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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 

183 



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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