 3.6 2.4 0.7 1.8 + 0.2 

1991 7.8 3.2 2.2 0.7 1.6 +0.1 

1992 10.0 4.1 2.3 0.7 3.1 0.0 

1993 10.4 4.3 2.1 0.7 2.8 +0.5 

1994 10.2 4.2 2.2 0.7 3.2 -0.1 

1995 7.4 3.0 2.2 0.7 2.0 -0.5 

1996 6.7 2.7 2.0 0.7 0.8 + 0.6 

1997 7.4 3.0 2.3 0.7 1.1 +0.3 

Table 3b: Simulated carbon budgets (all in {itfgC nf2y']) of the different forest com-
panments in the thinned situation 

Year Net Ecosystem Canopy As Canopy Respi Bole Respira Soil Respira

Exchange similation ration tion tion 

1988 0.49 1.57 0.61 0.08 0.39 

1989 0.54 1.66 0.62 0.09 0.42 

1990 0.53 1.71 0.67 0.09 0.42 

1991 0.55 1.63 0.62 0.08 0.38 

1992 0.47 1.67 0.68 0.09 0.44 

1993 0.48 1.54 0.59 0.08 0.39 

1994 0.43 1.60 0.67 0.08 0.43 

1995 0.55 1.67 0.63 0.08 0.41 

1996 0.62 1.60 0.54 0.07 0.36 

1997 0.48 1.67 0.67 0.08 0.43 

canopy assimilation was lowest of all ten years. The relatively low mean tem
perature also decreased the canopy respiration, soil respiration and bole respira
tion: this led to a higher net carbon uptake for the whole year. In the water cycle 
such compensating effects are not as important. 

The carbon budgets of the different compartments showed that canopy-
processes were most important for the non-thinned forest. This is also shown in 
Figure 4. The canopy assimilation was twice as high as the net carbon ecosys
tem uptake, and the most important respiration compartment is the canopy. In 
this system the soil respiration totals are rather low if compared to other forest 
ecosystems. In the eight year old Pinus radiata forest of Ameth et al. (1998) for 
example, soil respiration is 80% of the total ecosystem respiration fluxes, which 
is 1.5 times the net ecosystem carbon uptake. 
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Figure 4: Relative contributions of the 
different forest ecosystem compartments 
to the water and carbon balance of the 
Douglas fir Speuld forest in the non-
thinned situation 
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Figure 5: Relative contributions of the 
different forest ecosystem compartments 
to the water and carbon balance of the 
Douglas fir Speuld forest in the thinned 
situation 
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The budgets of the different compartments of the water cycle also showed the 
importance of the canopy: the forest had an interception of about 45 %, which 
is only 10 % lower than the contribution of forest transpiration. This forest has 
been subject of a detailed study in which microwave transmission measure
ments were performed to quantify the interception storage on the canopy 
(Bouten et al.. 1996). The short-term changes in water storage in the crown 
showed the high interception capacity of this forest (Bouten et al., 1996), 
probably caused by the low gap fraction and the shape of the needles. 

In some years Table 2 gives negative values of the drainage term. This nega
tive value stands for capillary rise of water over the year from the soil layer be
neath the rooted zone to the lowest soil layer of the rooted zone. This was a 
consequence of our quantification of the drainage term by defining it as the wa
ter flux occurring between the lowest rooted soil layer and the highest non-
rooted soil layer. This leads to relative large drainage fluxes (both positive and 
negative), which will level out in the deeper soil layers, thereby leading to less 
extreme drainage terms. In dry years the soil layers of the rooted zones are dryer 
than the soil layers below, caused by the high transpiration amounts that were 
extracted from the soil. This resulted in an upward flux of soil water and there
fore led to negative drainage. The results showed that the forest in the non-
thinned situation used almost all the water supplied by rainfall by high transpira
tion and interception evaporation. 

The calculated budgets, both the totals and of the individual compartments, 
changed radically after the thinning (Table 3). The simulated yearly net carbon 
uptake was more than halved compared to the non-thinned situation. This is a 
result of the decrease in canopy assimilation, where the canopy respiration and 
the bole respiration also decreased, but with a lower amount. The forest 
transpiration also decreased, but not as distinct as the carbon budget. Because 
of the lower transpiration, soil water contents were higher compared to the non-
thinned situation, and these higher soil water contents led to an increase of soil 
respiration. These model results indicate the importance of a closed forest water 
balance model in which interactions of the water and carbon cycles are in
cluded. 

The contributions of the compartments of the thinned forest situation are 
shown in Figure 5. When compared to the non-thinned situation (Figure 4), 
large increases of the relative values of canopy respiration and soil respiration 
were clear. This was caused by the decrease in net carbon uptake by the forest: 
the budgets of the compartments expressed relative to this exchange increased, 
whereas their absolute values did not increase. In the water cycle the impor
tance of transpiration was strongly decreased which led to higher drainage of 
water in the thinned situation. 

The effectiveness of the Douglas fir forest ecosystem of using water to se
questrate carbon can be expressed in the term Water Use Efficiency (WUE). The 
simulated WUE's are presented in Table 4a and b. WUE was calculated both for 
the total forest ecosystem, and for the trees only. The high inter-annual variabil
ity of the forest transpiration was reflected in the inter-annual variability of the 
WUE. The results also showed a decrease in WUE of the thinned forest com-
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pared to the non-thinned forest simulated for 1996. The WUE values given by 
Arneth et al. (1998) were 1.27 and 1.25 g C kg1 H 20 (equivalent to the units 
we use, g C m"2 mm'1). However, these values were the net ecosystem carbon 
exchange divided by the forest transpiration plus soil evaporation (in their case 
about 30%). If we calculate the WUE's in a similar way, the values of Table 4a, 
the non-thinned situation, changed to values between 2.13 and 2.71 g C kg1 

H20, with an extreme value of 3.57 g C kg1 H20 in 1996. Our values were 
clearly higher than the values of Arneth et al. (1998). However, it is important to 
include the interception evaporation in the calculation of the WUE of a forest 
ecosystem: this is also a water usage of the forest. Forests with high LAI values 
have high WUE-values if only transpiration and soil evaporation amounts are 
taken into account. However, the rainfall interception of forests with high LAI-
values is also important and this amount of water is not available as soil input. 
Therefore, it should be taken into account if one wants to express the efficiency 
of carbon uptake versus the water use of a forest. This is an important aspect 

Table 4a: Simulated WUE's of the Speuld forest in the non-thinned situation 

Model run WUEtree (NEE / transpiration) WUE (NEE / {interc. + transp. 
[g C m : - m m ] + soil evap .»[nCm^mm-1! 

1988 2.87 1.30 
1989 2.90 1.40 
1990 2.83 1.32 
1991 3.26 1.48 
1992 2.50 1.12 
1993 2.74 1.15 
1994 2.50 1.08 
1995 3.05 1.49 
1996 4.32 1.95 
1997 2.82 1.39 

Table 4b: Simulated WUE's of the Speuld forest after the thinning 

Model run WUEIree (NEE / transpiration) 
[g C m 2 mm1]  

1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 

WUE„, (NEE/ {interc. + transp. 
soil evap.}) [g C m 2 mm'1] 

2.23 0.75 
2.35 0.86 
2.21 0.79 
2.50 0.90 
2.04 0.66 
2.29 0.68 
1.95 0.61 
2.50 0.93 
3.10 1.15 
2.09 0.80 
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that should not be overlooked with regard to reforestation to increase carbon 
sequestration. Reforestation will have huge impacts on the soil water availability. 

The simulation results also indicated the importance of long-term measure
ment projects like Goulden et al. (1996). To obtain reliable carbon and water 
budgets of different forests, measurement periods of only one or two years can 
give strongly biased results. The model results indicated that the inter-annual 
variability could be huge for forests with low amounts of carbon sequestration. 
Also, it should be kept in mind that the results presented here are model simula
tion results, in which the model does not include difficult to model aspects like 
frost damage effects, insects plagues, etceteras, which can also increase the in
ter-annual variability of the water and carbon budgets. 

CONCLUSIONS 

The Speuld forest was a large carbon sink, with a yearly carbon uptake between 
1000 and 1210 g C m 2 y"1 in its climax situation. This amount was relatively 
constant over the ten years simulated, from 1988 to 1997. The yearly transpira
tion amounts were more variable from one year to another, and could differ up 
to 50%, where the carbon budgets differed only up to 25%. After the thinning 
the yearly carbon uptake of the forest was only half that of the forest before the 
thinning. The simulated WUE's of the total forest ecosystem and of the trees 
themselves showed a large variability, mainly caused by the variation in yearly 
transpiration of the forest. The WUE's of the forest ecosystem 
(NEE/{transpiration + interception + soil evaporation}) were between 1.1 and 
2.0 g C m"2 mm"1, and the WUE's of the tree compartment (NEE / transpiration) 
were between 2.8 and 4.3 g C m 2 mm"1. After the thinning the WUE's de
creased to respectively between 0.6 and 1.2 g C m'2 mm"1 and 2.0 and 3.1 g C 
m"2 mm"1. The importance of including interception evaporation in the calcula
tion of forest water use is stressed. 
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5. COMPARISON OF DIFFERENT MODELING STRATEGIES FOR 

SIMULATING GAS EXCHANGE OF A DOUGLAS-FIR FOREST 

ABSTRACT* 

Carbon and latent heat fluxes can be simulated with different model strate
gies to fulfil different research purposes. In this study we compared four dif
ferent model concepts: artificial neural networks (ANN), fuzzy logic (FL), an 
index model (IM, using light use efficiency and water use efficiency) and the 
process-based model FORGRO. The models were tested on a two-year data 
set of carbon and water fluxes of a Douglas-fir forest (Speuld, The Nether
lands), one year before and one year after a thinning. The potentials of the 
model concepts for application for four research goals were assessed in rela
tion to the obtained results and in a more general context: measurement fit
ting, insight into the importance of processes and mechanisms, simulation of 
climate change effects and upscaling of forest responses to regional scale. 
For measurement fitting ANN and FL showed the highest potentials, mainly 
becaus of their high number of fitting parameters. IM and FORGRO showed 
a satisfactory model performance, although systematic errors were detect
able. Insight into forest ecosystem functioning was difficult with ANN, but 
FL, IM and FORGRO showed clear interpretability of the effects of the thin
ning in terms of ecosystem functioning. FORGRO has the highest potentials 
for reliable estimation of effects of climate change on forests like Speuld, al
though the incorporation of adaptation to climate change in the model for
mulation is a major problem unsolved. For upscaling FL and ANN can be 
used effectively if they are parameterised on a range of forests rather than 
one forest as in this study. IM showed potentials for linking the model pa
rameters to variables characterizing forest ecosystems like leaf area index, 
and thereby for large-scale applications. The discussion showed that the ap
plication of a set of totally different models can increase our knowledge of 
forest functioning. 

INTRODUCTION 

Models for simulating forest gas exchange, both carbon and latent heat, are de
veloped for a range of application goals, for example carbon sequestration re
search, forestry and climate research (Medlyn et al., 1999; Williams et a l , 1997; 
Mäkelä et al., 2000). Each application goal demands a certain level of process-
detail incorporated into the model. For large-scale climate models a simple 
model approach is necessary, because knowledge of species-specific parameter-
values is lacking in most cases (Williams et al., 1997). If one is interested in plant 
ecology and plant-physiological processes, the chosen model should probably 
include an elaborate light interception module, a soil module and a description 

f Submitted to Ecological Applications by M.T. van Wijk and W. Bouten. © Ecological Society of 
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of the photosynthesis and stomatal conductance characteristics of the studied 

species. 
In most studies, models are developed and tested against measurements in

dividually. A coherent comparison of the performance, obtained knowledge and 
application possibilities of different simulation models formulated and param-
eterised for the same measurements is rather seldom done, although for forest 
hydrology and transpiration models several comparisons have been performed 
(Bouten and Jansson, 1995; Barr et al., 1997; Garatuza-Payan et al., 1998; 
Bosveld and Bouten, 2000; Dekker et al., 2000a). 

In this study we compare four different modelling strategies, which could be 
applied to simulation of gas exchange of a forest, both carbon and water fluxes. 
The forest is Douglas-fir forest in the central part of the Netherlands, for which 
two years (1995 and 1996) of eddy-covariance data of gas exchange are avail
able (Bosveld, 1997; Bosveld and Bouten, 2000; Dekker et al , 2000a). In the 
winter of 1995 - 1996 a thinning took place in which one third of the trees was 
cut. An important criterion for the evaluation of the different models was how 
they could incorporate this thinning into their model formulations and/or model 
parameterisation 

The four strategies are a standard process-based forest-growth model, the 
FORGRO model (Mohren, 1987; Kramer and Mohren, 1996; Van Wijk et al, 
2000a), artificial neural networks (ANN) (Van Wijk and Bouten, 1999), fuzzy 
logic (FL) (Van Wijk and Bouten, 2000a) and an index model (IM) based on the 
concepts of water and light use efficiencies (Van Wijk and Bouten, 2000b). All 
models are calibrated on carbon and latent heat fluxes. These four strategies 
were chosen because they vary strong in their use of deterministic knowledge, 
model structure and innovation, and because they are able to simulate both 
carbon and latent heat exchange. 

The strategies were evaluated primarily on four aspects. First, model per
formance: how well did the models describe the measured data. Second, insight 
into the importance of processes and mechanisms: what kind of knowledge 
about the functioning of the forest ecosystem can be derived from the model. 
Third, the potentials for a reliable assessment of climate change effects and 
fourth, the application possibilities of the model techniques for upscaling of for
est responses to regional scale. 

MATERIAL AND METHODS 

Research site 
The study used data from a Douglas-fir stand of 2.5 ha within a large forested 
area (Speulderbos) near the village of Garderen, the Netherlands. The stand, 
which was planted in 1962, had a tree density of 780 trees ha"1 and was without 
understory. Mean tree height between 1990 and 1992 was 21.6 m. Projected 
leaf area index ranged from 7.8 to 10.5 m2 m2, which was estimated by needle 
samplings at different heights in different trees, and multiplying the measured 
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leaf densities by the tree density (Jans et al., 1994). The soil at Speuld is a Hap-
lic Podzol, well drained, and consisting of fluviatile deposits with textures rang
ing from fine sand to sandy loam. The groundwater-table is at 40 m. The 30-
year mean rainfall is 834 mm year"1. More detailed information on the research 
site has been published by Tiktak et al. (1988) and Van der Maas (1990). 

Measurements 
Meteorological conditions were measured by the Royal Meteorological Institute 
of the Netherlands (KNMI) from a 36 m tower. The types of measurement, the 
instruments and the data processing are described extensively in Bosveld 
(1997). Eddy covariance measurements of C02-fluxes in 1995 were performed 
with a DAT 300 sonic anemometer with a TR-61A probe (Kaijo Denki Co.. Ltd., 
Tokyo, Japan) together with an open-path, infrared absorption sensor for latent 
heat and C0 2 (Kohsiek, 1991), mounted 30 m above the forest floor. C02-
concentrations were measured at heights of 24 and 36 m with an LI-6262 infra
red gas analyser (IRGA) (LI-COR, Inc., Lincoln, NE, USA). Nighttime C02-flux 
data were corrected for the effects of stable atmosphere and storage (Baldocchi 
and Vogel. 1996: Kimball et al.. 1997) by also calculating nighttime C02-fluxes 
from C02-concentration profiles. The gradients flux was calculated with the tur
bulent exchange coefficient, which was assumed to be equal to the correspond
ing coefficient for the sensible heat flux; the latter was calculated according to 
Bosveld (1997). The time step of all measurements was 30 minutes. To avoid 
the influence of a neighbouring oak forest, data were removed from the data set 
when the wind was from the southwest. Latent heat (Lh) flux measurements 
within one day after a rainfall event were removed from the data set to prevent 
also simulating interception evaporation. In total there were 2093 C02-flux and 
1490 latent heat flux measurements available in 1995, and 3823 C02-flux and 
1879 latent heat flux measurements in 1996. 

Models 
FORGRO 
FORGRO (FORest GROwth) (Mohren, 1987; Kramer and Mohren, 1996) is a 
process-based model suitable to predict growth of even-aged mono-species 
stands of trees. In the version presented in Van Wijk et al (2000a), Van Wijk et 
al. (2000b) and Van Wijk and Bouten (2000a) FORGRO outputs may vary from 
instantaneous latent heat and carbon exchange to yearly forest yield and forest 
water use. Inputs of the model are global radiation (Rg), air temperature (T), 
wind speed, vapour pressure deficit (VPD) and precipitation. 

Central to the process-based model FORGRO is the description of the at
tenuation of radiance in a canopy. The homogeneity of the canopy can be ad
justed by increasing or decreasing the clustering factor that describes clustering 
of foliage around branches and within the canopy. The radiance intercepted by 
the canopy is weighted by the amount of foliage in each layer. Absorption of 
diffuse and direct fluxes of PAR (Photosynthetic Active Radiation) and NIR 
(Near Infrared Radiation), daily gross photosynthesis and transpiration are cal-
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culated by integrating hourly over both sunlit and shaded leaf layers using a 
Gaussian integration scheme (Goudriaan and Van Laar, 1994). 

The leaf photosynthesis module (Falge et al., 1996) is based on the ap
proach of Farquhar and co-workers (Farquhar et al., 1980) using the model 
formulation of Harley and Tenhunen (1991). To calculate leaf photosynthesis 
and transpiration, we assumed that there were no gradients of C02 , latent heat 
or temperature within the canopy; air temperature and humidity measured in 
the tower at 18 and 30 m showed no large systematic differences. The Leuning 
model was used to calculate the stomatal conductance (Leuning, 1995; Van 
Wijk et al., 2000a). 

The costs of maintenance respiration are based on the costs of biosynthetic 
processes and the biochemical composition of structural biomass (Penning de 
Vries et al., 1974). Maintenance respiration depends on temperature according 
to a Q10 approach, whereas growth respiration is assumed to be insensitive to 
changes in temperature (Goudriaan and Van Laar, 1994). Soil respiration rates 
were calculated with a model based on the concept of multiplicative interaction 
(Stroo et al., 1989; Freijer et al, 1996; Van Wijk et al, 2000a). 

Artificial Neural Networks (ANN) 
For a general non-linear mapping between the driving meteorological variables 
and the measured carbon and latent heat fluxes we used a standard three-
layered back-propagation neural network. An artificial neural network gives the 
possibility for an 'unconstrained' non-linear fit which provides a benchmark 
against which more physically based models can be judged (Huntingford and 
Cox, 1997; Kosko, 1992; Demuth and Beale, 1998). 

A three layer backpropagation neural network was used within Neural Net
work Toolbox 3.0 of Matlab 5.3 (Demuth and Beale, 1998). The optimisation 
method applied in the calibration phase was the Levenberg-Marquardt method. 
The total sum of squared errors (SSE) between measured and modelled values 
was minimised by tuning the artificial neural network parameters (e.g. scaling 
factors and inter-neuron connection weights). The number of epochs used in the 
optimisation was 75 and for each model fifty initialisations were tested. A model 
configuration with 3 hidden nodes showed to be the optimal configuration. With 
two hidden nodes the performance of the ANN decreased considerably, 
whereas the performance did not increase with more than three hidden nodes 
(Van Wijk and Bouten, 1999). 

Global radiation, temperature and vapour pressure deficit were used as input 
variables. In an earlier analysis these variables were the most important driving 
variables for both the carbon fluxes as the latent heat fluxes (Van Wijk and 
Bouten, 1999). 

Fuzzy Logic (FL) 
Fuzzy logic is a mathematical tool that enables the representation of human de
cision and evaluation processes in algorithmic form. Fuzzy logic gives the possi
bility to model linguistic uncertainty by relating quantitative data to human logic 
expressions, like 'tall men', 'hot days', etceteras. These categories can then be 
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used for (complex) evaluations, like in human reasoning (Kosko. 1992; 
Zimmermann. 1996; Altrock, 1995). For example, 'Tall men have large feet'. 

A fuzzy logic model can be split up into three steps. In the first step, 'normal' 
quantitative data are translated into one or more linguistic classes. For example, 
if the fuzzy logic model input consists of one variable, for instance global radia
tion, the value of this variable is translated into the membership values of the 
defined classes. The membership-value can range from zero (does not belong to 
a certain class) to one (does totally belong to that class). This first step is called 
the 'fuzzification' step. 

These calculated class memberships are then the input for the second step, 
the real model which consists of the fuzzy logic rules. Fuzzy logic rules are so-
called 'IF ... THEN ...'-rules. With these rules input-classes are coupled to out
put-classes, in our study the output-classes of the latent heat and carbon fluxes. 

The third step is the so-called 'defuzzification' step, in which the member
ships of the different classes of the output variables are translated into 'normal' 
quantitative data. These quantitative data are then the definitive output of the 
fuzzy logic model. 

Both the fuzzification and the defuzzification step are dependent on the so-
called membership functions and the class parameters. We used the most simple 
method of fuzzy logic: linear membership functions (Z-type, Lambda-type and 
S-type (Altrock, 1995) and centre of maximum defuzzification (Altrock, 1995; 
Zimmermann, 1996). 

To be able to simulate fuzzy logic rules consisting of more than one input-
variable we used the so-called Zadeh-operators. An example of a rule with more 
than one input is: 

{IF 'Radiation is High'} AND {IF 'Temperature is Middle-High'} 
THEN 

'Latent Heat Flux is High' 

The Zadeh-operators are (Kosko, 1992; Zimmermann, 1996; Altrock, 1995): 

AND: flAAB=wm{flA,llB} 

OR: juAvB=max{nA,MB} 

NOT: / ^ = 1 - / / , 

in which '/x' is the membership value of the classes A and B, and '—.' is the logi
cal 'NOT'. 

The model rules were calculated similar to Kosko (1992). First an initial 
guess of the different parameters was made. The model rules were derived by 
grouping the data into the different class-combinations of the three input vari
ables. For each input class-combination the number of occurrences of a certain 
output class of the latent heat and carbon fluxes was calculated. The output 
class that was calculated most often for each input class-combination was then 
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defined as the model rule. For a more thorough introduction to the Fuzzy Logic 
method as applied in this study, see Van Wijk and Bouten (2000a). 

Index Model (IM) 
The index-model used is based on the concepts of the RESCAP-model pre
sented in Dewar (1997). The only adaptation was replacing the linear relation 
between radiation and growth by a curve-linear relation between radiation and 
assimilation (Van Wijk and Bouten, 2000b). The carbon flux is divided into an 
assimilation-term, which we assume radiation driven, and a respiration term, 
which we assume temperature driven. The assimilation relation is given by a 
saturated curve-linear relation: 

a * Rg 
Ass= ^ (1) 

b + Rg 

In which: 
'Rg' is global radiation (expressed in MJ m 2 d4) 
'Ass' is radiation driven canopy assimilation (expressed in g C0 2 rrf

2 d~l) 
Interpretation of parameters: 'a / b' is the initial light use efficiency of the forest 
canopy (in g C0 2 MT1), and 'a' is the saturated, or maximum, canopy assimila
tion (in g C0 2 m"2 d_1). 
'b' is in MJ m'2 d'1 

This formulation of the relationship is chosen because the simple conceptual in
terpretation of the two coefficients. 

The respiration relation: 
T-25 

R = c* 2 T r (2) 

In which: 
'R' is the forest respiration (in g C0 2 m 2 d"1), 'c' is the reference respiration at 
25°C (in g C0 2 m'2 d_1) and 'T' is temperature in °C 

For the relation between assimilation and transpiration we used the VPD-
correction as shown in the appendix of Dewar (1997): 

T= - *Ass*(- + - - ) " ' (3) 
q0 D D0 

In which: 
'T' is transpiration (in mm H 20 d1), 'q0' is the VPD corrected water use effi
ciency (in g C0 2 kg H 20 ' kPa), 'D' is vapour pressure deficit (in kPa) and 'D0' is 
an empirical constant (in kPa) 

114 



These units were used in Van Wijk and Bouten (2000b). In this paper the results 
were calculated into jiimol m 2 s4 for the carbon fluxes and W m 2 for the latent 
heat fluxes to make a comparison possible with the simulation results of the 
other models. 

Model calibration and sensitivity analysis 
All models were parameterised on the two years of available data of latent heat 
and carbon exchange, and the meteorological driving variables. The number of 
adapted model coefficients to incorporate the thinning, or the number of fit-
parameters used to calibrate the models onto the available data are given in Ta
ble 1. The thinning event was incorporated into the FORGRO model by de
creasing the LAI from 7 m2 m"2 to 4 m2 m"2 and doubling the cluster factor (Van 
Wijk and Bouten, 2000a; Van Wijk et al., 2000b). 

The ANN's were trained on the two years of data separately. This training 
was performed on 50% of the data of each year, randomly selected from the 
total data sets. After this training a sensitivity analysis was applied to the result
ing ANN's as in Huntingford and Cox (1997) and Van Wijk and Bouten (1999). 
In this analysis each input variable, in our case radiation, temperature and va
pour pressure deficit, was varied from the lowest to the highest measured value. 
Together with the mean values of the other inputs the neural network outcome 
was calculated. With these results three plots were obtained in which a different 
input variable was analysed. The training and the subsequent sensitivity analysis 
were performed twenty times on a new randomly selected training set. By this 
multiple training the consistency of the relations found can be tested (Schaap 
and Leij, 1998). 

Both the FL-rules and the FL-class parameters were derived and optimised 
for the two years independently, similar to Van Wijk and Bouten (2000a). The 
rules and the parameter of 1995 and 1996 were compared and differences were 
interpreted. 

IM-parameters were optimised using the Simplex-optimisation (Press, 1989), 
also for both years separately. After this optimisation a parameter sensitivity 
analysis was performed to test whether the shifts that were found in the opti
mised values of the different parameters were real changes in ecosystem effi
ciencies or only small changes in an uncertain parameter space (Van Wijk and 
Bouten 2000b). In the analysis IM was run with 50 values of each parameter. All 
model parameterisations with a performance within two times the standard de
viations of the half-hourly fluxes were accepted as reasonable performing pa
rameter combinations. To perform this analysis we had to define measurements 
outside the uncertainty intervals as outliers. The outlier amounts were about 30 
measurements, only a very small part of the total data set. The accepted pa
rameter values of 1995 and 1996 were plotted in the same graphs to evaluate 
the parameter shifts (Van Wijk and Bouten, 2000b). 
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Table 1: Number of adjusted parameters (in the case of FORGRO) and the number of fit 
parameters (in the cases of Artificial Neural Networks (ANN), Fuzzy Logic (FL) and the In
dex Model (IM)) to describe the two years of available data 

Model Number of parameters Description of parameters 

FORGRO 

ANN 

FL 

IM 

2 

16 + 16 (carbon and water 
flux separately) 
17 + 17 (carbon and water 
flux separately) 
5 

Leaf Area Index 
Cluster coefficient 
Fit-parameters 

Fit-parameters 

Fit-parameters 

RESULTS 

Model performance 
The performances of different models are given in Table 2, expressed in normal
ised root mean square error (NRMSE) (Janssen and Heuberger, 1995) and the 
explained variance (R2). For all four sets of measurements available, the carbon 
fluxes of 1995 and 1996 and the Lh-fluxes of 1995 and 1996, the ANN's 
showed the highest performance of all models, expressed in both error meas
ures. The FORGRO-model had the lowest performance in simulating the carbon 
fluxes, whereas the performance in simulating the Lh-fluxes is comparable to 
IM. The FL-models performed almost similar to the ANN's, except for the car
bon fluxes of 1995 where the NRMSE of FL was clearly higher than that of 
ANN. 

In Figure 1 latent heat and carbon flux measurements of one day of each 
year (not the same days because of missing data) are plotted together with the 
typical simulation results of the different models. These days were chosen be
cause typical differences between the simulated values of the models were pre
sent. For the 1995 Lh-fluxes there were no large systematic differences between 
the models, whereas in 1996 both FORGRO and the IM over-estimated the Lh-
fluxes at high levels of VPD. For the carbon fluxes of 1995 and 1996 both 
FORGRO and IM over-estimated the fluxes in the late afternoon-early evening. 
FL had the same systematic enor in 1995. In 1996 also during the day a clear 
difference was visible between the FORGRO and IM on one side and FL and 
ANN on the other. This difference was related to high VPD values: during this 
day VPD reached a value of 25 hPa. Both FL and ANN decreased their carbon 
uptake related to these high values whereas FORGRO and the IM showed no 
response. 
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Table 2: Model performances for the two years ofC02 and latent heat flux data, expressed 
in normalised root mean square error (NRMSE), R2 between brackets 

ANN Fuzzy Logic Index Model FORGRO 

C02 1995 
C02 1996 
Water vapour 
1995 
Water vapour 
1996 

1.86 (0.79) 
1.82 (0.59) 
0.36 (0.88) 

1.92 (0.78) 
1.83 (0.62) 
0.37 (0.88) 

0.46 (0.83) 0.47 (0.82) 

2.04 (0.76) 
1.93 (0.58) 
0.40 (0.87) 

0.55 (0.77) 

2.16(0.73) 
2.00 (0.56) 
0.41 (0.86) 

0.54 (0.80) 

Response curves of the optimised ANN-models 
In Figure 2 the response curves are plotted of all 20 sets of the four ANN-
models. The response curves of the two Lh-flux ANN's were clearly different. 
The 1996-curves were lower than the 1995 curves, reflecting a decrease in tran
spiration caused by the thinning. However, no clear differences between 1995 
and 1996 were present in the qualitative relations between the Lh-flux ANN-
responses and varying radiation and temperature inputs. The levelling off of the 
ANN response to VPD seems to be taking place at lower values of VPD in 1996 
than in 1995, although this interpretation is hampered by the high uncertainty 
of the response curves. These changes in the ANN-response to VPD could re
flect an increased sensitivity to VPD of the forest canopy. 

Latent Heat 1995 Latent Heat 1996 

Measurement 
VPD 

- Forgro 
- Fuzzy Logic 
-ANN 
-Index-Model 

21400 21425 21450 214.75 
Day of Year 

158.25 158.50 158.75 

Day of Year 

C0 2 1996 

• Measurement 
— Forgro 
-°- Fuzzy Logic 
— Index-Model 

ANN Day of Year 

Measurement 
- Forgro 
- Fuzzy Logic 
- Index-Model 
•ANN 

Figure 1: Typical simulated and measured values of the 1995 and 1996 C02 and latent 
heat fluxes 
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The radiation-responses of 1995 carbon ANN-model showed a larger effect of 
radiation than the 1996 ANN-model: at low radiation levels there was a slightly 
higher positive carbon flux, i.e. more respiration in the dark, and more negative 
carbon fluxes at high radiation levels, i.e. more carbon uptake at day-time. This 
difference also reflected the effect of the thinning: because of the strong de
crease in biomass present in 1996 compared to 1995, less respiration occurred, 
but also the amount of assimilation decreased. The sensitivity analysis for the 
carbon ANN's revealed a larger effect of temperature on the ANN-models in 
1996: the slope of the 1996 response curves was more negative than of the 
1995 response curves. Especially the 1996 response showed that according to 
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Figure 2: Response curves of artificial neural networks for C02 and latent heat fluxes of 
1995 and 1996 

118 



the ANN the positive effect of an increased temperature on assimilation is larger 
than the positive effect of temperature on respiration: the net carbon uptake by 
the forest increases at higher temperatures. In the carbon response curves the 
increased effect of VPD on the simulated fluxes in 1996 was more clearly visible 
than it was for the latent heat flux ANN. At high VPD-values the carbon fluxes of 
1996 were less negative than in 1995, probably reflecting an increased down-
regulation of the stomatal conductance at high VPD-values and thereby de
creasing the carbon uptake due to assimilation. 

It is important to keep in mind while interpreting these figures, that when one 
input was varied the other inputs were kept at their mean value. In this way the 
correlations that are always present in the measured inputs, for example high 
VPD with high radiation, are broke through in the ANN-responses. In this way 
effects of VPD can be distinguished from effects of temperature of radiation, al
though the responses of ANN should always be interpreted with some care. 

Fuzzy Logic rules and parameters 
In Table 3 and 4 the parameters and rules of the four different FL-models are 
given. The parts of Table 4 are divided into four blocks, each representing one 
VPD input class. Within each block the rows represent the global radiation input 
classes, and the columns represent the temperature input classes. The numbers 
that are given for each combination of global radiation, temperature and VPD 
input classes are the derived FL output rules for the Lh-fluxes. For example, the 
most upper right number of the second (from the left) VPD-block (in italic and 
underlined), of which the value is one, represents the FL rule: 

{IF 'Rg is LOW'} AND {IF T is HIGH'} AND {IF 'VPD is LOW-MIDDLE'} 
THEN 

' Lh-flux is LOW' 
A detailed discussion of the rules of the Lh-flux FL-model can be found in Van 
Wijk and Bouten (2000b). The most interesting result of the Lh-flux models was 
the clear difference in the rules derived at the Middle-High and High VPD-
classes. In the rules of FL 1996 a down-regulation was present when the rules of 
the VPD-inputs Middle-High and High are compared at the higher temperature 
and radiation inputs (see Table 4A, italic rules). This effect was not present in 
the 1995 rules. Also a decrease in the occurrence of the highest flux class was 
visible in 1996 compared to 1995, representing the decrease in transpiration af
ter the thinning. 

The most important differences between the rules of the 1995 and 1996 car
bon models occurred at the Middle-High radiation inputs, with higher classes in 
1996 compared to 1995, meaning less carbon uptake by the forest. The ex
pected decrease in ecosystem respiration due to the thinning was not repre
sented clearly in the rules but was present in the difference in the highest class-
parameter of the carbon fluxes. The highest class-parameter of the 1995 carbon 
fluxes was 7.0 umol m 2 s \ whereas the 1996 parameter was 5.2 umol m 2 s4 

(see Table 3b). The 1995 and 1996 carbon models also differ at the highest 
VPD input, but these changes were less easy to link to the thinning. 
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Table 4: Calculated fuzzy logic rules for the latent heat (a) and co2 (b) fluxes ofSpeuld 
1995 and 1996 using initial guess parameters of table 3a and b (1 = low, 2 = low-
middle, 3 = middle, 4 middle-high, 5 = high) 

Speuld 1995 
VPD low VPD low -middle VPD middle-high VPD high 

\ T L m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 
R g \ 

1 - 1 1 1 - 1 1 I - - 2 2 - - 2 

m-1 - 1 2 2 - 2 2 2 - - 3 3 - - 3 

m-h - 2 3 3 - 2 5 5 - - 5 5 - - 5 5 

h - 5 5 5 - 5 5 5 - - 5 5 - - 5 5 

Speuld 1996 
VPD low VPD low-middle VPD middle-high VPD high 

\ T L m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 
R g \ 

L 1 1 1 1 1 1 1 1 - 2 1 1 - - 1 1 

m-1 2 2 2 2 2 2 2 2 - 3 3 3 - - 2 2 

m-h 2 2 3 3 2 3 3 3 - 3 4 4 - - 4 3 

h - 3 3 4 - 3 4 5 - 4 5 5 - - 5 4 

B 

Speuld 1995 
VPD low VPD low-middle VPD middle-high VPD high 

\ T 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 
R g \ 

1 - 5 5 5 - 5 5 5 - - 5 5 - 4 

m-1 - 4 4 3 - 4 3 3 - - 3 3 - - 4 

m-h - 3 1 1 - 3 1 1 - - 1 1 - - 4 2 

h - 1 1 1 - 1 1 1 - - 1 1 - - 4 2 

Speuld 1996 
VPD low r VPD low-middle VPD middle-high VPD high 

\ 1 ' 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 1 m-1 m-h h 

R<N 
1 4 5 5 5 4 5 5 5 - 4 5 5 - - 4 4 

m-1 4 3 3 3 4 3 3 3 - 2 3 3 - - 4 3 

m-h 4 2 2 1 4 2 2 1 - 1 2 2 - - 3 3 

h - 1 1 1 - 1 1 1 - 1 1 1 - - 1 3 

Rg is global radiation. T is temperature, VPD is vapour pressure deficit; 1 is Low, m-1 is Middle-Low, m-h is Mid

dle-High and h is High 

121 



Table 5: Parameter values of the Index Model (for explanation of the symbols see text) 

Parameter Value for 1995 Value for 1996 

Assimilation 
a [g C0 2 ha'1 s1] 
b [W m 2] 
a / b [g C0 2 MJ'1] 

18.6 
439.3 
4.2 

10.6 
216.4 
4.9 

Respiration 
c [g C02 haA s '] 

Transpiration 
WUE [g C0 2 kg H 20 l] 
D0 [kPa] 

4.8 

3.4 
0.26 

3.5 

3.0 
0.23 

5 r 

Q. ^ = 
11 ~

:~ 
- 1 995 

l^h : "~ .::: ~ 
O 
O 2 : 
O) 

O" : ~ ;; ; : : :nr f • 

:::::: :::::: 
D j I k P a ] a [g C02m"2d"1] 

90 100 110 

c [gC02m2d ] 

Figure 3: Accepted parameter values of the Instantaneous Model of 1995 and 1996 (for 
explanation see text); the coefficient not shown in the diagrams of the C02 part of the 
model is at its optimal value, see Table 5 
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Parameters of the Index Models (IM) 
The parameters of IM are presented in Table 5: the optimised values of the coef
ficients showed clear differences between 1995 and 1996. However, when the 
results of the sensitivity analysis (see Figure 3) were taken into account, there 
was no systematic change in the water use efficiency parameter and the VPD-
coefficient. There was for all parameters a clear correlation visible between the 
accepted values. The shifts in the 'a', 'b' and 'c' parameters of the carbon part 
were significant. The changed parameter-values represent a decrease in respira
tion and a decrease in the radiation saturated assimilation due to the thinning. 

DISCUSSION 

Measurement fitting 
If one looks only at the performance of the models then the ANN's were the best 
models. This is of course not surprising: the main reason for applying ANN is 
always their high performance in input-output fitting (Lek and Guegan, 1999). 
The second best performing modelling technique was FL. FORGRO and IM 
showed a comparable performance. This follow up of model performances is 
strongly coupled to the number of fitting parameters used in the different ap
proaches, see Table 1. The FORGRO-version has only two adapted parameters, 
the leaf area index and the clustering factor (Van Wijk et al , 2000b) and there
fore the lower performance was not surprising. This low number of fit-
parameters can also be seen as an advantage of the FORGRO-model. ANN, FL 
and IM need a difficult parameter-optimisation, and are highly empirical, 
whereas the FORGRO-model can be tested thoroughly on the measured data, 
because the parameterisation of the model was done almost independently of 
the validation data. 

However, this comparison of the number of fit-parameters is not completely 
fair because in FORGRO a very high number of species-specific parameters are 
also present, especially in the leaf photosynthesis model of Farquhar. These pa
rameters are not fitted on the data that are used here for the evaluation, and 
therefore not considered as 'fit'-parameters. The IM-model has also potentials 
for species-specific parameterisation, especially for the Water Use Efficiency 
(WUE) and the initial light use efficiency (see discussion below, in 'Insight in im
portance .. . ' ) . This independent parameterisation of the more physiological in
terprétable parameters of IM would of course strongly decrease the number of 
fit-parameters, and thereby increase the application possibilities. 

Insight in importance of different processes and mechanisms (how does the system 

work?) 
The four model concepts showed clear differences. The detailed process-based 
model FORGRO is excellent as a summary of current knowledge of forest func
tioning. It integrates the main processes of the compartments tree and soil, and 
gives thereby the possibility to test the interactions of the biotic and abiotic 
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components in the forest ecosystem. However, because this type of model inte
grates all our current knowledge about the processes working in forest ecosys
tems, the applications to the two different years does not produce really new in
sights by itself. The model is too complex to judge whether the differences be
tween 1995 and 1996 can also be represented by adjusting other parameters 
than the LAI and the clustering factor. The adjustment was purely made on the 
basis of the knowledge of the forest already present, and not determined by the 
data. 

A clear disadvantage of ANN is the fact that they are, in principle, black 
boxes. Different methods are used for the so-called 'elucidation' of ANN. A sim
ple method is the sensitivity analysis as applied in this study. The interpretation 
of these response-curves is hampered by the correlation between especially the 
temperature and VPD inputs: this means that it will be difficult for a correlative 
technique like ANN, which has no pre-defined model, to distinguish between 
the effects of these variables. Another disadvantage is the fact that an input can 
only be evaluated by keeping the other inputs at a constant value. The re
sponses therefore only give a limited view of the potential complex interactions 
present in the derived ANN's. 

Especially FL and IM give new insights in forest functioning, and the changes 
that occurred in forest functioning due to the thinning. The rules of FL can be 
interpreted directly because the rules are based on human reasoning, and the 
linkage to ecosystem functioning is relatively easy. For example, the increased 
effect of VPD on the down-regulation of évapotranspiration was easy to detect 
when the rules of the 1995 and 1996 models were compared. In this way FL 
can give an easy interprétable summary of the responses present in the data. 
The parameters were less easy to interpret because of interrelationships between 
class values of one variable with class values of another variable. Only the upper 
and lower class values (the 'High' and 'Low'-classes) showed clear interpretabil-
ity (Van Wijk and Bouten, 2000a). 

The changes of parameters of IM due to the thinning showed potentials for 
linkage to ecosystem properties. The coefficients that did not change, 'q0' (water 
use efficiency), 'D0' and 'a/b' (initial light use efficiency), can be considered as 
more physiologically determined by their definition. The water use efficiency 
and initial light use efficiency are more species intrinsic coefficients, and less af
fected by management than the saturated assimilation coefficient. In this way 
the parameters of the model can be separated into parameters that can be de
termined by using species characteristics and by parameters that can be deter
mined by using stand characteristics (Van Wijk and Bouten, 2000b). Both the 
saturated assimilation and the respiration coefficient are influenced by the 
amount of foliage present. Both coefficients decreased from 1995 to 1996 with 
a similar factor as the foliage: almost one-third. Of course, the IM should also be 
tested on other forests to determine whether the linkage between Leaf Area In
dex and the model parameters is generally applicable. 

An important outcome of this study is the fact that the combination of sev
eral models applied to the same data gives a clear increase in our insight in for
est functioning. FORGRO and IM both had systematic errors present in model-
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ling of the carbon fluxes and the 1996 Lh-fluxes. On the basis of the same in
puts these systematic errors were not present in the FL and ANN-models. This is 
therefore a trigger to search for the cause of this difference between the different 
models. For this search FL can be used because of the interprétable rules. ANN 
can be used to analyse the model mismatch as has been done in Dekker et al. 
(2000b). 

For the latent heat fluxes both FORGRO and IM showed an overestimation 
at high VPD values. The increased effect of VPD on the down-regulation of the 
évapotranspiration, as clearly shown in the derived FL rules, and only slightly 
visible in the response curves of the 1996 ANN, could not be represented by 
both models. For FORGRO this means that not all changes in forest-ecosystem 
functioning could be incorporated by increasing the clustering factor. Incorpora
tion of canopy-atmosphere exchange coefficient is probably necessary to simu
late the stronger coupling between the canopy and the atmosphere, due to the 
more open canopy as a side-effect of the thinning (Van Wijk and Bouten, 
2000a). By increasing the exchange of water vapour, the canopy and the at
mosphere the thinning effect can be represented better. In the version of FOR
GRO used in this article no gradients of humidity in the canopy were assumed 
(Van Wijk et a l , 2000a). 

FL-model outcomes were similar to those of ANN (see Figure 1), although 
the carbon model of 1995 slightly over-estimated the net carbon fluxes at the 
beginning of the night. This effect however was rather small, and was not visible 
for the 1996 model, whereas both FORGRO and IM showed this model mis
match for both 1995 and 1996. This could be both a model-error, the respira
tion-temperature relation is not correct, or a measurement problem, there could 
be a storage effect present in the carbon fluxes which leads to a delay in the flux 
responses to changes in the environment (Baldocchi and Vogel, 1996). As both 
ANN and FL are fitted on the measurements with a high number of fitting pa
rameters it is possible that these two methods have incorporated this storage ef
fects in their input-output relations, whereas both FORGRO and IM, which are 
defined from a more process-based viewpoint, have not. 

Simulation of climatic change scenarios 
One of the most important reasons to develop process-based models is their po
tential for application outside the interval of current available climate data. 
Models based on concepts like ANN, IM and FL, are fitted on the available mi
cro-meteorological data above forest ecosystems. Therefore, they are not reli
able outside the range of available measurements. Physiologically based models 
like FORGRO however, are parameterised using data of lower-level processes, 
like leaf photosynthesis and respiration. These measurements can be extended 
outside the boundaries of current climate relatively easy, for example in experi
ments with increased C02-concentrations (Medlyn et al., 1999). A major prob
lem with these experiments however is that they are in most cases short term, 
and cannot incorporate all the interactive reactions and adaptations that a tree 
exhibits during its long lifetime (Idso. 1999). This can therefore lead to over-
estimation of the effects of climate change (Rastetter. 1996). 
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For example, both the photosynthesis and respiration relations in the Farquhar 
model are determined by fixed parameters like Vcmax (maximum carboxilation 
speed), Jmax (quantum use efficiency) and Cresp (respiration coefficient) (Harley 
and Tenhunen, 1991; Farquhar et al.. 1980). However, these coefficients 
change due to physiological adaptation of the plant. Research showed that the 
photosynthetic parameters change when plants are subjected to changes in car
bon dioxide concentration (Medlyn et al.. 1999; Rastetter. 1996). There is ex
perimental evidence that the adaptation of the photosynthesis coefficients in 
small trees can be linked to changes in leaf nitrogen concentration, but this of 
course shifts the problem to the correct prediction of leaf nitrogen under climate 
change (Medlyn et al.. 1999). Respiration in the current formulation in the Far
quhar model is highly sensitive to temperature, and there are indications for ad
aptation of this sensitivity at changing temperatures (Dewar et al, 1999). Other 
research showed a down-regulation of respiration at increased atmospheric car
bon concentrations (Tjoelker et al., 1999; Drake et al., 1999). Application of 
these models for climate change, which is always used as an important argu
ment for the development of the process-based models, is therefore not reliable 
at the moment, or at best only qualitatively reliable. Future developments must 
incorporate possibilities for adaptation of parameter-values due to changing en
vironments. A question that is still unanswered, is whether that will be possible 
within these already complex process-based models. 

Upscaling of forest responses to regional scale 
A related application goal to the previously described one is the question of up-
scaling of local responses to regional scale. In this discussion the term 'regional' 
is used at a maximum scale of about 50 by 50 km, so that climatic difference 
within the region can be ignored in most cases. Budgeting the global C cycle 
and the contributions of separate regions in the world to the storage of carbon in 
ecosystems are important issues in current science (Luo and Mooney, 1995). 
Applications of simulation models are essential for reliable descriptions of the 
global C cycle. The type of simulation models that is used can also be critical for 
the outcomes of such an analysis. How much biological process knowledge 
must be incorporated into the models to include forest responses at higher spa
tial scales? Another important aspect is how easy models parameterised for one 
forest location can be applied with more or less confidence for other forest loca
tions. For example, if the goal is to develop a regional GIS-model to describe 
carbon and water exchange, it will be essential that models that are tested for a 
per definition limited number of locations can be applied with confidence for the 
rest of the region. 

For a successful application of lower-scale models to other forests the inclu
sion of generally applicable relations and responses is essential. The processes 
included in FORGRO are universal for all forests and the model has the poten
tial for general application. On the other hand, this potential for general applica
tion by including the main processes of all the forest compartments also leads to 
their main disadvantage: the complexity of process-based models like FORGRO. 
Each process that is simulated by the model needs a set of parameters and the 
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total model therefore needs a huge amount of parameterisation. At the moment 
this can only be achieved for single forest locations, which are studied thor
oughly for many years and where large scientific research teams are collaborat
ing. It will be an illusion to expect a reliable large-scale application of these 
models for all different kinds of forest sites in the near future. The main im
provements to increase the application possibilities for the FORGRO-kind of 
models are achieved by relating the Farquhar-photosynthesis parameters to leaf-
nutrients (Medlyn et al., 1999). This gives an opportunity for model simplifica
tion as is done by Williams et al. (1997). although not for all species the leaf 
photosynthetic - leaf nutrient relations are available at the moment. However, 
the greatest problem will be a simple representation of respiration. There are 
probably no simple indicators present to link forest ecosystem respiration to. 
Leaf respiration is strongly coupled to leaf-nutrients, but the soil compartment, 
which is important in the ecosystem respiration, is difficult to characterize apart 
from direct measurements. 

Application of an ANN derived for one forest as is done in this study to other 
forest sites is difficult. ANN is an empirical technique and is, also because of its 
non-linearity, sensitive to extrapolation. As the parameters of a trained ANN are 
difficult to interpret into terms of ecosystem functioning they cannot be adjusted 
in a simple way for other forest ecosystems on the basis of expert knowledge. To 
apply an ANN to other forests not used in the parameterisation successfully, the 
ANN should have been trained on several forest location differing in species, 
leaf area index, nutrient availability, etceteras, as has been done in Van Wijk 
and Bouten (1999). This ANN can be used for other forests, because the other 
forests are then interpolations between the forests that are used in the training of 
the ANN. For such an application ANN is very powerful, because once an ANN 
is trained it is very fast in its application. The same reasoning can be applied to 
FL, see Van Wijk and Bouten (2000a). A clear drawback of this empirical ap
proach is of course the fact that a huge amount of data is necessary for such an 
application. 

An advantage of IM and FL compared to ANN is their open model structure, 
which gives potentials for expert based model adjustment: rules and parameters 
are much easier to interpret than the matrix coefficients of ANN. The IM further 
showed clear potentials for linking model parameters to functional ecosystem 
properties like the leaf area index (Van Wijk and Bouten, 2000b). When these 
ecosystem properties are easy to measure this would make large application 
possible. If also for each species the more physiologically interprétable parame
ters of IM, like WUE and the initial light use efficiency, can be determined and 
used generally for a certain species. IM clearly has very good potentials for 
large-scale applications. 
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CONCLUSIONS 

After applying the model techniques to a two year dataset of Speuld, they were 
evaluated on four aspects: model performance, insight into the importance of 
processes and mechanisms, the potentials for a reliable assessment of climate 
change effects and fourth, the application possibilities of the model techniques 
for upscaling of forest responses to regional scale. 

For measurement fitting ANN and FL showed the highest potentials, mainly 
caused by their high number of fitting parameters. IM and FORGRO showed a 
satisfactory model performance, although systematic errors were detectable. To 
get insight into forest ecosystem functioning was difficult with ANN, but FL, IM 
and FORGRO showed clear interpretability of the effects of the thinning in terms 
of ecosystem functioning. FORGRO has the highest potentials for reliable esti
mation of effects of climate chance on forests like Speuld, although the incorpo
ration of adaptation to climate chance in the model formulation is still a major 
problem unsolved. For upscaling FL and ANN can be used effectively if they are 
parameterised on a range of forests rather than one forest as in this study. IM 
showed potentials for linking the model parameters to variables characterizing 
forest ecosystems like leaf area index, and thereby for large-scale applications, 
but for this the model should be tested on a range of forests. FORGRO by itself 
is too complex for upscaling, although its generally applicable forest responses 
can be used to derive simplified model formulations. The integral comparison of 
totally different modelling techniques applied to the same data set can increase 
our knowledge of forest functioning. 
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PART II: APPLICATION OF A SPATIALLY EXPLICIT MODEL AND THE 

OPTIMISATION STRATEGY TO GAIN INSIGHT IN ECO-
HYDROLOGICAL FEEDBACKS 





6. TREE-GRASS COMPETITION IN SPACE AND TIME: INSIGHTS 

FROM A SIMPLE CELLULAR AUTOMATA MODEL BASED ON ECO-

HYDROLOGICAL DYNAMICS* 

ABSTRACT 

Limiting water is considered to be a key resource in determining the compo
sition and structure of savanna-ecosystems, which are characterized by a 
dynamical coexistence of trees and grasses. Despite this emphasis on the 
importance of hydrology, long-term fluctuations in rainfall have not been 
quantitatively incorporated in existing models of savanna functioning. In this 
study we present a simple cellular automata model in which death and re
production chances of trees and grasses are based on the model outcome of 
a probabilistic eco-hydrological point model. The dynamical description of 
plant water stress is the determining factor for a tree-grass competition for 
space. The model was parameterised on the basis of data available for a 
Texas savanna. The model was run for different climatic situations, differing 
in mean annual rainfall and the year-to-year variability. Analyses were car
ried out for prolonged periods (up to 100000 years) to test the stability of 
the tree-grass coexistence. The spectra of the total number of trees and 
grasses showed a power-law signature representing fractal characteristics in 
time. The spatial behaviour of the model showed prolonged periods of tree 
clustering ended by periods of severe drought and a power law distribution 
of cluster sizes. 

INTRODUCTION 

Savannas are one of the major biomes of the world, and they are characterized 
by a coexistence of grasses and trees (Scholes and Archer, 1997: Bourliere and 
Hadley, 1970). Soil water availability is generally considered critical for deter
mining the development of woody vegetation stocks (Fensham and Holman, 
1999). Classical models suggest that limiting water is the key resource in deter
mining tree densities, although other important variables like fire and grazing 
can maintain the population levels below their climatic equilibrium (Fensham 
and Holman, 1999; Belsky, 1990). Other variables like nutrient availability can 
be linked to the water limitations, as both mineralisation and transport of nutri
ents to the plant roots are strongly effected by water availability. 

Despite this emphasis on the importance of soil moisture relations, long-term 
fluctuations in rainfall have not been incorporated in existing models of savanna 
functioning quantitatively. The models of Jeltsch et al. (1996 and 1998), which 
have drought as one of key features determining the savanna composition and 

+ Submitted to Water Resources Research by M.T. van Wijk and I. Rodriguez-Iturbe. © American 
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structure, make no reference to real data. Furthermore, tree dieback measure
ments of the study of Fensham and Holman (1999) suggest that the model of 
Jetsch et al. (1996) may under-estimate either the magnitude of subsurface soil 
moisture deficits during extreme drought or the sensitivity of savanna tree spe
cies. 

To increase the testability of spatial models describing savanna functioning, a 
quantitative coupling between rainfall, soil water availability and tree and grass 
functioning is necessary. This, however, is no trivial task. Recently, progress has 
been made in the description of the water balance dynamics of savanna-like sys
tems at a point, including the linkage between climate, soil and vegetation 
(Rodriguez-Iturbe, 2000; Rodriguez-Iturbe et al., 1999a; Rodriguez-Iturbe et al., 
1999b). Using the probabilistic description of soil water dynamics, a dynamical 
stress function was formulated that includes effects of the length of periods of 
water stress, the level of water stress and the frequency of the stress periods (Ri-
dolfi et al., 2000; Porporato et al., 2000). 

In this study this dynamical water stress function is taken as the basis to de
scribe the death and establishment chances of trees and grasses in a simple spa
tially explicit model. Therefore, a description of the water dynamics at a point in 
space is the determining factor for a tree-grass competition for space, which al
ways takes place at the local scale. The goal is to link tree-grass system function
ing to measurable characteristics of growing season rainfall, such as the mean 
number of rainfall events per growing season and the mean rainfall depth per 
event. With the formulated model several tests were performed: First, the effects 
of rainfall amount and frequency on the spatial contest between grasses and 
trees were quantified. In this analysis large year-to-year variations in rainfall in
tensities were also included, one of the main climatological characteristics of sa
vanna-ecosystems (Scholes and Archer, 1997). After this test the model was run 
for prolonged periods with the rainfall characteristics of the current climate in 
Texas. Both the temporal and spatial characteristics of the model output were 
analysed. The results are then discussed in relation to tree-grass coexistence and 
the quantitative testability of the model versus field measurements. 

DESCRIPTION OF THE ECOHYDROLOGICAL POINT MODEL 

A thorough description of the concepts and mathematics of the model can be 
found in Rodriguez-Iturbe et al. (1999a). Here only a synthesis is given with the 
most important features of the model. 
The soil moisture balance equation at a point is written as 

nZr^- = I(s,t)-E(s,t)-L(s,t) (1) 
dt 

With 
n porosity 
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Zr depth of soil 
s(t) relative soil moisture content or saturation level 
I(s,t) infiltration rate from rainfall 
E(s,t) évapotranspiration rate 
L(s,t) leakage or deep infiltration rate 

Rainfall arrivals are assumed to be Poisson distributed with rate parameter X. 
Every rainfall event has an associated depth r, characterized by an exponential 
distribution with parameter a, where 1/a is the mean depth of storms. The pa
rameters X and a are assumed to be constant throughout time. The analysis is 
performed at a seasonal scale, which for the purpose of this paper may be 
thought of as the growing season of the region. In many cases it is convenient to 
distinguish between early and late growing season, each of them with their cor
responding estimates of X and a. The temporal structures of the storms are as
sumed to be concentrated at a point in time. Although the formulation is con
tinuous in time, the interpretation of the water balance dynamics is at the daily 
timescale. Precipitation is thus modelled as an intermittent process of rainfall 
events, which arrive randomly in time with an average frequency of X events per 
day and an average depth described by the mean precipitation among the rainy 
days of a homogeneous season. The characteristics for the Texas savanna are, 
for example, X = 0.18 day1 and a"1 = 1.5 cm event1 for the growing season 
from May to September. The amount of rain that infiltrates into the soil from 
any particular storm is assumed to be equal to the depth of rainfall whenever 
there is enough storage available in the soil to accumulate the full depth. If rain
fall exceeds the available volume runoff is generated; this is the mechanism of 
saturation from below, studied in detail by Dunne (1978). The infiltration into 
the soil is thus a random variable that depends on the climatic characteristics of 
the region as well as on the soil moisture at a site. Losses from interception, that 
is the part of the rainfall which is intercepted by vegetation and evaporates be
fore reaching the soil, is incorporated by assuming a threshold for rainfall depth 
A, below which no water effectively reaches the ground. Under this assumption 
the apparent rainfall process now occurs with a rate X' = Xe M in which the 
depths have the same distribution as before (Rodriguez-Iturbe et al., 1999a). 

Losses in (1) are from évapotranspiration and leakage. For a given plant the 
assumed dependence of évapotranspiration on soil moisture is given in Figure 
1. In the interval between the hygroscopic point of the soil. sh. and the wilting 
point of the plant only evaporation from the soil takes place. Above sw 

évapotranspiration increases linearly with soil moisture until it reaches a maxi
mum value E*, which takes place when moisture is above a threshold s*. More 
realistically, the value of E* should be made dependent on the leaf area index 
and climatic characteristics like temperature, radiation and wind speed, but the 
representation of Figure 1 is considered appropriate at daily timescales under 
seasonally fixed conditions (Gardner and Ehlig, 1963; Spittlehouse and Black, 
1981; Dunin et al., 1985). Like in the case of X and a it may be necessary to 
change the value of E* from the early to the late season. The moisture content s* 
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o sh s, 

Figure 1: Losses from évapotranspiration and leakage as function of the soil moisture 
state 

represents the value below which stomata start restricting transpiration and the 
plant experiences water stress. For our purposes it is important that this gross 
approximation is not made blindly, and that both E* and s* reflect the type of 
vegetation at the site. Thus both E* and s* are different for the trees and grasses 
commonly found in savannas (e.g. typical values are E* around 4 mm day * for 
trees and near 20% more for grasses). Although these parameters change with 
the specific vegetation, we will only distinguish between functionally different 
types, e.g. trees and grasses. 

Losses from leakage are at maximum equal to the saturated conductivity of 
the soil K̂  when the soil is saturated (s=l). For s < l , leakage decreases follow
ing a power law, K(s) = K^d, where the exponent d depends on the type of soil 
(e.g., Clapp and Homberger, 1978). The value of the field capacity, sfc, at which 
leakage stops, of Figure 1 depends on the type of soil. 

Laio et al. (2000) derived the equilibrium or steady state probability density 
function for soil moisture p(s): 
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The constant C makes the area under the density equal to one. and is given ex
plicitly in Laio et al. (2000). They show that the equilibrium probability density 
function and its moments vary drastically depending on climate, soil and vegeta
tion characteristics. 

SOIL WATER STRESS 

In this study we incorporate the results of the above described point model for 
grasses and trees into a spatial model describing a competition for space. For 
this we couple the fitness of both trees and grasses at certain climatic situations 
(i.e. frequency and intensity of rainfall) to the amount of water stress they ex
perience. We are therefore interested in the intensity, frequency and duration of 
the periods with water stress, i.e. excursions in s-values below s*. Porporato et 
al. (2000) derived a measure for the mean total vegetation water stress during a 
growing season. First, a 'static' value for the normalised water stress is defined, 
according to the function 

s*-s(t)n C 

ç(t) for sw < s(t) < s 3) 

where 0 < Ç(t) < 1, ç(t) = Ofor s > s* and ç{t) = 1 for s < sw, and the expo

nent q accounts for the non-linear effects of water deficit on the plant functions. 
The probability density function of Ç, denoted as p(Q for sw < s < s' can be 

written as (Laio et al.. 2000; Porporato et al., 2000) 
_/i'(.s*-s„) , 

c ' 
P(ç) 

nw 

i-i« 
,r((s -sjç-'-s ) (4) 

where 

139 



nw nZr 

r= 
nZr 

1J = — 
nZr 

A 

A'=Âe~" 
a 

The constant of integration Q in equation 4 can be deduced by imposing the 
condition 

i 

jp(ç)dç = P(s')-P(sw) (5) 
0 

where P(s") and P(sJ are the values of the cumulative distribution function of 
soil moisture calculated in respectively in s = s' and s = sw (see Laio et al., 
(2000)). 
The mean 'static' water stress can then be calculated with: 

l 

ç = jçp(ç)dç + p(ï) (6) 
o 

The value Ç obviously also reflects those periods when Ç is 0 and hence it is 
not very indicative of the actual vegetation conditions (Porporato et al., 2000). 
The mean value of water stress given that the plant is under stress is more 
meaningful. To obtain the latter only the part of the pdf of Ç above zero has to 
be considered, thus obtaining for the mean 

t = -^r (7) 
Pis) 

This value of 'static' water stress, representing the mean vegetation water stress 
during an excursion below s', is then combined with the mean duration and the 
frequency of such excursions during the growing season, denoted respectively 

by the variables T, and Ns* . This measure will be called the 'dynamic' water 

stress value, or mean total dynamic stress. 6 , defined as 

Kl seas 

6 = 1 otherwise 
(8) 

The analytical form of the dynamic water stress is discussed at length in Porpo
rato et al. (2000). Here we will only note that the function assumes a linear rela
tionship between the mean time under stress, T., and the value of dynamic 

stress, 0 , until a certain critical point at which the stress is at its maximum 
value. This value can also be considered the onset of permanent damage to the 
plant. The parameter k in Equation 8 allows to fix the value of this critical 
threshold: permanent damages appear when g'f, >lcT , with k representing 
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an index of plant resistance to water stress. The value of k may also be 
interpreted as the average static stress ç' a plant can experience without 
suffering permanent damages, when the duration of the period of stress is the 
whole growing season. For a sensible definition of water stress it is also 
important to account how multiple periods of stress affect the plant status. The 
functional dependence of 0 on AV is discussed at length in Porporato et al. 
(2000). For values of ,\V smaller than one. 0 should increase with Ns-. The 
value of 0 is then always below the value of ^ r , which corresponds to the 

value of Av = 1. In cases when ,vr > 1, 0 should also increase with Ns-
always being above the values corresponding to 7vY = 1. Furthermore, the 
impact of large values of N,- should be tempered in order to avoid erroneously 
high values of 0 for cases of very short but frequent stress periods. Other 
functional forms with similar behavior lead to analogous results. 

The parameter values of the soil moisture point model are based on Rodri-
guez-Iturbe et al. (1999b) and Laio et al. (2000). For the grasses and trees used 
in this paper they are given in Table 1. The values of the dynamic stress as a 
function of the rate of arrivals of storm events, X, are shown in Figure 2 for trees, 
grasses and tree seedlings using a mean event depth of 1.5 cm. The parameters 
of the point model are the same for trees and tree seedlings. To incorporate a 
higher sensitivity to severe drought for the tree seedlings, as compared to the 
mature trees, we adjusted the k-value in equation 8 from 1.0 (for trees) to 0.5 
(for tree seedlings). 

Trees 
Tree seedlings 
Grasses 

0.05 0.10 0.15 

X [day-1] 

0.20 0.25 

Figure 2: Simulated dynamic stress-values as function of the À-parameter (a' = 1.5 cm 
event') 
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Value trees Value grass 

1.0 0.4 
0.43 0.43 
0.2 0.1 

0.18 0.17 
0.35 0.37 
0.14 0.14 
82.2 82.2 

0.442 0.476 
0.02 0.02 

Table 1: The parameter values for trees and grasses used in the soil moisture point model 

Parameter name  

Zr[m] 
N 
A [cm event1] 
s„ 
s* 
sh 

K; [cm/day] 
E* [cm/day] 
Soil_evap [cm/day] 

SPATIAL MODEL 

In the spatial model trees and grasses compete for the available space. Their 
death and propagation rates are directly linked to the growing season values of 
the dynamic stress function described above. There is therefore no explicit spa
tial competition for water, like in Rodriguez-Iturbe et al. (1999a), but only a dy
namical competition for space based on water dependent vegetation stress. 

A cellular automata model is defined in a grid of 100 by 100 cells. The cells 
are considered to have the canopy size of one individual mature tree, about 25 
m2. There are three possible configurations for a cell: it can be occupied by a 
tree, by tree seedlings, which are trees in the age of 1 to 5 years, and by grasses. 
There is no mixed occupation possible in a cell. A tree seedling cannot repro
duce, and after 5 years it becomes a mature tree. Periodic boundary conditions 
are assumed throughout the simulation in order to prevent border effects. 

Death is modelled very simple. The chances of death for trees, tree seedlings 
and grasses were defined by the value of dynamic stress minus a threshold 
value. In this manner a minimum of dynamical stress does not immediately lead 
to an increase in death chances, which would be a gross over-estimation of the 
sensitivity of trees and grasses to water stress. The maximum values of tree and 
seedling death, occurring at severe water stress, are based on the higher values 
presented in the study of Fensham and Holman (1999), thereby determining 
the values of the threshold parameters. The parameter values are given in Table 
2. Also a minimum death chance is used, in the absence of 'damaging' water 
stress (i.e. the value of the dynamic water stress is below the threshold value), 
see Table 2. Death occurred randomly in space, no sheltering effects or what
ever other spatial effects on death chances are taken into account. 

Settlement of tree seedlings or grasses can only take place in empty cells. Of 
an empty cell the 24 nearest neighbour cells are potential colonizers (the first 
ring of 8 neighbours, and the next ring of 16 neighbours). From this neighbour-
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Table 2: The parameter values for trees, tree seedlings and grasses used in the dynamic 
stress function and the spatial model 

Parameter name Value trees Value tree 
seedlings 

Value grass 

Dynamical stress function 

K 1.0 0.5 1.0 

Spatial model 

Threshold value 
Minimum death chance 
Maximum settlement probabil-
ity 
Onset of zero settlement prob
ability 

0.6 
0.01 
0.75 

0.1 
(0.7 without 
threshold) 

0.45 
0.05 

(Le 

0.23 
0.05 
0.35 

0.2 
. 0.43 without 
threshold) 

hood one of the cells occupied by either trees or grasses is selected at random. If 
a tree occupies the cell, there is a possibility of settlement of a tree seedling in 
the empty cell depending on the value of dynamic water stress of trees for that 
particular growing season. If the cell is still empty after this calculation or if the 
randomly chosen cell was not occupied by a tree, there is possibility of grass set
tlement in the empty cell. This also depends on the value of the dynamic water 
stress of grasses. Therefore, for grasses it was not strictly necessary to be present 
in the neighbourhood of an empty cell in order to colonize the space. The prob
abilities of settlement of trees and grasses as a function of the dynamic stress 
minus the same threshold parameters as defined for the death chances (i.e. 
which have different values for grasses and trees) are given in Figure 3. The pa
rameter values of the functions are given in Table 2. The optimal values of tree 
and grass settlement are based on the values of Jeltsch et al. (1996). 

1.00-1 

Grasses 

Trees 

0.1 0.2 0.3 0.4 

Dynamic stress - threshold 

Figure 3: The chances of settlement in the spatial model of trees and grasses as function of 
dynamic stress minus the threshold value (for trees 0.60 and for grasses 0.23) 
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Figure 3 shows the difference in sensitivity and maximum probabilities of set
tlement for trees and grasses. If the stress threshold is not exceeded, trees have 
the highest probability of settlement because of their massive local seed distribu
tion. However, with the occurrence of stress the settlement probability decreases 
much faster than that of grasses because of the higher drought sensitivity of both 
the seed production and the seed settlement of trees versus grasses. Grasses 
have a much more diffuse seed distribution (and therefore in the model also set
tlement of grasses can take place if no grass neighbour is present) and lower set
tlement chances compared to trees in the no-stress situation. The difference in 
drought stress sensitivity was based on the measurements in Texas, which 
showed an increase in tree density in wet years, and a decrease in dry years 
(Archer et al., 1988). 

The spatial model therefore consisted of 3 threshold parameters for the dy
namic stress function, 4 propagation and settlement parameters (2 for trees and 
two for grasses), and 3 minimum values of death chance. In total there were 10 
parameters in this simple spatial model (see also Table 2). Depending on the 
value of a certain cell, whether tree, tree seedling or grass, the parameters are 
assigned to that cell. No further spatial interactions, resulting in adjusted pa
rameter values effected by neighbourhood cell values, are included in the 
model. 

MODEL TESTING 

The spatial model is tested both by its global outcome, the number of trees, tree 
seedlings and grasses present throughout time, and by the spatial patterns it 
generates. 

First, the sensitivity to the amount of rainfall is tested. This is done by chang
ing the lva lue from very low to high values. The model is run for three thou
sand years with the same rainfall-input, and the numbers of trees and grasses 
throughout the last 1000 years are studied in detail. The simulation period is 
chosen so long in order to avoid transients, and to be able to select a long time 
period over which the model outcome can be evaluated for the different runs. 

As one of the main characteristics of savanna ecosystems is the high variabil
ity in inter-annual rainfall amounts, an analysis with year-to-year varying rainfall 
amounts was also undertaken. This is done be assuming growing seasons with A, 
and a parameters gamma distributed, as is frequently found in climatological 
data (e.g., D'Odorico et al., 2000). At a certain run of 3000 years each year a 
random value of X and a is sampled from their respective distributions. The 2 
parameter gamma distributions are characterized by their mean value and stan
dard deviation. Similar to the former analysis also here a range of X and a-
values are tested. Thus, to investigate the effects of the year-to-year variation of 
rainfall, several values of the standard deviations applied to the X and ex-
distributions were tested. 
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After these sensitivity tests, the model was run for 100000 years at current cli
mate conditions in Texas. The coefficients of variation of X and a'l are set at 0.2 
and 0.3, respectively. These are values in the modest part of the range of year 
to year variability recorded by the Texas weather stations (Porporato et a l , 
2000). Both the temporal and spatial characteristics of the model output are 
then analysed. The temporal series of the rainfall input and the corresponding 
vegetation output are studied via their power spectra complemented with auto-
and cross-correlation analyses. 

The spatial fields of the model are analysed using three characteristics. First, 
for a consecutive set of 1500 years the spatial distribution of the trees is tested 
for spatial clustering by applying Ripley's K-function (Ripley, 1976; Haase, 
1995; Wiegand et al., 1998). Of each spatial field an inner plot of 70 by 70 cells 
is selected. On this plot the univariate form of Ripley's K-function is applied. In 
the univariate case the clustering or hyperdispersion of a set of points in a circu
lar area around the points of a certain pattern (in our case trees), is estimated 
through comparison with the expected values for a randomly distributed field. 
The approximately unbiased estimator for K(l), where 1 is the radius of the circu
lar area (also called the length scale), is (Ripley, 1976) 

k{l) = n-2A%Zwpt{Uy) (9) 

where n is the number of events (trees) in the analysed field, A is the area of the 
field, I, is a counter variable, uy is the distance between the events i and j , and wy 

is a weighting factor to correct for edge effects. For all events where UiJ < 1 the 
counter variable I, is set to one, otherwise it is set to 0. 

With an inner field of 70 by 70 cells, one may apply a maximum radius of 
the circular area of 15 cells without using edge-corrections (Haase, 1995). To 
test whether the trees in the fields simulated by the model show significant de
partures from a random pattern, we estimate the 95% confidence interval 
around the expected values for K in the case of a random pattern, using ran
domly filled fields with the same density as the trees have in the field that was 
tested (Haase, 1995). By comparing the maximum and minimum K-value of the 
randomisation procedure with the values obtained for the field under analysis, 
the significance of the departure from the null hypothesis of random distribution 
may then be tested (Haase, 1995; Wiegand et a l , 1998). 

The second spatial characterisation of the simulated fields is based on the 
calculation of the cluster size distributions. For 100 fields, separated from each 
other by a simulation time of 100 years, the sizes of the tree clusters are calcu
lated. As the value of size we take the so-called 'mass' of the clusters (Stauffer 
and Aharony, 1992), which is number of members of a certain cluster. To test 
the possible existence of a power law distribution, the number of clusters larger 
than a certain size is plotted versus the cluster size, on a log-log scale. The 8 di
rect neighbours of certain tree-cell may belong to the same cluster in case they 
are also occupied by a tree. 
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The probability distribution of cluster sizes is also studied separately for two 
types of simulated fields: those which have an increment in tree density in the 
previous At and those which show a decrease in tree density. In this way the ef
fects of the totally random occurrence of tree death on the cluster size distribu
tion can be tested. 

The third test deals with the percolation characteristics of the model outputs: 
s it possible to reach the upper boundary of the model field starting from the 
lower boundary, and travelling only through cells occupied by trees or tree seed
lings. Percolation is analysed under the assumption that from one cell all eight 
neighbours can be reached. The results of the fields simulated by the model are 
then compared with results derived from the randomly filled fields. 

RESULTS AND DISCUSSION 

Rainfall sensitivity 
The combined effects of increasing rainfall and year-to-year rainfall variability 
are shown in Figure 4. In the case of no year-to-year variation for X > 0.11 d"1, 
the tree population becomes sustainable and shows a sharp increase from a 
cover of zero percent to a cover of nearly 50 percent. For X's between 0.115 
and 0.12 the tree population shows a small decrease in density. This is caused 
by the fact that at these X's, trees do not experience major water stress (the 
value of the dynamic stress value is below their threshold), whereas the tree 
seedlings are still under high stress conditions (see Figure 2). Because the water 
stress of the grasses decreases in this range of X-values, the density of grasses 
increases, and as only limited space is available it does so at the expense of 
seedlings. For X's above 0.12 rainfall events per day, the dynamic stress of the 
tree seedlings also decreases, and the density of the trees increases sharply 
again. 

The above effect totally disappears when year-to-year variation is included in 
the rainfall amounts. When inter-annual rainfall variation is present, trees are 
absent in the lower range of X's, and then increase rapidly in density over a rela
tively small interval of X. The X-value at which the tree population becomes sus
tainable becomes higher with increasing year-to-year variability. Also visible in 
Figure 4 is the increase in the standard deviations of tree and grass densities in 
the last thousand years of the simulation at increasing year-to-year variation in 
rainfall amounts. With increasing rainfall variability, very dry years occur more 
often, resulting in high tree and grass kill-off, and thereby prohibiting the occur
rence of only trees in the model at higher X-values. The increasing year-to-year 
variability therefore shows a tendency to increase the interval of tree-grass coex
istence, in which over a broader range of ^-values the grasses are present in sig
nificant amounts, especially considering the increased standard deviation. Val
ues of the year-to-year variations in rainfall larger than those shown in Figure 4 
were not considered, because the populations of trees and grasses are then still 
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Figure 4: The mean and stand deviations (bars) of the last 1000 years of a model run of 
3000 years of cell coverage of trees (including tree seedlings) and grasses as function of X 
(a' = 1.5 cm event'); cov = coefficient of variation (stdO: cov-X = 0.00 and cov-a' = 
0.000; stdl: cov-X = 0.05 and cov-a' = 0.025; std2: cov-X = 0.10 and cov-a' = 
0.050; std3: cov-X = 0.15 and cov-a' = 0.075; std4: cov-X = 0.20 and cov-a' = 
0.100) 

in transient behaviour after 3000 years, and the randomly rainfall characteristics 
have a large effect on the mean value of the last 1000 years. 

The results show that coexistence between grasses and trees in the model 
occurs at rainfall values at which the death rate of trees is high enough to pre
vent a total dominance and low enough to keep the tree population sustainable. 
Coexistence of numerous plant species competing for a single limiting resource 
can be accounted for in classical ecological models that are spatially explicit if a 
trade-off exists in colonization, competition and longevity (Tilman, 1994). Dis
turbance is a key factor for this trade-off, because it assures the availability of 
free places where settlement of one or the other species can occur. In this model 
periods of severe water stress cause death of trees and especially tree seedlings, 
thereby giving grasses the opportunity for settlement. In periods with high rain
fall amounts the trees take over because of their lower overall death rate and 
their higher settlement chance (see Figure 3) at low water stress than those for 
grasses. Although a difference in rooting depth based on Texas data was used in 
the point model (see Table 1), it was not the key factor determining coexistence 
because no competition for water was incorporated into the model. A better, 
field-based estimate of the death parameters of both grasses and trees could an
swer the question whether disturbance is the determining factor for tree-grass 
coexistence in savanna-ecosystems as suggested by this model or whether a 
niche separation by rooting depth as assumed by the so-called Walter hypothe-
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sis (Scholes and Archer, 1997; Walter et al., 1971), assuring different sources of 
water-use for trees and grasses, is also necessary. 

Figure 5 shows a run of 5.000 years using rainfall parameters like those rep
resentee for the La Copita Research are in Texas (Archer et al., 1988), <X> = 
0.18 d"1 and a coefficient of variation of 0.2, and < a 4 > = 1.5 cm event1 with a 
coefficient of variation of 0.3 (Porporato et al., 2000). The first 500 years were 
removed to avoid transient effects. The results show a dynamical coexistence 
between trees and grasses, although trees undergo prolonged periods of low 
densities. In a dryer climate therefore, or with a lower tree threshold for the dy
namic stress, the trees will die out. Also when the year-to-year variance is in
creased, using for example the same <a"1>, but with a coefficient of variation of 
0.4, the trees die out after about two or three thousand years. However, the in
crease in the occurrence of dry periods can be easily compensated, by increas
ing the threshold value for tree dynamic water stress. In these experiments the 
maximum tree death, defined by the tree threshold value, is at the higher values 
of the ranges given by Fensham and Holman (1999). Again it is clear that a 
field-based estimate of tree death chances is essential for a reliable model 
parameterisation. 

Figure 5 also clearly shows that if trees/grasses have a high density, 
grasses/trees have a low density. A strong coupling is present between the values 
of the ten-year running average of rainfall and the tree density. If 10-year aver
aged rainfall is low then severe tree die back will occur, and if the 10-year aver
aged rainfall is high then in most cases an increase of trees is clearly visible. 

Time series analysis 
Figure 6 shows the results of the power spectrum analysis. As expected the spec
trum of the rainfall input is flat over the whole frequency range, but model out
puts show considerable structure over all frequencies. Most clearly, the power 
spectra of the density of coverage of grasses and bare soil show a power law re
lation over an extended frequency range. Thus local interactions based on the 
water stress present at each site lead to temporal structures when the system is 
driven by simple white noise. Power law power spectra in time are a typical sig
nature of temporal fractal signals, which display long term dependence. 

The spectra the density of coverage of trees and tree seedlings show depar
tures from power law dependence of frequencies. The trees show peaks at fre
quencies of about 1/2.5 years and 1/5 years, whereas the tree seedlings show 
peaks at frequencies of about 1/3 years and 1/8 years. These peaks are likely to 
results from dynamic effects arising from the 5-year interval chosen as seedling 
lifetime. Notice that the spectrum for trees and tree seedlings together does not 
show the above behaviour. 

Figure 7 shows the results of the auto-correlation analysis of the densities of 
vegetation coverage. Both trees and tree seedlings show the lowest correlation 
values over the longer time scales which is not surprising because of the five 
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Figure 6: Power spectral density plots of the density of cell coverage derived from a model 
run of 100000 years (the rainfall characteristics are the same as in Figure 5) 

year seedling stage in the model. This stage is one of increased sensitivity to 
drought, thereby leading to a high variability in the number of seedlings that 
transform to trees each year. This variability is most strongly reflected by the 
model in the number of bare soil cells. The number of grass cells is much more 
stable in time because of only an indirect relation with the number of trees and 
tree seedlings, and the absence of a seedling stage. 

The cross-correlations of Figure 8a clearly show the competition for space 
between the trees and the grasses. The lag zero correlation value is low com-
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Figure 7: Autocorrelation plot of the density of cell coverage derived from a model-run of 
100000 years (the rainfall characteristics are the same as in Figure 5) 

pared to correlations with lags up to 500 years (for values higher than 500 years 
the correlation values decrease again). Also the cross-correlation between trees 
and trees seedlings in Figure 8b shows a minimum for low time lags. The corre
lation shows a clear peak at -5 years, indicating strong linear dependence be
tween trees at the current time value and the number of tree seedlings five years 
earlier. Another peak, although smaller, is visible near +10 years, thereby show
ing a stronger relation between trees at current time with tree seedlings ten years 
later. 

Cross-correlation Trees and 
Grasses 

Cross-correlation Trees and 
seedlings 

„ 0.74 

-500-400-300-200-100 

Lag [years] Lag [years] 

Figure 8: Crosscorrelation plots of the density of vegetation coverage derived from a 
model-run of 100000 year (the rainfall characteristics are the same as in Figure 5) 
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Spatial pattern analysis 
For a smaller number of years we calculated Ripley's K-function, and tested 
whether there was significant clustering present in the spatial tree distributions. 
These tests do not include tree seedlings because given the pattern of seedling 
settlement, i.e. close to the mature trees, the spatial distribution of both trees 
and tree seedlings will always show significant clustering, and therefore is not 
very illuminating. The results of the tree distributions are shown in Figure 9; also 
here the initial 500 years were deleted from the model outcome to remove ef
fects of model initialisation. In the upper graph the significant departures from 
the random distributions are shown for a length scale of 2 to 16. Clearly visible 
are prolonged periods in which significant clustering occurs at several length 
scales. These periods are finished when a major tree die back occurs caused by 
severe drought. As tree death occurs in a spatially uncorrelated pattern, this 
leads to a breakdown of the clusters present, and therefore causes the disap
pearance of significant spatial clustering. The clustering increases in length scales 
at periods in which there is an increase in tree density. This may be explained 
by the fact that tree seedling establishment can only occur in the neighbourhood 
of mature trees. When the seedlings become mature trees, the spatial distribu
tion of these is strongly clustered around the trees whose 'seeds' lead to the 
original establishment. 

In Figure 10 two fields are shown that have about the same tree density (~ 
15 %) but differ totally in their cluster characteristics (Field 1 and Field 2 in Fig
ure 9). In Field 2 significant clustering is present at all 15 length scales of Rip
ley's K-function. Clearly visible are isolated patches of trees separated by grass 
vegetation and bare soil. In Field 1 the spatial tree distribution is not significantly 
different from a random one. As shown in Figure 9, Field 1 occurs just after a 
severe tree die back (and also grass die back) and thus the density of bare soil 
cells is much higher than in Field 2, which occurs in a period in which tree den
sities are increasing. The model, although very simple, can yield totally different 
spatial distributions, even at the same level of vegetation density. 

Figure 11 shows the frequency of occurrence of clusters of different sizes for 
trees and seedlings. There exists an approximate power law distribution of clus
ter sizes, except for very small and very large clusters. The deviations at the two 
extremes may be impacted by the smaller sample size for these ranges as well as 
for finite size effects of the domain in the case of the large clusters. The steep
ness of the power law for the case of trees-only analysis is smaller than for the 
case of both trees and seedlings. This is caused by the fact that in the latter case 
the number of large clusters is much higher than in the tree only-analysis, and 
the number of small clusters is lower. 

In Figure 12 the cluster-size distribution for trees is plotted distinguishing be
tween fields that show an increase of trees in time, and fields that show a de
crease of trees in time. The number of fields obtained when trees decrease in 
the previous year is smaller than the number of fields obtained with an increase 
of trees in time: of the total of 140 field, 90 fields are 'increase' fields, and 50 
are 'decrease' fields. This implies that most of the time, as can also be seen in 
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Figure 11: Cluster-size distributions of 200 fields of model output (N is number of fields, A 
is cluster-size) 
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Figure 12: Cluster-size distribution of the tree model output separated into fields obtained 
at temporal increasing (i.e. positive) and decreasing (i.e. negative) tree cell coverage 
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Percolation 
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Figure 14: Percolation characteristics of model compared to those of random fields of 
same size and cell cover 

Figure 5, trees were increasing in density, and decreases in tree density occurred 
in relatively short time spans of severe drought. The distribution of the 'de
crease' fields distribution shows a higher slope than that of the 'increase' fields: 
the 'decrease' fields therefore had relatively more small clusters, caused by the 
spatially uncorrelated tree death that occurs at the moment the field is analysed. 

The above results suggest that as clustering of trees is observed on a mosaic 
of grasses and bare soil, the distribution of cluster sizes is an important criterion 
in the quantification of the observed patterns. Moreover, the possible existence 
of power laws in these distributions signals the likely presence of a fractal struc
ture in the spatial vegetation pattern. 

Figures 13 and 14 show the results of the percolation analysis. Percolation 
only occuned when the tree and tree seedling density was high enough. For in
finite lattices where each site has the same probability of being occupied the 
theoretical density at which percolation takes place is 40.72 % (Stauffer and 
Aharony, 1992). The relation between density and the occurrence of percola
tion is less clearly defined in simulations with the present model and in fact it 
can be attained with tree densities as low as 32 % or as high as 52 %. 

Field measurements and modelling challenges 
The results presented in this paper are purely model results. How can they be 
linked to field measurements to test the model? The temporal evolution of the 
model outcome is very difficult to test, because it is heavily dependent on the 
initial condition that is used (see for example Figure 5). Thus the dynamics in 
time differ greatly when the model is started at a high tree density or when it is 
started with a low tree density. 
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Figure 5 also shows the high temporal dynamics of the model output: tree den
sity can increase up to 50 % in less than 50 years when the climatical conditions 
are favourable for tree settlement. These high dynamics are also present in 
measurements done by Archer et al. (1988): in 1941 the woody plant coverage 
was 13 %, in 1960 (after a severe drought period) it was 8 % and in 1983 it was 
36 %. The woody plant coverage therefore increased in about 20 years almost 
30%! 

Another way to test the model is to compare cluster size distributions pre
dicted by the models with measurements in the field. This model output is ro
bust and not affected by the stochastical character of the model: each time the 
model is run, the same slope of the cluster size distribution is found. Probably 
the results of the model will deviate strongly from the measurements: death is 
simulated in the model as a spatially random process, which is probably a gross 
simplification of the real process. Furthermore no spatial competition for water is 
included in the model, let alone effects of fire and nutrients. 

A major research and modelling challenge for the future will be the quantita
tive exploration of the spatial and temporal behaviour of savanna systems. This 
model is a first attempt to achieve a quantitative linkage between rainfall and 
tree and grass interactions, and to increase the testability of these kinds of mod
els on data of field measurements. Competition for space and the impact of in
ter-annual climatic variations may be studied through this type of scheme. The 
model is kept simple with a low number of parameters, to increase the possibili
ties for parameterisation. Complex models like Higgins et al. (2000) result in 
high numbers of parameters, which are very difficult to estimate, and are 
thereby not suited for application over ranges of savanna-like systems. Although 
extremely simple, the spatio-temporal model presented here is the first attempt 
to objectively link the probabilities of colonisation and death of functionally dif
ferent types of vegetation in terms of their dependence on varying climatic con
ditions. The results obtained agree quite well with the type of temporal and spa
tial patterns observed in savanna ecosystems. 
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7. TOWARDS UNDERSTANDING TREE ROOT PROFILES: SIMULATING 

HYDROLOGICALLY OPTIMAL STRATEGIES FOR ROOT DISTRIBUTION1 

ABSTRACT 

In this study we try to explain differences in vertical root distributions meas
ured in four contrasting forest locations in the Netherlands. We approach 
root distributions as a reflection of the plants optimisation strategy, based on 
hydrological grounds. The 'optimal' root distribution is defined as the one 
that maximises water uptake from the root zone over a period of ten years. 
The optimal root distributions of 4 forest locations with completely different 
soil physical characteristics are calculated using the soil hydrological model 
SWIF. Two different model configurations for root interactions were tested: 
the standard model configuration in which one single root profile was used 
(SWIF-NC), and a model configuration in which two root profiles compete 
for the available water (SWIF-C). In this way effects of competition between 
individual trees on the optimal root distribution were tested. 

The root profiles were parameterised using genetic algorithms, in which 
the root density of each soil layer was represented as one gene. The fitness 
of a certain root profile was defined as the amount of water uptake over a 
simulation period of ten years. The root profiles of SWIF-C were optimised 
using an evolutionary game: 30 root profiles played ten matches against 
each other in each generation. The fitness of a root profile was expressed as 
the number of matches won. 

The results showed clear differences in optimal root distributions be
tween the various sites and also between the two model configurations. Op
timisation with SWIF-C resulted in root profiles that were easier to interpret 
in terms of biological feasible strategies. Preferential water uptake in wetter 
soil regions was an important factor for interpretation of the simulated root 
distributions. As the optimised root profiles still showed differences with 
measured profiles, this analysis is not presented as the final solution for ex
plaining differences in root profiles of vegetation, but as a first step using an 
optimisation theory in order to increase our understanding of root profiles of 
trees. 

Introduction 

Root systems control an important part of the fluxes in both the global hydro-
logical and carbon cycle. Root production is a major input of organic carbon to 
soils and root systems largely control the partitioning of water fluxes to the at
mosphere and groundwater (Canadell et al., 1996). Despite a long history of 
study into the dynamics of root distributions knowledge of the determining proc
esses remains inadequate (Harper et al., 1991). 

f Submitted to Plant and Soil by M.T. van Wijk and W. Bouten. © Kluwer Academic Publishers 
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Jackson et al. (1996) give a thorough synthesis of existing data on root distribu
tions. Root distributions are important parameters to include in models concern
ing the partitioning of water fluxes to the atmosphere and groundwater, soil litter 
decomposition, carbon sequestration and nutrient cycling. In Jackson et al. 
(1996) cumulative root fractions are calculated, and the parameters of an a-
symptotic equation are determined for various plant functional groups (grasses, 
shrubs and trees). 

These distributions are static representations of the dynamic interrelationship 
between soil and plant. Our present knowledge of the dynamics and the effects 
of this interrelationship is limited. At the moment, root growth models are being 
developed that include empirical relations between soil physical characteristics 
(aeration, wetness, etceteras) and root growth potentials (Asseng et al., 1997). In 
most cases these models do not include a root growth strategy that optimises the 
amount of nutrients and/or water captured by the roots. 

Application of an optimisation strategy at the parameterisation of root mod
els can enhance our understanding of how the root compartment of the forest 
ecosystem reacts to its environment. Optimisation strategies have been applied 
successfully in the modelling of stomatal behaviour (Cowan, 1977: Mäkelä et 
al., 1996). Compared to site-specific parameterised models application of the 
optimality hypothesis will in most cases lead to a lower performance, but to in
creased general applicability. Otherwise, precise site-specific parameterisation of 
the root profile in hydrological models is difficult. Measurements of root profiles 
are very difficult, especially the distinction between different kind of roots and 
the quantification of their functionality in extracting water from the soil 
(Olsthoorn, 1998). 

In this study we try to explain large differences between vertical root distribu
tions in different forest locations in terms of a hydrological optimisation strategy. 
The 'optimal' root distribution is defined as the one that maximises soil water 
uptake over a period of ten years. Different root distributions are compared in 
an analysis purely based on simulation results, using the soil hydrological model 
SWIF (Tiktak and Bouten, 1992). This study can therefore be considered as a 
kind of reasoning experiment. The analysis does not deal with inter-annual root 
growth strategies, but only tries to determine which 'static' root distribution re
sult in the highest water uptake. Two different model configurations were tested 
in the optimisation procedure: the standard model configuration of SWIF in 
which one single root profile was used, and a model configuration in which two 
root profiles compete for the available water. In this way the effects of competi
tion between individual trees on the optimal root distribution were tested. 

MATERIAL & METHOD 

Site description 
Four sites have been analysed in this study, Appelscha, Buunderkamp, Speuld, 
and Winterswijk. All sites have been subject to detailed study: Appelscha by 
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Musters (1998), Buunderkamp by Tietema (1992) and Speuld for the hydro-
logical research part by Bouten (1992) and the root research by Olsthoorn 
(1998), and Winterswijk by Bouten (1992) and Tietema (1992). A general over
view of the soil profiles used in this model-analysis is given in Figure 1. 

Appelscha (52°58' N, 6°15' E) is a 0.11 ha Austrian pine (Pinus nigra var. ni
gra) stand within a larger homogeneous stand of 54-year-old pines with a den
sity of 640 tree ha1 . The trees have an average height of 10 m and the pro
jected leaf area index is low (between 1.4 and 2.4 m2 m"2). The understorey 
vegetation consists of several grass {Deschampsia flexuosa (L.) Trim, Molinia caerula 
(L.) Moench.) and moss species (Polytrigum spec.) and heather plants (Erica 
tetralix L. and Calluna vulgaris (L.) Hull.). The mineral soil consists of an undulat
ing drift sand layer over a flat layer of non-rootable cover sand. The soil is acid 
and classified as a Cambic Arenosol. The site has a shallow groundwater table 
fluctuating around the top of the cover sand during the winter and 1-2 m deeper 
in dry summers. More detailed information on the research site is given by Mus
ters and Bouten (1999) and Musters et al. (2000). 

Buunderkamp (52°02' N, 5°48' E) is part of a large forested area and con
sists of 60 years old oaks (Quercus robur). The soil is classified as a Fimic Anthro-
sol and is well-drained, podzolic, sandy and acid. At about 40 cm depth there is 
a buried, relatively rich organic sandy layer underlain by a coarse angular sand 
layer. The ground water table is very deep. More detailed information on the 
research site is given by Tietema (1992). 

Speuld is a 2.5 ha Douglas-fir (Pseudotsuga menziessii (Mirb.) Franco) stand 
within a large forested area near the township of Garderen (52°13' N, 5°48' E) 
the Netherlands. The stand was a dense forest with 780 trees ha_1 without an 
under-story and was planted in 1962. Mean tree height between 1990 and 1992 
was 22 m. Projected leaf area index varied between 7.8 and 10.5 m2 m2 . The 
soil is a Haplic Podzol, well drained, and consists of fluviatile deposits with tex
tures ranging from fine sand to sandy loam. The groundwater table is at 40 m 
depth. The 30-year mean rainfall is 834 mm year-1. More detailed information 
on the research site is given by Tiktak and Bouten (1994). 
The Winterswijk location is part of a 0.1 km2 forest lowland catchment in the 
eastern part of the Netherlands (52°00' N, 6°40' E). The forest predominantly 
consists of oaks (Quercus robur) of about 120 years old, 20-25 m high and with a 
density of 33 trees per ha mixed with beech trees (Fagus sylvatica) of 65 years 
old, 10-20 m high and 61 trees per ha. There is no undergrowth present. The 
soil consists of a 25 cm acid sandy top layer, which is a weathering residue of 
the underlaying calcareous glacial till deposit of 2.7 m thick, sandy loam tex
tured. They are covered with an organic layer. The glacial till is underlain with 
completely impermeable Jurassic heavy clay, which forms a tight lower bound
ary of the basin. The water table fluctuates from 15-45 cm below the soil surface 
between January and May, to 150-300 cm in November. More detailed infor
mation on the research site is given by Bouten et al. (1992a) and Tietema 
(1992). 

163 



Appelscha 
Pinus nigra 

\ 50 yr 

A- V 

maximum 
ro o tili g 
depth 

A 

y 

drift sand 
(medium fine 
sand) 

cover sand 
groundwater ( m e d i u m fine sand) 

Buunderk amp 
Qitercjs robur 
60 yr 

0.40 m X coarse sand 

0 A\ organic rich coversand .45 m, ,, ,. .. .. 
w [medium tine sandl 

maximum 
rooting 
depth coarse angular sand 
(3 m) 

A Speuld 
Pseudotsuga trienziesii 

40 yr 

'i' 

maximum 
rooting 
depth 
(3 m) 

fill' 

loamy sand 

Winterswijk 
Quercus robur, 120 yr 
Fagus sylvatica, 65 yr 

0.05 m 

0.25 

maximum 
rooting 2.7 m 
depth 

A 

organic layer 

gravelly loamy 
sand 

glacial till 
(sandy (clay) 
loam) 

groundwater impermeable clay 

Figure 1: Schematic overview of the four different sites 

Model description 
The SWIF (Soil Water in Forested Ecosystems) model is used to describe vertical 
water flow and root water uptake in the unsaturated soil zone. The model also 
includes soil evaporation and lateral drainage in the saturated zone. 

The SWIF model uses finite differences to solve the Richards equation: 

C(h) - = — [K(h)(dh I dz +1)] - S(h) 
dt dz 

(1) 

where C is the differential water capacity (m1) , t is time (days), z is height (m), h 
is soil water pressure head (m), K(h) is the unsaturated hydraulic conductivity 
characteristic (m day~l), and S is a sink term accounting for root water uptake 
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(day1). A full description is given by Tiktak and Bouten (1992). In the present 
paper only the water uptake module is described. 

The root water uptake (S;) from a layer i is calculated from the potential up
take (S*i) and a reduction function / (h j for that layer (Belmans et al., 1983): 

with 

f(h) = 0 h < h j 

f(h) = \-
' h-h2 ' 

hi -h2 

a 

hj < h < h 2 

fih) = 1 h2 < h < h3 

ƒ(/*) = ! -
' h3-h~ 

h3-h4_ 
h3 < h < h4 

f(h) = 0 h < h 4 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

where the empirical parameter a, wilting point r^ (m), water stress reduction 
point h2 (m), beginning of optimal transpiration in the wet trajectory h3 (m) and 
anaerobosis point h4 (m) are calibration parameters. 

The potential uptake from a layer is calculated by distributing the total poten
tial transpiration T* (m day_1) over all soil layers according to the effective root 
length of a layer (Oft) expressed as a fraction of the total effective root length of 
the soil profile, Z(0-,R,): 

S;=T*^®lR^- (8) 

X(0,*f) 
where the saturation fraction 0; = 9/0si, and 9, and 9si denote actual and satu
rated water contents of layer i respectively; Ri is the root density of layer i. The 
potential transpiration T* is calculated with: 

r = fc{\-G)Er-{\-flh,)if, (9) 
where fc is an empirical crop factor which accounts for stand characteristics; G is 
the canopy gap fraction; f, is the interception efficiency; ET" (m day1) is the 
measured potential évapotranspiration according to Makkink (1957) and /thrf is 
the throughfall fraction. 

Using formula 8, preferential uptake from layers with a high saturation frac
tion is simulated. This mathematical formulation of preferential uptake from 
relatively wet layers can be seen as a representation of a biological strategy to 
make use of the most effectively located roots or in other words the short-term 
dynamics of the root system. Roots can exhibit highly dynamic behaviour with 
the growth (or death) of fine roots. In this concept the root density used in SWIF 
is a quantification of the coarse, and measurable, root fraction whereas the pref
erential uptake-submodel represents the dynamics of the fine roots of which 
measurement is extremely difficult. 
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With an adjusted version of the model we simulated the competition between 
different root systems for the available soil water. In SWIF-C (the competition 
version of the SWIF model) two different root systems were introduced in paral
lel. For each root system potential and actual water uptake were calculated for 
each soil layer. The model value of soil water uptake with which the new state 
of soil water content is calculated, is the mean value of uptake of the two sepa
rate root systems. By also calculating the total water uptake of the individual 
root systems one can compare the integrated soil water uptake of the two differ
ent root systems, and can thereby determine which root system had the highest 
soil water uptake of the two root systems. 

The analysis 
The goal of the study was to determine the optimal values for the root densities 
Ri for each layer in the discretised SWIF-model. The simulation period was ten 
years. With this long period effects of one extreme year on the optimal root dis
tribution were cancelled. For an easy comparison of the four sites, all model 
configurations had 14 soil layers, and therefore 14 root densities. The specific 
soil layer discretization is given in Table 1. To prevent numerical errors around 
interfaces of soil layers with different soil physical characteristics, sometimes a 
thin layer was introduced. Each root density could have a value between zero 
and one. As real tree root densities of one layer next to another layer do not dif
fer too much, we introduced a coupling between the root densities of the adja
cent soil layers: the difference in density between one layer and the layers adja
cent to this layer could not be higher than a relative value of 0.5. 

Traditional optimisation techniques are not suited to optimise such high 
numbers of parameters (i.e. 14). We therefore used genetic algorithms 
(Gallagher and Sambridge, 1994). Genetic algorithms are optimisation search 
methods inspired by the natural process of evolution. The main idea of genetic 
algorithms is to evolve the best possible solution from random elements using 
the basic components of nature's evolutionary method: encoding of organisms 
as genetic (DNA) data structures, recombination, mutation and persistence of 
desirable characteristics. Each parameter is represented as a gene, which is en
coded as a binary string. A set of genes, representing a parameter combination, 
forms a chromosome. In our case, with 14 parameters, a chromosome consisted 
of 14 genes. First, a random initial population of 100 chromosomes was gener
ated. For each chromosome the performance of the SWIF-model with that pa
rameter-combination was calculated. Depending on their performance, chromo
somes were selected, and a new population was created. In this new population 
the chromosomes of the selected parameter-combinations were present, and 
also new chromosomes that were created by crossover and point mutations of 
the selected chromosomes. In this way the parameter space was further ex
plored in order to improve the solution. Of this new population the performance 
of each parameter-combination was calculated again, a selection took place, a 
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Table 1: Soil layer discretisation used for SW1F-NC and SWIF-Cfor the four sites 

Appelscha Buunderkamp Speulc Winterswijk 
Layer depth Thick 

ness 
depth Thick 

ness 
depth Thick 

ness 
Depth Thick 

ness 

1 0.00-0.05 0.05 0.00-0.05 0.05 0.00-0.05 0.05 0.00-0.05 0.05 
2 0.05-0.10 0.05 0.05-0.10 0.05 0.05-0.10 0.05 0.05-0.10 0.05 
3 0.10-0.20 0.10 0.10-0.25 0.15 0.10-0.20 0.10 0.10-0.20 0.10 
4 0.20-0.30 0.10 0.25-0.40 0.15 0.20-0.30 0.10 0.20-0.25 0.05 
5 0.30-0.40 0.10 0.40-0.41 0.01 0.30-0.40 0.10 0.25-0.30 0.05 
6 0.40-0.50 0.10 0.41-0.50 0.09 0.40-0.50 0.10 0.30-0.40 0.10 
7 0.50-0.75 0.25 0.50-0.60 0.10 0.50-0.75 0.25 0.40-0.50 0.10 
8 0.75-1.00 0.25 0.60-0.75 0.15 0.75-1.00 0.25 0.50-0.60 0.10 
9 1.00-1.25 0.25 0.75-0.85 0.10 1.00-1.25 0.25 0.60-0.75 0.15 
10 1.25-1.50 0.25 0.85-0.86 0.01 1.25-1.75 0.50 0.75-1.00 0.25 
11 1.50-2.00 0.50 0.86-1.00 0.14 1.75-2.00 0.25 1.00-1.50 0.50 
12 2.00-2.50 0.50 1.00-1.50 0.50 2.00-2.25 0.25 1.50-2.00 0.50 
13 2.50-2.75 0.25 1.50-2.50 1.00 2.25-2.50 0.25 2.00-2.50 0.50 
14 2.75-3.00 0.25 2.50-3.00 0.50 2.50-3.00 0.50 2.50-3.00 0.50 

new generation was created, etceteras. The length of the optimisation was 200 
generations. 

The key point in this analysis was the definition of the performance of the 
SWIF-model using a certain parameter combination. For each model configura
tion, a separate performance criterion was defined. For the SWIF-model without 
competition (SWIF-NC) the performance criterion is defined as the amount of 
water extracted from the soil over a period of ten years. The higher this amount, 
the 'fitter' the parameter-combination. 

For the SWIF-model with competition (SWIF-C) this total amount of water 
extraction could not be used as fitness-criterion, as the amount of water ex
tracted by a certain root profile is influenced by the root profile 'against' which it 
is competing. We therefore introduced a so-called evolutionary game (Sigmund, 
1993). We used a population of 30 root profiles and let each root profile play 
ten times against another root profile. For each root profile a score is calculated 
of the number of matches won and the number of matches lost. The number of 
matches won is used as the fitness criteria. The more matches a root profile 
wins, the more likely it will be that it is present in the next generation. Also here 
we used 200 generations. 

Specific model information for the different sites 
Model parameterisations are based on extensive monitoring programs and 
model calibrations (Musters et al., 2000; Bouten et al., 1992a; Bouten et al., 
1992b). An overview of the specific model parameterisation for the locations is 
given in Table 2 and Figure 1 and 2. For Appelscha SWIF was adapted to rep
resent also the undergrowth transpiration, which amounts to about 30% of the 
total forest ecosystem évapotranspiration in that site. The undergrowth 
évapotranspiration was parameterised according to Vrugt et al. (2000). One 
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Table 2: Overview of transpiration coefficients for the sites Appelscha, Buunderkamp 
Speuld and Winterswijk (for explanation of the symbols see text) 

Coefficients Appelscha Buunderkamp Speuld Winterswijk 

Crop factor fc 1.0 Winter. 0.0 
Summer: 1.15 

1.0 Winter: 0.0 
Summer: 1.3 

Canopy gap 0.4 Winter: 0.8 
Summer: 0.3 

0.1 Winter: 0.8 
Summer: 0.15 

M m ] -1.0 -4.0 -6.0 Dependent on 
potential evaporation: 
0.0001 m/day -1.0 m 
0.001 m/day -0.75 m 
0.005 m/day -0.2 m 

-25 -30 -60 -25 

-0.30 -0.02 -0.02 -0.02 

-0.20 -0.01 -0.01 -0.01 

a 0.35 0.35 1 0.25 

third of the total calculated Makkink évapotranspiration was assigned to the un
dergrowth with a rooting depth of 25 cm. Two thirds of the total évapotranspira
tion was assigned to the trees, of which the root distribution was optimised. The 
coefficient 'a' of formula 6 had a value of 0.43 for the tree-roots and a value of 
0.67 for the undergrowth roots (Vrugt et al., 2000), thereby representing a 
smaller sensitivity to soil water stress of the undergrowth than that of the trees. 

Sensitivity analysis 
Optimised values do not give insight in the sensitivity of the calculated water up
take to changes in the root densities. If this sensitivity is low the properties of the 
optimised root system do not give much information about the relationship be
tween trees, roots and soil. We therefore applied a sensitivity analysis to quan
tify the sensitivity of the total soil water uptake in the ten year period to devia
tions from the optimised root profile. 

The results of the two different root optimisations (SWIF-NC and SWIF-C) 
each had a slightly different sensitivity analysis. For SWIF-NC for each layer 
separately, the maximum and minimum value of the root density (R,) were de
termined for which the total water uptake was within 0.25 % of the total value 
simulated with the optimised root profile. This value of 0.25 % seems extremely 
low, but should be seen in the context of the relatively short periods of soil water 
stress, which lead to a decrease of potential transpiration of maximal 5 - 10 %. 
During the test of the effects of changes in the root density of one layer, the val
ues of the other layers were kept at their optimised value. 

The sensitivity analysis of SWIF-C could not be performed in same way as 
for SWIF-NC, because the two root systems influence the water uptake of each 
other. Therefore, we defined one root system as the optimal root profile at the 
end of the evolutionary game (after 200 generations), and applied the sensitivity 
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Figure 2: Soil physical characteristics of the four different sites 

analysis to the competing root profile. At each analysis the total uptake value of 
the optimised root system was calculated and compared to that of the compet
ing root system. Of the competing root system, similar to the SWIF-NC analysis, 
the root density of one layer is varied, and the other values are kept at the opti
mised root density value. Also here for each layer a maximum and minimum 
value of the root density (R;) were determined for which the total amount of 
water extracted from the soil was within a certain percentage of the total value 
simulated with the optimised root profile. Again a percentage 0.25% gave the 
best results. 

RESULTS AND DISCUSSION 

First the results of the optimisation runs are discussed: can we understand the 
results of the different sites in relation to the site characteristics? Then the differ
ences between the two model configurations are discussed: what is the effect of 
introducing competition into the SWIF-model? After this, the uptake patterns of 
the optimised root profiles are presented, after which the results of the optimisa
tion are compared with measured root profiles. At the end the analysis is evalu
ated. 

169 



•s 
e-

G 

Relative Root Density [-] 
0 2 0 4 06 0.8 10 

Appelscha ^ -i 

No Competition j 

Q '2 

Relative Root Density [-] 
0.2 0 4 0 6 0 8 1.0 

Relative Root Density [-] 
0.2 0 4 0 6 0 8 1.0 

s -1 

ï 
Q -2 

Relative Root Density [-] 
02 04 06 08 10 

Winterswijk 
No Competition 

Figure 3: Results of root profile optimisation ofSWIF-NC together with sensitivity analy
sis (for explanation see text) 

Non-competition 
Figure 3 shows the results of the different root optimisations and the sensitivity 
analysis for SWIF-NC. The differences between the locations were clear. In 
SWIF-NC the roots of Appelscha were preferentially located in the lower soil 
layers (close to the groundwater) whereas the Speuld, and especially the Win
terswijk roots were located in the upper soil layers. While in Appelscha the roots 
try to profit from the water available from the groundwater, in Winterswijk the 
roots seem to avoid the water table that builds up above the tight lower bound
ary of heavy clay. This can be explained by several differences in the model 
formulation and the model parameterisation between Winterswijk and Appel
scha. First, in Appelscha there is a strong competition between the undergrowth 
and the trees for the available surface water entering the system via rain. As the 
roots of the undergrowth are less sensitive to water stress, the undergrowth dries 
out the top soil in summer, and the trees are forced to situate their roots in the 
deeper soil layers. A second aspect is the difference in soil characteristics: Win
terswijk soil characteristics show a higher buffer capacity for water, while most of 
the water is drained to the groundwater level in Appelscha. Soil water is stored 
in the top sand layer and hardly drained beyond the rooting depth. A third as
pect is the dynamics of the groundwater level: in Appelscha the groundwater 
level is relatively stable and not influenced much by the roots. In 
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Figure 4: Results of root profile optimisation ofSWIF-C together with sensitivity analysis 

(for explanation see text) 

Winterswijk, because of the almost impermeable heavy clay layer, water builds 
up in the winter, and the only way to decrease the ground water level is by root 
water uptake. However, in the model formulation there is a strong reduction of 
soil water uptake in the wet trajectory (see formulas 6 and 7), and therefore a 
strong selection against root profiles that locate roots in that part of the soil pro
file. It is much more preferable to locate the roots just above the groundwater 
level and use this water indirectly via capillary rise. A fourth aspect in Win
terswijk working against the locating of roots in the glacial till layer is its water 
retention characteristic. Figure 2 shows that its differential capacity for water 
(de/dh) is low in the range of 0 > h > -30 m, compared to the sandy layer 
characteristic. This means that when the soil dries, a limited uptake of water can 
decrease the soil pressure into the dry soil water stress trajectory. The combina
tion of point 3 and 4 shows that almost during the whole year the glacial till 
layer is not attractive to locate roots in: in winter and beginning of the spring 
there is uptake reduction because of the wetness of the soil, whereas later in the 
summer there is reduction because of the low pressure heads. 

Both Speuld and Buunderkamp showed a small decrease in the optimised 
root distribution in the uppermost soil layer if compared to the layer just be
neath, although this effect is not present anymore in the minimum and maxi
mum values (represented by the grey area) obtained in the sensitivity analysis. 
This effect is probably caused by the competition for soil water in the uppermost 
soil layer between roots and soil evaporation. As we did not include a relation 
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between soil water content and soil evaporation, soil evaporation can continue 
in dry situations in which the roots are already experiencing soil water stress. It 
will therefore be not optimal to locate too much roots in the uppermost layers, 
because they will be out-competed by soil evaporation. 

The Speuld root distribution also showed a small increase in amount of roots 
located in the lowest soil layer. This is an effect of the soil layer discretization: in 
the summer in a soil water stress period, the roots will extract all available water 
from the soil layers where they are present. The soil water content of the soil 
layers just beneath the rooted zone will therefore be higher than the rooted soil 
layers, and a small upward water flux will occur. It will therefore be a good stra
tegy to locate a significant amount of roots at the point of that small upward wa
ter flux, so that it can be used in extreme soil water stress periods. The Buun-
derkamp site showed a complex root distribution: relatively many roots in the 
upper soil layers, few roots in the intermediate soil layers and again relatively 
many roots in the lower soil layers. 

The grey ranges in Figure 3 show the sensitivity of the total amount of tran
spiration over ten years to changes in the relative root distribution. The relative 
low sensitivity was caused by the short periods of water stress in the simulated 
period of ten years. Winterswijk showed the highest sensitivity to changes in the 
root densities, whereas Appelscha and Buunderkamp had larger grey ranges. 

The sensitivity analysis also showed differences in sensitivity for the different 
soil layers of one plot. Appelscha showed a higher sensitivity (small grey surface) 
in the upper layers and a lower sensitivity in soil layers beneath a depth of 30 
cm, the rooting depth of the undergrowth. As the understory was less sensitive 
to water stress than the trees (Vrugt et al., 2000), it is optimal to locate only few 
roots in the upper soil layers, and any increase in the number of roots located 
there results in a relative strong decrease of total water uptake. The Speuld root 
distribution showed a rather uniform sensitivity, whereas the Winterswijk con
figuration showed a high sensitivity in the lowest soil layers: a small deviation 
from the optimised amount of 0 m3 m"3 roots resulted in clear decrease of total 
transpiration. The Buunderkamp root distribution showed a complex behaviour 
in the sensitivity analysis: low sensitivity in the upper soil layers, high sensitivity 
in the middle soil layers and low sensitivity in the lowest soil layers. 

Competition (SWIF-C) versus non-competition (SWIF-NC) 
The results of SWIF-C (Figure 4) showed an upward drive in the root distribu
tions if compared to SWIF-NC (Figure 3), except for Winterswijk. When there is 
no competition between root systems, water introduced into the system by rain 
will drain to lower soil layers if no roots are present. If the distribution of a single 
root system is optimised, it is not important whether the root system captures the 
water at the uppermost soil layers or at lower soil layers. This changes when 
competition is included in the model: if a root system is not present in the top 
layers the competing root system will capture the water before it will reach the 
lower soil layers. 
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This effect is most clearly visible in the results of Appelscha. The optimal strategy 
for root distribution for Appelscha in SWIF-NC was to locate most of the roots in 
the lowest soil layers, just above the groundwater table. In water stress-situations 
this root distribution could profit from capillary rise from the groundwater, 
whereas infiltrating rainfall water would reach the roots in time. In SWIF-C this 
strategy was no longer optimal, because the struggle for infiltrating water would 
be lost to a root distribution strategy that locates also roots in the layers just be
neath the roots of the understory, in the upper 25 cm. 

Winterswijk was the only site in which the optimised root profile of SWIF-C 
showed a trend to locate more roots in the deeper soil layers than SWIF-NC. 
Although the sensitivity analysis indicates that the glacial till layer was not 
important (the grey surfaces extended only to the side with less roots), this trend 
was robust and did not disappear when the genetic algorithm optimisation was 
continued for another 200 generations. Probably this effect is caused by the fact 
that in the competition optimisation a root profile with all the roots located in 
the uppermost soil layers is not optimal when competing with a root profile that 
has also many roots in the deeper soil layers. With roots in the deeper soil layers 
the ground water level will lower in early summer, and the root profile with all 
roots in the uppermost layers cannot access the water coming available through 
capillary rise. 

For Speuld and Buunderkamp the differences between the results of SWIF-C 
and SWIF-NC were more subtle. For Speuld the increase in roots in the lowest 
soil layer disappeared due to the upward drive of the roots in the competition. 
Buunderkamp showed no large differences in the optimised root distributions, 
but the results of the sensitivity analysis showed a clear effect of competition. In 
SWIF-C soil water uptake showed an increased sensitivity to changes in the 
rooting density of the upper soil layers, while the sensitivity to changes in root 
densities of the lower soil layers was extremely low. 

The high allocation of roots, both for SWIF-NC as for SWIF-C, in the coarse 
angular sand layers of the Buunderkamp is probably caused by the formulation 
of water stress and preferential water uptake in SWIF. In spring, all soil layers 
have about the same high soil water content and all roots can take up the water 
requested by transpiration. This results in drying of the soil, especially in the 
lower soil layers where rainfall does not infiltrate because it is stored in the up
per soil layers or taken by roots. For the coarse angular sand layers this means 
that very low soil water contents are reached, in the order of 0.005 m3 m 3 in 
summer. The model describes a potential preferential water uptake using the 
saturation fraction which is defined as O; = 9/8s •„ and the root fraction accord
ing to formula 10. With very low soil water content values in the coarse angular 
sand layers in summer, this leads to a negligible potential uptake from the 
coarse angular sand and thus to a low sensitivity to the amounts of roots located 
in these layers (see Figure 4). It is therefore an optimal strategy to locate a high 
amount of roots in the coarse angular sand layers to extract as much water as 
possible in spring, while in summer this amount of roots is no longer 
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Figure 5: Seasonal soil water uptake at the Buunderkamp site 

important for water extraction. This effect is illustrated in Figure 5. The relative 
amount of water uptake from the lower soil layers was higher in winter & spring 
than in summer & autumn. In summer & autumn almost all water uptake took 
place in the upper soil layers. In absolute amounts the soil water uptake in 
summer & autumn from the lowest soil layers was even slightly lower than that 
in winter & spring, although the water demand was much higher. This low up
take from the lower soil layers led also to a low sensitivity of the total amount 
water transpired in the period of ten years to changes in the amount of roots lo
cated in these layers, because the roots in these soil layers are only effective in 
spring. 

In this rooting strategy optimisation there was no 'cost' differentiation related 
to a certain allocation of roots. A logical assumption for example could be that 
roots located in lower soil layers are more costly than roots located in upper soil 
layers. One aspect related to this fact is that water extracted form deeper soil 
layers must by transported within the roots to the upper soil layers. If such a cost 
function would be included, this would lead to a decrease in amount of roots 
located in the lower soil layers, especially in the coarse sand layers of the Buun
derkamp as the sensitivity to changes in the root densities in these layers is ex
tremely small. 

Uptake patterns 
In Figure 6 the total 10-year uptake values in the SWIF-NC configuration are 
given as a total and for each soil layer separately, both for SWIF-NC and SWIF-
C optimised root profiles. For all sites the total uptake for SWIF-NC was higher 
than that for SWIF-C: this was not surprising because the root profiles of SWIF-
NC were derived by maximizing this value, whereas in SWIF-C the roots also 
had to deal with a competing root system. The higher sensitivity of water uptake 
to changes in the root distribution in Winterswijk is also reflected in the large dif-
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ference between the ten-year uptake of the optimised SWIF-NC and that of the 
SWIF-C profile. 

A comparison of the uptake values over the different soil layers and the op
timised root profiles shows that the relation between those two is relatively 
strong for Appelscha and Speuld. These sites have rather homogeneous soils 
with high hydraulic conductivity. Therefore steep gradients of water contents do 
hardly occur and the preferential uptake does not have a large influence. As dis
cussed, the preferential uptake clearly influences the results of the root profile 
optimisation in the Buunderkamp: while the root density in the coarse angular 
sand layers is high, the uptake is relatively low. The results of Winterswijk show 
that the uptake from the glacial till is negligible although SWIF-C also locates 
roots in this layer. This apparent discrepancy can be explained by the low dif
ferential capacity for water (d9/dh) of the glacial till. 

For the Appelscha location the differences in the uptake patterns between 
SWIF-C and SWIF-NC reflect the differences in the optimised root profiles: the 
SWIF-NC profile had the highest water uptake in the lowest soil layers, whereas 
SWIF-C had large uptake in the soil layers just beneath the rooting depth of the 
undergrowth. The differences between the uptake patterns for the other sites be
tween SWIF-NC and SWIF-C were only small. For all sites most uptake takes 
place in the upper soil layers. The peak in the root profiles of both SWIF-NC 
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Figure 6: Total soil water uptake in ten years for the four different sites using the opti
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and SWIF-C in Winterswijk at depth 0.3 m is reflected in a peak in uptake at 
that depth. The increase in root density for the SWIF-C in Buunderkamp at 
depth 0.6 m is also reflected in an increased uptake at the same value. 

Comparison with measured root profiles 
Comparison of our simulation results with measured profiles is hampered by the 
fact that we optimised the root profile over a period of ten years. Short-term 
changes in root allocation are therefore not reflected in our results, but can be 
present in the measured root profiles. Another problem is of course the spatial 
variability in profiles: we used a point model, which assumes homogeneous soil, 
biological and hydrological features. 

Because of these problems and the lack of quantitative data we concentrate 
only on the major effects predicted by our root optimisation results. In Appel
scha the most important features of the optimised root distributions were first, a 
limited amount of roots present in the upper soil layers, and second, a clear in
crease in root density just above the ground water level, which coincides with 
the transient between the drift and cover sand layers. The first feature, only a 
limited amount of tree roots present in the upper soil layers was not present in 
the measurements. Only at the uppermost organic layer of about five cm, only 
grass roots were present and no tree roots, but at the other upper soil layers a 
high amount of both undergrowth and tree roots were present. At locations 
where the drift sand layer was relatively thin, the amount of tree roots slightly 
decreased with depth, until just above the cover sand layer a clear decrease in 
root density was visible: a similar pattern as in our results. However, at locations 
with a drift sand layer of 3 m, as in our model parameterisation, hardly any 
roots were found below 2 m and the increase in root density just above the 
cover sand was not present. This difference between locations with thin and 
thick drift sand packages can be understood with the concept of a cost function. 
To allocate more roots at a depth of 1.0 m will cost less energy than to allocate 
more roots at a depth of 3 m. The mismatch at the upper soil layers can be 
caused by many effects, all due to the fact that our analysis only deals with wa
ter. For example, nutrients are of course also very important in determining root 
distributions: in the uppermost layers relatively high concentrations of nutrients 
can be found, and therefore it is necessary for tree to allocate a high amount of 
roots there. 

The Speuld results agreed well with the measurements. The highest amounts 
of roots were found in the uppermost layers up to a depth of 40cm, and lower 
amounts were found at the deeper soil layers, with few roots penetrating deeper 
into soil. Tiktak and Bouten (1994) showed that also in the deeper soil layers, 
down to 2.5 m, significant soil water uptake occurred, as predicted by the results 
of our analysis. 

The results of Winterswijk clearly underestimated the measured amount of 
roots in the glacial till, as measured in Bouten et al. (1992a). As shown in 
Bouten and Witter (1992) the rooting depth is the determining factor for the de
crease of the groundwater table in spring. The results of our optimisation 
showed that from an hydrological point of view it was optimal to locate the 
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highest root densities just above the groundwater level in winter, and to use in 
stress situations the water coming available through capillary rise. This is espe
cially the case for SWIF-NC, whereas in SWIF-C a few roots were located in the 
glacial till as a kind of safety measure. The deviation between measured and op
timised root profiles may be caused by the simple assumption that hydrology is 
the determining factor for the root distribution. By locating the roots only in the 
upper 30cm, the trees would be very unstable. Also the uptake of sufficient es
sential nutrients like Ca would be difficult from the acidified cover sand layer 
only (Bouten et al., 1992a). 

Also the results of the Buunderkamp site clearly deviated from the measured 
values. Measurements showed an increase in root density in the organic rich 
cover sand at a depth of about 0.5 m compared to the soil layers just above, 
and almost no roots present in the coarse angular sand layer. (Tietema, 1992). 
Our simulation results only showed a small increase in roots present in the or
ganic layer with a small peak present in the results of SWIF-C (see Figure 4). In 
the sensitivity analysis this peak almost disappeared. Therefore, it seems that the 
abundance of roots in the organic rich cover sand cannot be explained from a 
hydrological point of view only, but is also an effect of the high abundance of 
nutrients available in that soil layer. The fact that in the coarse angular sand lay
ers almost no roots were present can be explained with the results of SWIF-C 
(see discussion of the results of the sensitivity analysis of SWIF-C). 

CONCLUDING REMARKS 

The measured profiles of root profiles are not always reflecting our optimised 
profiles: why then use this type of analysis? A first answer to this question is that 
it can be used as a representation for the knowledge and the hypotheses that we 
have about the functioning and the distribution of roots. For example, from a 
hydrological point of view the increase of roots in Appelscha just above the 
cover sand layer, and just above the ground water table can be explained easily. 
It can also be used as a negative explanation: the presence of roots in the glacial 
till layer in Winterswijk cannot be caused just from a hydrological point of view. 

Otherwise this kind of simulation can be used to test the effects of competi
tion on root distributions at different sites. The results of SWIF-C showed a 
greater similarity to the measured root profiles than SWIF-NC, and the results 
were more easily to interpret in terms of root functioning, especially for the 
Buunderkamp site. Our results therefore show that competition for water is an 
essential feature to incorporate into models for this type of analysis. 

The total soil water uptake over the ten-year period showed a low sensitivity 
to changes in the optimised root distribution. One cause is the preferential up
take as used in SWIF. If few roots are located in a certain layer the soil water 
content will stay relatively high in that layer. This will lead to a positive feedback 
in uptake from that layer, because the saturation fraction will be relatively high. 
The main cause, however, are the short periods of water stress in these loca-
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tions. Differences in root distributions only affect transpiration in these periods, 
and therefore result in only minor changes in amount of total transpiration over 
a period of ten years. This can lead to the question why we did not optimise 
over shorter time periods, for example only the water stress periods. For the de
cision to optimise transpiration for a period of ten years several reasons are im
portant. First, water uptake distributions over the different soil layers in non-
water stress periods influence the soil water content distributions in water stress 
periods. Therefore, one cannot analyse the periods of water stress decoupled 
from wet periods. Another problem is that if the root distributions are optimised 
over shorter time periods the boundary conditions in those periods become de
termining for the outcome of the optimisation. The period of ten years is chosen 
so that insight would be obtained concerning optimal strategies for root distribu
tion over longer time scales, which we think can be related to distributions of the 
larger roots. Short-term changes in root distributions, linked to changes in the 
fine root distributions that can take place in the time scale of weeks, were not 
the main issue in the research. 

It is obvious that this analysis of optimal rooting strategies is only a first step 
towards understanding root distributions. An extensive list can be made of ele
ments that are important for determining the actual distribution of tree roots, 
and that are missing in this study: nutrients, cost of water distribution within the 
plant, cost of rooting at a certain depth: what is difference in 'cost' between shal
low and deep roots, the function of roots for increasing tree stability, etceteras. 
The analysis as we applied it, is only a first step towards understanding tree root 
profiles. It can clarify whether hydrological processes are determining the root 
distributions of trees, or whether the actual measured tree root distributions are 
determined by other factors. 
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8. CONCLUDING REMARKS 

In complex interrelated systems like forest ecosystems, dynamic simulation 
models are essential tools to gain quantitative insight in feedback relations and 
to increase our knowledge of the functioning of these systems. In this study 
simulation models were used to gain quantitative insight in the interrelationships 
between forest growth and forest water use. The study concentrated on compar
ing different modelling techniques and model concepts to study characteristics of 
the interplay between vegetation and hydrology. 

The results of the first part of this thesis, dealing with short-term gas ex
change of coniferous forests, were summarized, discussed and placed into per
spective in Chapter 5. The model comparison clearly showed that the applica
tion of a set of totally different models has an added value to the application of 
one single model, not only in terms of application possibilities, but also in terms 
of increasing our knowledge of forest ecosystem functioning. In the second part 
of the thesis two characteristics common to all models in part I were addressed, 
first, the fact that all models were more or less data-driven, and second the fact 
that they ignored or neglected spatial interactions and variability. In these con
cluding remarks relations between part I and II will be discussed. 

In Chapter 6 a spatial model based on eco-hydrological dynamics is intro
duced. Spatial interactions can be an essential feature for our understanding of 
our environment (Tilman, 1996). For the models in Part I dealing with re
sponses at a relative short time scale spatial effects could be ignored, or repre
sented in an adaptation of parameters (see for example the difference between 
the Speuld 1995 and 1996 parameterisation of FORGRO: by adjusting the clus
ter factor in an implicit way the increased spatial clumping of the thinned can
opy in 1996 compared to the more homogeneous canopy in 1995 was incorpo
rated in the model). The model in Chapter 6 is working at much longer time-
scales (up to 100000 years!) and competition for space is an essential feature for 
the representation of changes in the savanna-ecosystem on such a long time 
scale. For forest succession models running on those long time-scales the com
petition for space will also be an important feature to include. 

The results and discussion presented in Chapter 7 show that for a single site, 
application of the optimisation hypothesis will not lead to the best data-
description. However, this is, of course, not the main goal for applying the hy
pothesis: the main goal to test whether such a general concept can be used to 
explain the differences between a range of ecosystems. If so, the application of 
such a concept can increase the applicability of the model to a large range of 
ecosystems, and to ecosystems that are functioning in a changing environment 
due to human impacts. The descriptive models of Part I are only applicable to 
the data-ranges on which they are parameterised or calibrated. These models 
are acceptable simplifications of reality. The behaviour of the system is de
scribed, and this is not necessarily equivalent to the real working mechanisms 
present in a system. Because this means that the responses they use can change 
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under the influence of a changing environment, the application of these models 
to estimate effects of a changing environment on the functioning of forest eco
systems has a limited reliability. For example, with a changing C02-
concentration the growth responses of a tree to environmental inputs like tem
perature, radiation and water availability change (see in the huge amount of sci
entific literature available Idso, 1999; Tjoelker et al., 1999; Medlyn et al., 1999; 
Drake et al.. 1999). The length scales of all the feedbacks mechanisms in the 
C02-effects, working through the physiological adaptability of trees, are still un
known. Of course, an important question is whether such a general hypothesis 
like the optimisation concept is really able to describe ecosystem functioning in 
the current and a changing environment, and whether it is a workable one to 
model the complex interactions between a tree and its environment, including 
factors like water, nutrients, competition, temperature and radiation. 

This study shows the importance of linking hydrology with vegetation. One 
definition of the concept 'ecosystem' reads: 'a local biological community and its 
pattern of interaction with its environment'. This study stresses the importance 
of the interactions between the abiotic and the biotic parts of ecosystems. With
out, one cannot understand the functioning of ecosystems at a fundamental 
level. 
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9. SUMMARY 

Terrestrial ecosystems play a crucial role in modulating the carbon balance in 
the earth system. The study of plant and ecosystem responses to the environ
ment is necessary to provide explanatory and predictive understanding of car
bon and energy exchange in the current climate and in possible climate change 
scenarios. Simulation models are essential tools in this study to provide formal
ised statements of hypothesis as a framework that encapsulates disparate pieces 
of information and knowledge. Carbon exchange of forested ecosystems, the 
latter of which form one third of the terrestrial ecosystems, is directly important 
for the quantification of carbon storage in the biosphere. Water is an important 
factor in energy exchanges between the atmosphere and terrestrial ecosystems, 
and has many direct and indirect influences on the functioning of forested eco
systems. 

In this study simulation models were used to gain quantitative insight in the 
shorter time scale (~ growing season) interactions between forest growth and 
forest water use. The most important mechanisms, processes and driving vari
ables determining forest growth and forest water use were analysed and quanti
fied. Because of the enormous amount of data available on the short-term ex
change of carbon and water, the first part of this thesis (Chapter 2 - 5 ) concen
trated on the modelling of the exchange of carbon and water between conifer
ous forests and the atmosphere. Several models were developed, parameterised 
and tested on the same data to make a thorough comparison possible between 
different modelling strategies. 

In Chapter 2 the question 'what input do we need for a reliable modelling of 
the half-hourly fluxes of carbon and water exchange of a set of coniferous for
ests?' is dealt with. For this, the performance of general applicable models was 
compared to the performance of models developed for individual forests. Sub
chapter 2.1 dealt with the application of artificial neural networks to both carbon 
and water fluxes of a set of 7 coniferous forests. Radiation, temperature, vapour 
pressure deficit and time of the day were the dynamic input variables that de
termined ecosystem water fluxes. The same variables, together with projected 
leaf area index, were needed for modelling C02-fluxes. The results for the indi
vidual sites showed that the neural networks found mean water and carbon flux 
responses to the driving variables valid for all sites. The results indicate that both 
short-term water and carbon fluxes of European coniferous forests can be mod
elled satisfactorily without using detailed physiological and site-specific informa
tion. 

In Subchapter 2.2 fuzzy logic was applied to the latent fluxes of 6 coniferous 
forests to compare the performance of the method to artificial neural networks. 
By also modelling the water exchange of the Douglas-fir forest in Speuld, the 
technique was compared with other models and more thoroughly tested. The 
performance of the Fuzzy Logic-models was close to optimal. The rules included 
in the models made objective model comparison possible, and showed a 
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change in the sensitivity to vapour pressure deficit of Speuld due to the thinning. 
Fuzzy logic showed to be a very promising method for top down modelling of 
forest gas exchange, systematic model evaluation and model simplification. 

In Chapter 3 the model applied to the forest in Speuld was no long totally 
empirical, but the model formulation was derived from expert knowledge about 
the most important processes governing the exchange of carbon and water of a 
forest ecosystem. The parameterisation of the model was still totally measure
ment-based. This simple model was applied to the Speuld-dataset consisting of 
two years of flux measurements. The second year of measurements was ob
tained after a thinning took place in which one third of the trees were cut. 
Therefore, the changes in parameter values of the simple model optimised on 
these two years separately could be evaluated in terms of changes in ecosystem 
functioning due to the thinning. Two models were developed: one based on the 
half-hourly measurements, and one based on daily aggregated measurements. 
Comparison of the model parameters before and after the thinning showed that 
the coefficients of the half-hourly model could be separated into more physio
logically determined and stand determined characteristics, whereas for the daily 
model this separation was not clear, probably because of non-linear aggregation 
effects. These results indicate that the half-hourly model has potential for large 
scale application by relating ecosystem characteristics like the leaf area index to 
model coefficients. A sensitivity analysis showed that strong correlations exist 
between similar performing parameter-sets. For comparison of parameter values 
of different studies, even for these simple models, ranges of parameter values 
and their correlations should be presented rather than one optimised value. 

In Chapter 4 a process-based model consisting of a forest growth model, 
FORGRO, coupled to a soil water balance model, SWIF, was applied to the two 
years of data available for Speuld. Both the forest growth model and the soil 
water model need detailed ecosystem knowledge for the parameterisation: the 
forest growth model for example needs the leaf photosynthetic characteristics 
and respiration coefficients. These processes are taking place on a different time 
and spatial scale than the measurements on which the model was tested. The 
process-based model therefore is another step in the range from the totally em
pirical models of Chapter 2, the semi-empirical model of Chapter 3, to the proc
ess-based forest growth model of Chapter 4. The FORGRO-SWIF model was 
not parameterised totally independent of the carbon and water flux measure
ments: two parameters were still optimised using the data. In Subchapter 4.1 the 
FORGRO-SWIF model was used to test three different stomatal conductance 
models with regard to the way they could incorporate soil water stress. The op
timised Ball-Berry model showed clear relationships with air temperature and 
soil water content, whereas the optimised Leuning and Jarvis-Loustau models 
only showed a relationship with soil water content. We concluded that use of 
relative humidity instead of vapour pressure deficit, as in the Ball-Berry model, 
is not suitable for modelling daily gas exchange of Douglas-fir (Pseudotsuga men-
ziessii (Mirb.) Franco). Based on the calculated responses to soil water content, 
we linked a model of forest growth, FORGRO, with a model of soil water, SWIF, 
to obtain a forest water-balance model that satisfactorily simulated carbon and 
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water (transpiration) fluxes and soil water contents in the Douglas-fir forest of 
Speuld. 

In Subchapter 4.2 the model was further tested on the second year of flux 
data available for Speuld, and then run for ten years to estimate the inter-
annual variability in carbon and water exchange for the Douglas-fir forest. The 
forest showed to be a clear carbon sink, in the climax situation between 1000 
and 1210 g C m 2 y . In the thinned situation the carbon uptake was more than 
halved to values between 430 and 620 g C m"2 y"1. The calculated yearly WUE's 
for the forest were between 2.5 and 4.3 g C m"2 mm"1 and for the total ecosys
tem between 1.1 and 2.0 g C m 2 mm1 . The thinned forest had clearly lower 
WUE's than the non-thinned forest. 

In Chapter 5 an integrative comparison of the models presented in the pre
vious 3 Chapters is performed. Because all the models were parameterised or 
optimised on the same dataset, a thorough comparison could be carried out. 
The models were evaluated on the basis of their performance, their ability to in
crease our knowledge of forest ecosystem functioning and their application pos
sibilities for estimating possible climate change effects and upscaling issues. Each 
of the model types has its advantages and its drawbacks. Artificial neural net
works have high performances, but are highly data-driven and difficult to inter
pret into functional terms. Fuzzy logic models are simple, have high perform
ances and good interpretability, but are empirical and still rather unknown. In
dex models are simple and relatively good interprétable, but have lower per
formances and non-unique parameter-values. Process-based models have rela
tive good performances and are an integration of all knowledge available about 
forest ecosystems, but their complexity is still a clear drawback for large-scale 
application. 

The second part of the thesis concentrates on two characteristics that all the 
models of the first part have in common. First, all models of part ignore or ne
glect spatial interactions and variability. In Chapter 6 a simple spatially explicit 
model is presented that based on ecohydrological dynamics simulates a spatial 
and temporal competition between trees and grasses in semiarid systems. In this 
Chapter a first simple attempt was made to combine knowledge obtained from 
such a point model with simple model representing a competition for space. As 
spatial modelling is a fast and very interesting field of research this model should 
be seen only as a first attempt to gain insight from combining hydrological and 
spatial characteristics into one model. The model was run for prolonged periods 
(up to 100000 years) to test the stability of the tree-grass coexistence. The spa
tial characteristics of the model output were analysed by calculating Ripley's K-
function, the cluster size distributions and the percolation behaviour, and the 
temporal behaviour was analysed by calculating auto- and cross-correlations 
and applying a spectrum analysis. The spectrum-analysis of trees and grasses 
showed a power-law distribution representing fractal characteristics in time. The 
spatial behaviour of the model showed prolonged periods of tree clustering 
ended by periods of severe drought and a power law distribution of cluster sizes. 
Second, all models are, although one more than the other, data-driven: using 
measured data the responses of the models were optimised to minimize the 
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model-output versus measurements mismatch. The optimised responses thereby 
represent a quantification of the hidden strategy of the vegetation to deal with 
their environment. In Chapter 7 these concepts are reversed: no longer the 
measured values of the model output determine the strategy in which the forest 
deals with its environment, but now the strategy of the forest is assumed. The 
strategy that was applied was an optimisation strategy: the hypothesis was that 
due to natural selection working millions and millions of years, the vegetation 
that is currently present uses the resources of the environment in an optimal 
way. This strategy was assumed to determine the best root distribution: the one 
that optimises the amount of water transpired by the forest. As the amount of 
water transpired by a forest is strongly linked to the growth of the forest, implic
itly also the growth of the forest was optimised. The results showed clear differ
ences in optimal root distributions between the different sites and also between 
two model configurations that were used: with and without competition. The 
SWIF-model including competition resulted in root profiles that showed larger 
similarities with measured profiles than the 'no competition' configuration. The 
optimised root profiles still showed large differences with measured profiles. This 
analysis is therefore not presented as the solution for explaining differences in 
root profiles of vegetation, but as a first step towards understanding root profiles 
of trees. 

This study shows the importance of linking hydrology with vegetation. One 
definition of the concept 'ecosystem' reads: 'a local biological community and its 
pattern of interaction with its environment'. This study stresses the importance 
of the interactions between the abiotic and the biotic parts of ecosystems. With
out it one cannot understand the functioning of ecosystems at a fundamental 
level. 
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10. SAMENVATTING 

Terrestrische ecosystemen spelen een cruciale rol in de koolstof balans van het 
systeem aarde. Onderzoek naar relaties tussen plant en ecosysteem aan de ene 
kant en omgevingsfactoren aan de andere kant, is noodzakelijk om verklarende 
en voorspellende kennis te verkrijgen over koolstof en energie uitwisselingen in 
het huidige klimaat, en in mogelijke scenarios van klimaatsveranderingen. 
Simulatie-modellen zijn een essentieel gereedschap in dit onderzoek, als een ge
formaliseerd raamwerk van hypothesen dat afzonderlijke stukken kennis en in
formatie omvat. Koolstof-uitwisseling van bosecosystemen, de laatste vormen 
een-derde van alle terrestreische ecosystemen, is direct belangrijk voor de kwan
tificering van koolstof-opslag in de biosfeer. Water is een belangrijke factor in 
energie-uitwisselingen tussen de atmosfeer en terrestrische ecosystemen, en 
heeft vele directe en indirecte effecten op het functioneren van bosecosystemen. 

In dit onderzoek werden simulatie-modellen gebruikt om kwantitatief inzicht 
te verkrijgen in de kortere tijdschaal (~ groeiseizoen) interacties tussen bosgroei 
en boswaterverbruik. De belangrijkste mechanismen, processen en sturende 
variabelen die bosgroei en boswaterbruik bepalen, werden geanalyseerd en 
gekwantificeerd. Omdat enorme hoeveelheden data van de korte termijn uitwis
selingen van koolstof en water beschikbaar zijn, concentreert het eerste deel 
(Hoofdstuk 2 - 5 ) van dit proefschrift zich op het modelleren van de uitwisseling 
van koolstof en water tussen naaldbossen en de atmosfeer. Diverse modellen 
werden ontwikkeld, geparametriseerd en getest op dezelfde data om een diep
gaande vergelijking mogelijk te maken tussen verschillende modelleer
strategieën. 

In Hoofstuk 2 werd de vraag 'Welk input hebben we nodig voor een be
trouwbare modellering van de half-uurlijkse fluxen van koolstof en water uitwis
seling van een set van naaldbossen?' behandeld. Om deze vraag te beantwoor
den werd de model-prestatie van generiek toepasbare modellen vergeleken met 
de model-prestaties van modellen die ontwikkeld zijn voor individuele bossen. 
In sub-hoofdstuk 2.1 werden artificiële neurale netwerken toegepast op zowel 
koolstof en water fluxen van zeven naaldbossen in Noordwest Europa. Straling, 
temperatuur, dampdruk tekort en tijd van de dag waren de dynamische input 
variabelen die de water fluxen van de bosecosystemen bepaalden. Dezelfde 
variaben samen met de bladoppervlakte-index waren nodig om de C02-fluxen 
te modelleren. De resultaten verkregen voor de individuele locaties lieten zien, 
dat de neurale netwerken gemiddelde responsen van water en koolstof fluxen 
gevonden hadden op de sturende variabelen, geldig voor alle locaties. De resul
taten geven de indicatie dat zowel korte termijn water als koolstof fluxen van 
Europese naaldbossen tot tevredenheid gemodelleerd kunnen worden zonder 
gebruik te maken van gedetailleerde fysiologische en locatie-specifieke kennis. 

In subhoofdstuk 2.2 werd fuzzy logic toegepast op de latente warmte-fluxen 
van zes naaldbossen om de model-prestatie van deze methode te vergelijken 
met die van artificiële neurale netwerken. Door ook de water-uitwisseling van 
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het Douglassparrenbos van Speuid te modelleren kon deze techniek worden 
vergeleken met andere modellen en meer diepgaand getest worden. De model
prestatie van fuzzy logic was bijna optimaal. De regels van de modellen maakten 
een objectieve model vergelijking mogelijk, en ze lieten een verandering als 
gevolg van de dunning zien in de gevoeligheid van het bos in Speuid voor het 
dampdruk tekort. Fuzzy logic is een veelbelovende methode voor de top-down 
modellering van de gasuitwisseling van bossen, systematische model-evaluatie 
en model-versimpeling. 

In Hoofdstuk 3 was het model dat toegepast werd op het bos in Speuid niet 
langer puur empirisch, maar de model-formulering was opgesteld met behulp 
van kennis over de de belangrijkste processen die de uitwisseling van koolstof 
en water van een bossysteem sturen. De parametrisatie van het model was wel 
volledig gebaseerd op metingen. Dit simpele model is toegepast op de Speuid 
dataset bestaande uit 2 jaar flux-metingen. Het tweede meetjaar is uitgevoerd 
nadat een dunning had plaatsgevonden in het bos waarbij een-derde van de 
bomen gekapt was. De veranderingen in de parameter-waarden geoptimal
iseerd op één jaar metingen voor en één jaar metingen na de dunning konden 
worden geëvalueerd op basis van de veranderingen in het ecosysteem-
functioneren als gevolg van de dunning. Twee modellen werden ontwikkeld: 
een gebaseerd op de half-uurlijkse metingen en een op de dagelijks geaggre
geerde metingen. Een vergelijking van de model parameters voor en na de 
dunning liet zien dat in de coëfficiënten van het half-uurlijkse model onder
scheid gemaakt kon worden in meer fysiologisch bepaalde parameters en meer 
opstand-bepaalde parameters. Voor het dag-model was dit onderscheid afwezig, 
waarschijnlijk als gevolg van de niet-lineaire aggregatie. Deze resultaten laten de 
potentie zien van het half-uurlijkse model voor grote schaal toepassingen door 
het koppelen van ecosysteem karakteristieken, als de bladoppervlakte index, 
aan model-coefficiënten. Een gevoeligheidsanalyse liet zien dat sterke correlaties 
bestonden tussen parameter sets met vergelijkbare model-prestaties. Voor een 
vergelijking van parameter waarden van verschillende onderzoeken is het 
daarom belangrijk dat intervallen van parameter-waarden gegeven worden, 
samen met de parameter-correlaties, in plaats van alleen de geoptimaliseerde 
waarden, zelfs voor dit soort simpele modellen. 

In Hoofdstuk 4 werd een proces-gebaseerd bosgroeimodel, FORGRO, ge
koppeld aan aan een bodem water model, SWIF, en vervolgens toegepast op 
de twee jaren meetgegevens die beschikbaar zijn voor het Douglas-bos in 
Speuid. Zowel het bosgroeimodel als het bodemwatermodel heeft gedetailleerde 
ecosysteem kennis nodig voor de parametrisatie: het bosgroeimodel heeft bi
jvoorbeeld de fotosynthese en respiratie karakteristieken op bladniveau nodig. 
Deze processen vinden plaats op een andere tijd en ruimtelijke schaal dan de 
metingen waarop het model wordt getest. Het proces-gebaseerde model is 
daarom een volgende stap in de ontwikkeling van de volledig empirische 
modellen van Hoofdstuk 2, het semi-empirische model van Hoofdstuk 3 naar 
het proces-gebaseerde bosgroeimodel in Hoofdstuk 4. Het FORGRO-SWIF 
model is niet totaal onafhankelijk geparametriseerd van de koolstof en water 
flux metingen: twee parameters werden nog steeds geoptimaliseerd met behulp 
van deze data. In subhoofdstuk 4.1 werd het FORGRO-SWIF model gebruikt 

188 



deze data. In subhoofdstuk 4.1 werd het FORGRO-SWIF model gebruikt om 
drie verschillende huidmondjes modellen te testen op hun vermogen om 
bodemwater-stress in te bouwen in hun formuleringen. Het geoptimaliseerde 
Ball-Berry model liet een duidelijke relatie zien met de lucht-temperatuur en 
bodemwater-gehalte, terwijl de geoptimaliseerde Leuning en Jarvis-Loustau 
modellen alleen een relatie lieten zien met bodemwater-gehalte. We con
cludeerden dat het gebruik van relatieve luchtvochtigheid in plaats van het 
dampdruk tekort, zoals in het Ball-Berry model, niet geschikt is voor het model
leren van de dagelijkse gasuitwisseling van Douglasspar {Pseudotsuga menziessii 
(Mirb.) Franco). Aan de hand van de berekende responsen op bodemwater
gehalte koppelden we het bosgroeimodel FORGRO aan het bodemwater-model 
SWIF, zodat een boswater-balans model verkregen werd waarmee tot tevreden
heid de koolstof en water fluxen, en de bodemwater-gehaltes, gesimuleerd wer
den van het Douglassparrenbos van Speuld. 

In subhoofdstuk 4.2 werd dit model verder getest op een tweede jaar van 
metingen beschikbaarbaar voor Speuld, waarna het model voor 10 jaar gerund 
werd om de jaarlijkse variabiliteit van koolstof en water uitwisseling vast te stel
len voor dit bos. Het bos vertoonde duidelijke netto koolstof-opslag, in de cli
max-situatie tussen 1000 en 1210 g C m 2 y'l. In de gedunde situatie was de 
koolstof-opname meer dan gehalveerd tot waarden tussen 430 en 620 g C m 2 

y"1. De berekende jaarlijkse WUE-waarden voor het bos waren tussen 2.5 en 4.3 
g C m~2 mm_1 en voor het totale ecosysteem tussen 1.1 en 2.0 g C nv2 mm"1. Het 
gedunde bos had duidelijk lagere WUE-waarden dan het niet-gedunde bos. 

In Hoofdstuk 5 werd een integrale vergelijking van de modellen uitgevoerd 
die in de voorafgaande hoofdstukken gepresenteerd zijn. Omdat alle modellen 
geparametriseerd of geoptimaliseerd werden op basis van dezelfde dataset, kon 
een diepgaande vergelijking uitgevoerd worden. De modellen werden geëval
ueerd op basis van hun model-prestatie, hun vermogen om onze kennis over 
het functioneren van bossystemen toe te laten nemen, hun toepasbaarheid om 
mogelijke gevolgen van klimaatsverandering vast te stellen en toepassing voor 
opschalings-vraagstukken. Elk van de model types had zijn voor en zijn nadelen. 
Artificiële neurale netwerken hebben een hele goede model-prestatie, maar zijn 
data-gestuurd en zijn moeilijk te interpreteren in termen van ecosysteem-
funtioneren. Fuzzy logic modellen zijn simpel, hebben goede model-prestaties 
en een relatief goede interpreteerbaardheid, maar zijn empirisch en nog steeds 
vrij onbekend. Index modellen zijn simpel en relatief goed interpreteerbaar, 
maar hebben een lagere model-prestatie en niet-unieke parameter-waarden. 
Proces-gebaseerde modellen hebben een relatief goede model-prestatie en zijn 
een integratie van alle kennis die beschikbaar is over bossystemen, maar hun 
complexiteit is nog steeds een duidelijk nadeel voor grote schaal-toepassingen. 

Het tweede deel van dit proefschrift concentreert zich op twee karakteris
tieken die alle modellen van het eerste deel van dit proefschrift gemeen hebben. 
Als eerste negeren alle modellen van deel een ruimtelijke interacties en vari
abiliteit. In Hoofdstuk 6 wordt een simpel ruimtelijk expliciet model gepresen
teerd dat gebaseerd op ecohydrologische dynamiek een ruimtelijke en tem
porele competitie simuleert tussen bomen en grassen in semi-aride systemen. In 
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dit hoofdstuk werd een eerste eenvoudige poging ondernomen om kennis van 
een ecohydrologisch punt-model te gebruiken voor een kwantitatieve aansturing 
voor competitie om ruimte. Het model werd gerund voor aanzienlijke tijdspan
nes (tot 100000 jaar) om de stabiliteit van boom-gras coëxistentie te testen. De 
ruimtelijke karakteristieken van modeluitkomsten werden geanalyseerd door het 
berekenen van Ripley's K-functie, de cluster distributies en het percolatie-
gedrag. Het temporele gedrag werd geanalyseerd door het berekenen van de 
auto- en cross-correlaties, en door het toepassen van een spectrum analyse. De 
spectrum analyse van bomen en grassen liet een power-law distributie zien, 
welke temporale fractal karakteristieken representeert. Het ruimtelijke gedrag 
van het model liet gedurende aanzienlijke tijdsperioden significante ruimtelijke 
boom-clustering zien welke beëindigd werden door perioden met droogte, en 
een power-law distributie van de clustergroottes was aanwezig. 

Ten tweede, alle modellen van deel een zijn, alhoewel natuurlijk de een 
meer dan de ander, data-gestuurd: met behulp van gemeten data worden de 
responsen van de modellen geoptimaliseerd om de model fout te minimaliseren. 
De geoptimaliseerde responsen representeren daarom een kwantificering van de 
verborgen strategie waarmee het bos omgaat met zijn omgeving. In Hoofdstuk 7 
zijn deze concepten omgedraaid: niet langer bepalen de gemeten waarden de 
model representatie van de strategie van het bos, maar nu wordt de strategie 
voor-ondersteld. De strategie die toegepast werd, is de optimalisatie-strategie: 
de hypothese is dat als gevolg van miljoenen en miljoenen jaren van natuurlijke 
selectie de huidige vegetatie de aanwezige bronnen in hun omgeving optimaal 
benut. Deze strategie is voorondersteld om een optimale wortel distributie te 
bepalen: de beste wortel distributie was degene die de maximale hoeveelheid 
bodemwater weet op te nemen. Omdat de hoeveelheid water die een bos kan 
transpireren sterk gekoppeld is aan de groei van een bos, wordt daarmee dus 
impliciet ook de groei van een bos geoptimaliseerd. De resulten lieten duidelijke 
verschillen zien tussen de verschillende bossen, en ook tussen twee model
configuraties die werden gebruikt: een met en een zonder competitie. Het SWIF-
model met competitie resulteerde in geoptimaliseerde wortelprofielen die een 
betere overeenkomst met de gemeten waarden vertoonden dan de model
configuratie zonder competitie, al waren nog wel duidelijke verschillen aan
wezig. De analyse wordt daarom niet gepresenteerd als de oplossing om ver
schillen in gevonden wortelprofielen van verschillende vegetaties te verklaren, 
maar als een eerste stap om met behulp van de optimalisatie theorie wortel
profielen van bomen te analyseren. 

Dit onderzoek laat het belang zien van de koppeling tussen vegetatie en hy
drologie. Een definitie van het concept 'ecosysteem' is: 'een lokale biologische 
gemeenschap en zijn patroon van interactie met zijn omgeving'. Dit onderzoek 
benadrukt het belang van de interacties tussen the abiotische en biotische on
derdelen van ecosystemen. Zonder deze interacties kunnen ecosystemen niet op 
een fundamenteel niveau begrepen worden. 
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Na vier jaar onbezorgd, onafhankelijk en vrij dit promotie-onderzoek te hebben 
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mijn schriftelijke productie en alle discussie die we hebben gehad. 
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C U R R I C U L U M V I T A E 

Met een ferme kreun werd op 25 februari 1972 Mark van Wijk in het schoone 
Beneden-Leeuwen, Land van Maas en Waal, op aarde gezet. Na de lagere 
school in deze metropool gevolgd te hebben, werden vervolgens vele fietstoch
ten afgelegd om het VWO in Druten af te ronden. Vol enthousiasme en goede 
moed werd 1990 de studie Technische Natuurkunde begonnen aan de Tech
nische Universiteit Twente, om deze studie na een jaar en het behalen van het 
propaedeutisch examen met nog meer enthousiasme en goede moed vaarwel te 
zeggen. In 1991 begon onze held de studie Biologie aan de Katholieke Univer
siteit Nijmegen, welke in 1996 afgesloten werd als Aquatisch Oecoloog/ Popula
tie-Bioloog. Tijdens de de eindfase werden studentonderzoeken gedaan bij de 
Vakgroep Experimentele Plantenoecologie te Nijmegen, Milieubiologie te Lei
den, en het RIKZ te Den Haag. Vervolgens werd de uiteindelijke schrijver van 
dit dunne boekje om nog niet geheel duidelijke redenen aangenomen om pro
motie-onderzoek te gaan doen aan de Universiteit van Amsterdam, Fysische 
Geografie en Bodemkunde, waarvan U nu, vier jaar later, het eindresultaat voor 
U hebt liggen. 
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