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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-
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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(T-Topiy-) e_ 

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. 
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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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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. 

REFERENCES 

Aphalo, P.J. and P.G. Jarvis, 1993. An analysis of Ball's empirical model of 
stomatal conductance. Ann. Bot. 72:321-327. 

Baldocchi, D., 1997. Measuring and modelling carbon dioxide and water va
pour exchange over a temperate broad leaved forest during the 1995 sum
mer drought. Plant Cell Environ. 20:1108-1122. 

Baldocchi, D.D. and CA. Vogel, 1996. Energy and C0 2 flux densities above 
and below a temperate broad-leaved forest and a boreal pine forest. Tree 
Physiol. 16:5-16. 

Ball, J.T., I.E. Woodrow and J.A. Berry, 1987. A model predicting stomatal 
conductance and its contribution to the control of photosynthesis under dif
ferent environmental conditions. In: J. Biggins (Editor), Progress in photo
synthesis research. Martinus Nijhoff, Dordrecht, pp. 221-224. 

Bosveld, F.C., 1997. Derivation of fluxes from profiles over a moderately ho
mogeneous forest. Bound.-Lay. Meteorol. 84:289-327. 

Bouten, W., 1992. Monitoring and modelling forest hydrological processes in 
support of acidification research. PhD Thesis, Universiteit van Amsterdam, 
Amsterdam, 218 pp. 

Bouten, W., T.J. Heimovaara and A. Tiktak, 1992. Spatial patterns of through-
fall and soil water dynamics in a Douglas fir stand. Water Resour. Res. 
28(12):3227-3233. 

Dewar, R.C., 1997. A simple model of light and water use evaluated for Pinus 
radiata. Tree Physiol. 17:259-265. 

Falge, E., W. Graber, R. Siegwolf and J.D. Tenhunen, 1996. A model of the gas 
exchange response of Picea abies to habitat conditions. Trees 10:277-287. 

87 



Farquhar, G.D., S.V. Caemmerer and J.A. Berry, 1980. A biochemical model of 
photosynthetic C0 2 assimilation in leaves of C3 species. Planta 149:78-99. 

Freijer, J.I., W. Bouten, H de Jonge and J.M. Verstraten, 1996. Assessing min
eralization rates of petroleum hydrocarbons in soils in relation to environ
mental factors and experimental scale. Biodegradation 6:487-500. 

Friend, A.D., 1991. Use of a model of photosynthesis and leaf microenviron-
ment to predict optimal stomatal conductance and leaf nitrogen partitioning. 
Plant Cell Environ. 14:895-905. 

Goudriaan, J., 1986. A simple and fast numerical method for the computation 
of daily totals of crop photosynthesis. Agric. For. Meteorol. 38:249-254. 

Goudriaan, J. and H.H. van Laar, 1994. Modelling potential crop growth proc
esses. Kluwer Academic Publishers, Dordrecht, 238 pp. 

Granier, A., 1985. Une nouvelle méthode pour la mesure du flux de sève brute 
dans le tronc des arbres. Ann. Sc. For. 42(2): 193-200. 

Granier, A. and D. Loustau, 1994. Measuring and modelling the transpiration of 
maritime pine canopy from sapflow data. Agric. For. Meteorol. 71:61-81. 

Harley, P.C. and J.D. Tenhunen, 1991. Modeling the photosynthetic response 
of C3 leaves to environmental facors. In: K.J. Boote and R.S. Loomis (Edi
tors), Modelling crop photosynthesis - from biochemistry to canopy. CCSA, 
Madiscon, Wisconsin, pp. 17-40. 

Hauhs, M., A. Kastner-Maresch and K. Rost-Siebert, 1995. A model relating for
est growth to ecosystem-scale budgets of energy and nutrients. Ecol. Model. 
83:229-243. 

Heimovaara, T.J. and W. Bouten, 1990. A computer controlled 36 channel 
TDR system for monitoring soil water contents. Water Resour. Res. 10:2311-
2316. 

Houghton, J.T., G.J. Jenkins and J.J. Ephraums, 1990. Climate change. The 
IPCC scientific assessment. Cambridge University Press, 365 pp. 

Jans, W.W.P., G.M. van Roekel, W.H. van Orden and E.G. Steingröver, 1994. 
Above ground biomass of adult Douglas fir. A data set collected in Garderen 
and Kootwijkfrom 1986 onwards. 94/1:1-59, 1BN-DLO, Wageningen. 

Jarvis, 1976. The interpretation of the variations in leaf water potential and 
stomatal conductance found in canopies in the field. Phil. Trans. R. Soc. 
Lond.,Ser.B 273:593-610. 

Jarvis, P.G., G.B. James and J.J. Landsberg, 1976. Coniferous forests. In: J.L. 
Monteith (Editor), Vegetation and atmosphere, vol. 2. Case studies. Aca
demic Press, London, pp. 171 - 240. 

Kimball, J.S., P.E. Thornton, M.A. White and S.W. Running, 1997. Simulating 
forest productivity and surface-atmosphere carbon exchange in the BOREAS 
study region. Tree Physiol. 17:589-599. 

Kohsiek, W., 1991. Infrared H20/C02 sensor with fiber optics, Seventh AMS 
Symposium on Meteorological Observations and Instrumentation. January 
13-18, New Orleans, LA, USA, pp 352 - 355. 

88 



Kramer, K., 1996. Modelling comparison to evaluate the importance of phenol
ogy and spring frost damage for the effects of climate change on growth of 
mixed temperate-zone deciduous trees. Climate Research 7:31-41. 

Kuil, 0 . and P.G. Jarvis, 1995. The role of nitrogen in a simple scheme to scale 
up phosynthesis from leaf to canopy. Plant Cell Environ. 18:1174-1182. 

Lankreijer, H.J.M., 1998. The water balance of forests under elevated atmos
pheric C02 . PhD Thesis, University of Groningen, Groningen, 137 pp. 

Leuning, R., 1990. Modelling Stomatal Behaviour and Photosynthesis of Euca
lyptus grandis. Austr. J. Plant Physiol. 17:159-175. 

Leuning, R., 1995. A critical appraisal of a combined stomatal-photosynthesis 
model for C3 plants. Plant Cell Environ. 18(4):339-356. 

Loustau, D., P. Berbigier and K. Kramer, 1997. Sensitivity of the water balance 
of South-Westem France Maritime pine forests to climate. In: G.M.J. 
Mohren, K. Kramer and S. Sabaté (Editors), Impacts of Global Change on 
Tree Physiology and Forest Ecosystems. Kluwer Academic Publishers, 
Dordrecht, pp. 193-205. 

Marshal, D.C., 1985. Measurements of sap flow in conifers by heat transport. 
Plant Physiol. 33:285-313. 

Mohren, G.M.J., 1987. Simulation of forest growth, applied to Douglas fir 
stands in the Netherlands. PhD Thesis, Landbouw Universiteit Wageningen, 
Wageningen, 183 pp. 

Monteith, J.L., 1995. A reinterpretation of stomatal responses to humidity. Plant 
Cell Environ. 18:357-364. 

Nobel, P.S., 1983. Biophysical plant physiology and ecology. W.H. Freeman, 
San Fransisco. 

Penning de Vries, F.W.T., A. Brunsting and H.H. van Laar, 1974. Products, re
quirements and efficiency of biosynthesis; a quantitative approach. J. Theor. 
Biol. 45:339-377. 

Press, W.H., S.A. Flannery, S.A. Teukolsky and W.T. Vetterling, 1989. Numeri
cal recipes in FORTRAN: the art of scientific computing. University Press, 
Cambridge, 735 pp. 

Sala, A. and J.D. Tenhunen, 1996. Simulations of canopy net photosynthesis 
and transpiration in Quercus ilex L. under the influence of seasonal drought. 
Agric. For. Meteorol. 78:203-222. 

Schaap, M.G. and W. Bouten, 1997. Forest floor evaporation in a dense Doug
las fir stand. J. Hydrol. 193(l-4):97-113. 

Stewart, J.B., 1988. Modelling surface conductance of pine forest. Agric. For. 
Meteorol. 43 :19-35 . 

Stroo, H.F., K.L. Bristow, L.H. Elliott, R.I. Papendick and G.S. Campbell, 1989. 
Predicting rates of wheat residue decompostion. Soil Sei. Soc. Am. J. 53:91-
99. 

Tenhunen, J.D., A. Sala Serra, P.C. Harley, R.L. Dougherty and J.F. Reynolds, 
1990. Factors influencing carbon fixation and water use by mediterranean 
sclerophyll shrubs during summer drought. Oecologia, 82: 381-393. 

89 



Tiktak, A. and W. Bouten, 1992. Modelling soil water dynamics in a forested 
ecosystem, III. Model description and evaluation of discretization Hydrol 
Proc. 6:445-454. 

Tiktak, A., C.J.M. Konsten, R. van der Maas and W. Bouten, 1988. Soil chemis
try and physics of two Douglas fir stands affected by acid atmosphere 
deposition on the Veluwe, the Netherlands, Laboratory of Physical 
Geography and Soil Science, Amsterdam, 42 pp. 

Van der Maas, M.P., 1990. Hydrochemistry of two Douglas fir ecosystems and a 
heather ecosystem in the Veluwe, the Netherlands. Dutch Priority Pro
gramme on Acidification. 102.1-01, National Institute of Public Health and 
Environmental Hygiene (RIVM), Bilthoven, The Netherlands, 60 pp. 

Van Genuchten, M.T., 1980. A closed form equation for predicting the hydrau
lic conductivity of unsaturated soils. Soil Sei. Soc. Am. J. 44:892-898. 

Wang, Y.P. and P.G. Jarvis, 1990. Description and validation of an array model 
- MAESTRO. Agric. For. Meteorol. 51:257-280. 

Whitehead, D. and T.M. Hinckley, 1991. Models of water flux through forest 
stands: critical leaf and stand parameters. Tree Physiol. 9:35-57. 

Williams, M., E.B. Rastetter, D.N. Fernandes, M.L. Goulden, G.R. Shaver and 
L.C. Johnson, 1997. Predicting gross primary productivity in terrestrial eco
systems. Ecol. Appl. 7(3):882 - 894. 

90 


