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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 
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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 

Yearly ramfalll 
100 % 

~ » " » V A v 

Net Ecosystem 
Carbon L^take 

100 % 

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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