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3.. MODELLIN G GAS EXCHANG E OF A DOUGLA S 

FIRR STAND* 

ABSTRAC T T 

Modellingg tree growth and water use is nowadays a major challenge, which 

indicatess that the complex interrelation between water and CO2 uptake at the 

canopvv level must be known. The mechanistic physiological link between water 

vapourr and CO2 at the leaf scale is relatively well understood. In this study, 

photosynthesiss measurements with gas exchange chambers are used to calibrate 

thee combined Farquhar/Ball model. The calibrated leaf model is scaled up to 

thee canopy level by the three-dimensional light interception model 

STANDFLL'XX in order to estimate CO2 photosynthesis, transpiration and water 

usee efficiency. Simulations with seasonal trends in LAI and model parameters, 

derivedd from the leaf measurements, are performed. Modelled canopy 

transpiration,, calibrated on photosynthesis measurements, is independently 

validatedd on sapflow measurements. Simulated transpiration is in close 

agreementt with measured transpiration (slope=1.016), while daily total 

deviationss occur (R2 = 0.60) which could not be explained by one of the 

simulations.. To obtain an optimal fit, Ball's model parameter GIAC is 

calibratedd on measured daily sapflow, which results in a more constant WTJIi 

duringg the year. Correlations between CI AC, temperature and soil water 

contentt are observed. To obtain better model estimates, alternative stomatal 

modelss should be used although it must be seen that the multiple effects on 

677 AC are clearlv identifiable. 

3.11 I N T R O D U C T I O N 

AA major challenge in the context of global change is to understand the effects of 

increasingg CO2 and temperature on the carbon balance of forest ecosystems. In order to 

evaluatee a variety of climate change scenarios, models that estimate forest gas exchange 

mustt be developed which correctly describe the basic processes of photosvnthetic C( >2 

uptakee and CO2 losses in respiration. In order to best validate these process descriptions, 

suchh models can only be tested at present under current natural conditions, except in ven' 

feww cases where forests are exposed to free air carbon dioxide enrichment (PACK 

submittedd in a revised form to ]ournal of Hydrology by: S.C Dekker, \\ . Bouten, F..M. Falge, J.D. 
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experiments).. Even in these cases, exposures of forests to date have only been short-term 

andd for few species. Thus, while the prediction of forest response under elevated CO2 

remainss an even greater problem, rorest gas exchange models that are tested against long-

termm records of net ecosystem CO2 exchange (NEK) provide improved tools for the study 

off  carbon sequestering and release from forests. 

Att the present time, canopv level measurements of gas exchange are being performed 

withh eddv covariance techniques at manv sites (Baldocchi et al. 1996). Annual N EE is very 

smalll  compared to the large annual amounts of photosynthesis, which are offset by large 

respiratoryy fluxes (sum of soil, woody maintenance, and woody growth respiration). 

Further,, large inter-annual variations in NEE, occur because of climate influences on 

phenology,, frost damage above- and belowground, degree of water stress, etc. Thus, an 

additionall  challenge in modelling the C O: exchange of forests is to improve our 

understandingg and model performance with respect to the relative importance of time 

dependentt and stress phenomena. 

Too obtain canopv fluxes, both aggregated (big-leaf) and distributed (multiple layer and 

three-dimensional)) modelling approaches have been used ([arvis and McNaughton, 1986; 

Raupachh and Einnigan, 1988; (arvis, 1995; Falge et al., 1997). Aggregated big-leaf models 

describee leaf processes in an abstract way, are relatively easily parameterised to measured 

canopyy flux data, but must be, nevertheless, sensitive to the non-linearity in leaf response 

too light, at least as it is expressed at the canopy level. Distributed models clearly represent 

speciess differences at the leaf level and are able to scale-up these differences to canopy 

level,, dependent on their ability to correctly describe canopy structure and estimate light 

interception.. Neither approach has vet been adequately tested with respect to efficiency in 

describingg time and space dependent variation in ecosystem properties, i.e., to describe 

heterogeneityy in ecosystem carbon balances due to landscape level influences on site 

propertiess or to time dependent changes in canopy structure and physiology. ' 

Processess at the leaf scale are in general well-described for most important tree 

species.. Photosynthesis is measured with chambers and is often modelled according to 

Karquharr et al. (1980), including a C()2-assimilation-correlated stomatal component sensu 

Balll  et al. (1987; see also Harley and Tenhunen, 1991; Wullschleger, 1993; Gunderson and 

W'ullschleger,, 1994). Via the Ball et al. formulation, stomatal conductance and water use 

aree also obtained. Model parameters are normally derived trom light manipulation 

experimentss at differing temperatures or by observing time courses of gas exchange under 

naturall  habitat conditions (cf. Falge et al. 1996). The purpose or the current study was to 
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examinee and model gas exchange of a stand of Douglas fir growing in the Netherlands. 

Modell  parameters at the leaf level were derived from branch chamber measurements 

underr ambient conditions (Steingröver and ]ans, 1995) with an inverse modelling 

approach.. The calibrated leaf photosynthesis model was then tested with respect to 

measurementss made at different positions in the canopy. In a third step, canopv fluxes of 

CO22 and H2O are obtained by up-scaling the leaf model with the three-dimensional forest 

canopyy model STANDFLUX (Falge et al., 1997), which integrates leaf response with 

respectt to canopy structure, light interception, and microclimate. Modelled canopy 

transpirationn is independently validated based on measurements of sapflow. Finally, the 

residuall  remaining differences between modelled and measured transpiration are discussed 

inn relation to the water use efficiency (WVIf) and the physiological link between 

transpirationn and photosynthesis. 

3.22 MATERIAL S A N D METHOD S 

Researchh site 

Thee research site Speuld is located in a 2.5 ha Psmdotsuga men^iesii forest in the central 

Netherlands,, near Garderen. The Douglas Fir forest is dense with 780 trees ha ! without 

understoreyy and planted in 1962. Average tree height between 1990 and 1992 is 21.6 m, 

lowestt living whorl 10.4 m, mean diameter at breast height is 0.249 m and the single sided 

leaff  area ranging from 7.8 m2 n r2 in spring to 10.5 m2 n r2 in summer, the ratio between 

surfacee and projected leaf area is 2.57 and stem area index ranging from 1.16 m2 n r2 to 

1.544 m2 m 2. The soil is a well-drained Typic Dystrochrept (Soil survey staff, USD A, 1975) 

onn heterogeneous sandy loam, which was transported and plowed by ice, and loamy sand 

texturedd river deposits. The water table is at a depth of 40 meter throughout the year. The 

30-yearr average rainfall is 834 mm y_1 and is evenly distributed over the year, mean 

potentiall  evapotranspiration is about 712 mm y1. Yearly transpiration reduction bv water 

stresss is low, although short periods with considerable drought stress occur (Tiktak and 

Bouten,, 1994). 

Measurements s 

Inn 1992, photosynthesis measurements were performed at the leaf level and during 

19899 hydrological and meteorological measurements were carried out at the stand scale. 

Abovegroundd biomass measurements are made between 1990 and 1992 (Jans et al., 1994) 
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att five different heights in the canopy. Data that we used are given as average values in 

Tablee 3.1. From March to December 1992, as mam as eight photosynthesis chambers 

weree in use simultaneously. 

Tablee 3.1: Aboveground biomass adapted from Jans et al, 1994. 

Treee height 
Lowestt living whorl 
DBH H 
Crownn levels 

No.. of chambers: 
4 4 
9 9 
11 1 
13 3 
14 4 
16 6 
Needlee surface area (m2)* 

Branchh surface area (m2)* 

21.66 m 
10.44 m 
0.2499 m 
10.4-14.9 9 
14.9-17.1 1 
P. l -19.4 4 
19.4-21.6 6 

37.88 m2 

42.22 m-
24.55 m2 

10.33 m2 

5.11 m2 

5.22 m2 

2.88 m2 

(1.99 m2 

m m 
m m 
m m 
m m 

layer r 

2 2 

3 3 
4 4 
5 5 

3 3 
5 5 
5 5 
4 4 
5 5 
3 3 
2 2 
3 3 
4 4 
5 5 
2 2 
3 3 
4 4 
5 5 

measurement t 
period d 

1990-1993 3 
1990-1993 3 
1990-1993 3 

1990-1991 1 

1990-1992 2 

no.. of trees 

2~2 2 
2?2 2 
376 6 

77 5 

10 0 

**  Branch and Needle surface area per tree are calculated by multiplying number ot 
needless or branches, length and diameter. 

Thee chambers were used to examine different needle classes, response at different heights, 

andd response with respect to different trees. The temperature, vapour pressure deficit (D) 

andd CO2 concentration of the air entering each chamber were the same as in the 

surroundingss (Posma et al., 1994). A PAR sensor was situated outside each photosynthesis 

chamber.. The differences of CO2 concentration of the air, which enters and leaves the 

chamberss was measured continuously with an infrared gas analyser and stored as a 10 

minutee average value. Needle transpiration was calculated from the difference ot partial /) 

betweenn incoming and outgoing flow. These measurements do have a low quality because 

off  instrumental problems. 
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Duringg 1989, meteorological measurements were performed bv the Roval 

Meteorologicall  Institute of the Netherlands (KNMI ) on a 36 m high guved mast. Short 

wavee incoming radiation was measured with a CM 11 Kipp solarimeter. Temperature and 

humidityy were measured with ventilated and shielded dry bulb and wet bulb sensors at 18 

mm above the forest floor. Wind speed was measured with a three cup-anemometer at 18 m 

abovee the forest floor. Kddy covariance of water vapour flux was measured 30 m above 

thee torest floor with a response Lv-Ot hvgrometer (Bosveld et al., 1992). 

Sapfloww velocities were measured bv means of heat pulse velocity (HPV; Marshal, 

1985).. Hourly measurements were made with seven sensors from day 147 to 310, 1989. 

Forr each sensor, the HPV is linearly related to the xvlem sapflow velocity. Absolute values 

shouldd be treated with care because of effects of installation, light exposure, or non-

uniformityy of the trunk. Due to instrument Limitations, velocities below 1.1 cm hour1 

couldd not be registered. So instead of direct averaging the HPY, all measurements of each 

sensorr were first scaled by fitting sinusoid waves through the measurements and then 

averaged.. These mean values were converted to sapflux densities by using absolute 

transpirationn values from eddy correlation and soil water balance measurements (Bouten, 

1992).. During 1989, soil water was measured weekly by Time Domain Reflectometrv 

(TDR)) and with the neutron scattering method. A calibrated soil water balance model was 

usedd to interpolate these measurements (Tiktak and Bouten, 1994). 

Leaff  gas exchange model 

Thee leaf photosynthesis model is based on Rubisco kinetics as proposed by Farquhar 

ett al. (Farquhar et al., 1980) and as applied by Harley and Tenhunen (1991). Net CO2 

exchangee (A'P) is reduced by CO2 evolution of dark respiration (Rj). It is assumed that R̂  

decreasess from 100 to 50 % as PAR increases from 0 to 25 |amol m 2 s1 (see Falge et al., 

1996). . 

Stomatall  conductance or water vapour, £,, is described as an empirical function (Ball 

ett al., 1987), which depends on net photosynthesis: 

X^X^+Cf'-lCX^X^+Cf'-lC 100(1 (.VP + 0.5 R j  ̂ (3.1) 

wheree &„;„  is the conductance when the stomata are closed, //,- (-) is the relative humidity, 

GG is the CO2 partial pressure at the leaf surface and Cl'AC (-) is a constant which reflects 

sensitivityy of stomata to changes in \'P, G and /;.,-. G is calculated from ambient CO2 with 



aa boundary layer resistance dependent on wind speed. Hquation 3.1 describes the 

dependencyy of gs on XP, but gs also limits XP. The gradient between ambient CO2 

pressuree (C/) and internal CO2 pressure (Cf) depends on XP and gs: 

1.566 XP 1000 
^ = C ; -- (3-2) 

A'.r r 

wheree 1.56 reflects the ratio of the diffusion coefficients between CO2 and water vapour. 

Withh an iterative scheme, equations 3.1 and 3.2 were solved until a minimum difference oi 

gsgs of 1 mmol nr2s~' and C, of 0.05 ppm were reached. 

Ball'ss model parameter Gl'AC (-) was obtained directly by plotting Hquation 3.1 over 

diurnall  courses based on cuvette measurements. We only selected observations with a 

Cj/CaCj/Ca ratio between 0.65 and 0.85 (Baldocchi, 1994). Minimal stomatal conductance (gmn) 

iss 3.0 mmol nr2 s_1 and was derived from eddy correlation measurements (Bosveld et al., 

1992). . 

Optimisin gg leaf response parameters at ambient condit ions 

Leaff  CO2 gas exchange was fitted by calibrating three model parameters, the 

activationn energy of Rj and the scaling constants of the maximum carboxylation velocity' 

(l'c.\U\)(l'c.\U\) and the potential rate of RuBP regeneration (Pm/) (Harley and Tenhunen, 1991; 

Falgee et ah, 1996). Other model parameters were fixed and found by Harley and 

Tenhunenn (1991) as shown in Table 3.2. The temperature dependence of Kd is described 

byy an exponential temperature function (Harley and Tenhunen, 1991): 

J - i - , , 

( RR I , ) (3.3) ) 

wheree ƒ (-) is a scaling constant and E„  Q molA) is activation energy, R (J mol ' K l) is the 

gass constant and Tk (K) is air temperature. During the growing season, higher dark 

respirationn can be related to higher metabolic activity. Seasonal fluctuations were 

adequatelyy described by fixing the scaling constant and varying the activation energy (Falge 

ett ah, 1996). Because XP equals R̂  during night we fitted Rj to the night-time 

measurementss in ten days periods by van-ing the activation energy. 
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Tabl ee 3.2: Constants and activation energies to determine temperature and light dependent values 

ott leal gas exchange. Bold values were analysed during this study. Other values are from Harlev and 

Tenhunenn (1991). AH values relate to rates on a projected leaf" area basis. 

Darkk Respiration 

Parameterr  Period 
Davv number of the vear 

KJKJ 180-250 

electronn transport 

capacity y 

Carboxylasee capacity' 

Carboxylasee kinetics 

Lightt use efficiency 

Stomatall  conductance 

l-a(Kl) l-a(Kl) 

c(Pc(Pmmi) i) 

HjPHjPwiwi) ) 

AïljP,,,;) AïljP,,,;) 

AS(PAS(Pmm) ) 

c(\c(\ \,,,,) 

A f / , / r f w , j j 

AH,,(\AH,,(\ UlJdX) 

AS(\\„^) AS(\\„^) 

m<) m<) 

mo) mo) 
I'UKn) I'UKn) 

a a 

,1/ntn ,1/ntn 

GFAC GFAC 

average e 
fixed fixed 

180-250 0 

average e 

average e 
minimum m 

Values s 

61000 0 
59000 0 
59800 0 
25 5 

15.6 6 
15.7 7 
15.7 7 
44700 0 
200000 0 

643 3 

36.0 0 
35.0 0 
75750 0 
200000 0 
656 6 

31.95 5 
65000 0 
19,61 1 

36000 0 

-3.9489 9 

-28990 0 

0.08* * 

3.0 0 

Unit s s 

[[  mol ' 

II  mo l' 
]]  mol ' 
II  mol i 

--
--
--
)) mo l' 
]]  mol i 

jj  K 1 mol ' 

--
--
JJ mol ' 

II  mol ' 

JJ K ' mol ' 

--
Jmol-1 1 

--
JJ mol-

--
JJ mol i 

moll  C ( V 

moll  photonen 
mmoll  m 2 s ' 

8.0 0 
KAveragee measurement by (Steingröver and [ans, 1995) 

II  'OAW.V can be obtained from the initial slope of the dependency of net photosynthesis 

onn Q. P,„i  at saturated light and CO2 pressure can be obtained from the slope of the 

dependencyy on temperature (Harlev and Tenhunen, 1991). P«/can be described by: 

'h 'h 
PP  = 

1+c c 

c(Pc(Pw/w/)-AHJP)-AHJPw/) w/) 

RR Tk 

AV'/' „„  7 ' , - A / / / P , ,. 

RR 7 

(3.4) ) 

andd I Cm.ix can be descr ibed by: 
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«"[ ;; .,. -ui,<i , .,.

K.7' ' 

II - ' (3.5) 
11 ( »hix AV.I , „ , 7, - M i l  v ; 

11 + e 

wheree c (-) are scaling constants, AH„ (] mol ') are energies, A.V (j K ' mol ') are entropy 

termss and AHd (1 mol ') are deactivation energies. 

P„ilP„il  and 1 '(Wax were estimated with an inverse modelling approach rather than via 

experimentall  measurements with saturated light and saturated C (K By using the simplex 

algorithmm (Press et al., 1988), the scaling constants of \\ w,,v and Pw were optimised 

simultaneouslyy assuming 0.51 /̂ during day. For every 10 day period and for every chamber 

wee calculated these model parameters. With the obtained model parameters, the minimum 

off  Rubisco limited rate of carboxylatton ( I Q and the RuBP limited rate of carboxylation 

limitedd by light (11"/) are used to calculate net photosynthesis. 

STANDFLU X X 

Thee model STANDFLUX (Falge et al., 1997) integrates the three-dimensional aspects 

off  canopy structure and light interception, one-dimensional vertical stand microclimate 

andd the physiologically based leaf gas exchange model as mentioned above. Trees are 

dividedd in concentric cylinders and horizontal layers around the trunk assuming 

homogeneouss leaf density. Only one tree class with average LAI is used to model the 

homogeneouss Douglas fir stand. With the detailed biomass measurements of needle and 

branchh surface area (Table 3.1), the tree is constructed with four outer layers in the crown 

andd one inner layer of the trunk. The meteorological driving variables of the model are 

temperature,, D, wind speed, ambient CO2 pressure and PAR. Ambient CO2 pressure was 

fixedd to 350 ppm because the model is not sensitive to changes of CO2 in the range of 

measurements.. PAR was not measured in 1989, so we assumed that the average 

proportionn of PAR is 51% of global radiation (Britton and Dodd, 1976). For every matrix 

point,, the model calculates the gas exchange and integrates it with LAI to tree scale fluxes. 

Standd transpiration is calculated with both season dependent and annual average LAI and 

gass exchange parameters. It was observed that shoots grow between day 130 and 180. 

Assumingg that the same amount of one-year-old needles falls linearly during the year, the 

U \ II  curve is constructed as a piecemeal linear form between ~\8 and 10.5 m2 m 2. 

Ann independent validation of the stand gas exchange model was based on daily total 

sapfloww scaled to stand level. Because of the time lag of sap flow measurements, halt 
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hourlyy measurements were averaged to daily totals between 6 am to 6 am next day and 

onlyy daily values were compared with model performance. Because of instrument 

limitationss of the HPY method at small velocities, we focus our analysis on the period 

betweenn day 147 and 265. Deviations between measured and modelled daily transpiration 

weree analysed. An optimal fit  of the model for each day can be obtained by optimising 

Ball'ss empirical model parameter GFAC to the sapflow measurements. Relating the 

optimisedd values of GFAC to meteorological driving variables provides information about 

standd response, which is not captured by the model. 
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F iguree 3.1: Variations of optimised Ea (Figure 3.1 A), c (1'Cma.x) (Figure 3.IB) and c (Pm/j (Figure 

3.1C)) parameter of the 6 photosvnthesis chambers located at different layers in the canopy. 
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3.33 RESULTS 

Inversee modell ing of leaf model response parameters 

Figuree 3.1 A shows the seasonal and spatial trend of the optimised response parameter 

of""  Rj. Higher activation energy means a lower R̂ y. Dark respiration was maximal in late 

springg and decreased during summer as has been found with other species (cf. Falge et al., 

1996). . 

Thiss maximal dark respiration during spring can be related to higher metabolic activity 

duringg the development of new shoots. Significant differences between shade crown 

(chamberr 13, layer 4) and what we originally considered the sun crown (chamber 9,11,14, 

layerr 5) and spatial trends between the layers were not observed. During summer (dav 180-

270)) an increase of Yit, was found, with an average of 61000 J mol"1. During winter an 

averagee of 59000 J mol ' and a yearly average of 59800 | mol ' were estimated. Bv using 

equationn 3.3, at 20 °C R^/equals 1.55 (irnol nr2 s l on the basis of projected leaf area and 

0.600 Jimol nr2 s ' on the basis of total leaf surface area. With this analysis, a separation 

betweenn twig and needle respiration is not possible, but we assume that the twig 

contributionn to respiration was small for the branch ends used. The results of the 

simultaneouss fitting of the scaling parameters of c(l \.„ mx) and c(Pm/) arc shown in Figure 

3.IBB and 3.1C. Yearly average values were c(V(m,lx) - 36.0 and c(Pm/) — 15.7. Using the 

samee periods as mentioned above we found c (I om ) - 36.6 and <-(Pw/) = 15.6 during 

summerr and c (I 'c„ ltix) = 35.7 and c (Pw/) - 15.7 during winter. Differences in model 

parameterss between age or needles located in the upper or lower levels of the crown were 

nott observed and the seasonal variations are small in comparison with the noise. With 

thesee model parameters and with PAR = 2000 Jimol m 2 s ' and ambient CO2 

concentrationn of 350 ppm, If", and W) of Douglas fir were calculated as shown in Figure 

3.2.. If we assumed an average minimum value of c{\ \ rHllx) = 35, carboxylation was limited 

byy Rubisco and with larger c (\ ~\mtix) or with smaller amount of light, carboxylation was 

alwayss limited by light. 

Wullschlegerr (1993) found an average ratio of 1.64 between the light saturated rate of 

electronn transport {Jmax) and \ \ „, lix, where PM/ equals 0.25/w,,.v (Harley and Tenhunen, 

1991).. Both rates were calculated using c(J \ mix) = 35 and r (Pw/) = 15.7. By using equation 

3.44 and 3.5, at 20 °C it results in I „  = 50 (Imol m 2 s ' and Pw = 21 |imol m 2 s ' and 

resultss in the ratio JWllx/ \ 'C»MX - 1.68. 
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Tempp [°C] 

Figur ee 3.2: Calculated temperature response of If", and Wj with PAR = 2000 pmol and CO,=350 

ppm. . 

C o m p a r i n gg m o d e l l ed and m e a s u r ed p h o t o s y n t h e s is 

Dailyy totals of measured and model led net pho tosyn thes is, for different canopy layers 

aree shown in Figure 3.3. Input data are those recorded in and directly adjacent to the 

b ranchh chambers. T he highest explained variance be tween diurnal measured and model led 

nett pho tosyn thes is was R2 = 0.87 (chamber 11) and the lowest was R2 = 0.61 

I.averr 5 Layerr 4 Layerr 3 

Measuredd [mmol m ] 

Figuree 3.3: Comparison of modelled and measured yalues of daily photosynthesis (dark respiration 

included)) per unit canopy layer. Photosynthesis modelled with variable ("closed dot) and constant 

(openn dot) leaf model parameters. Lines are 1:1. 
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(chamberr 14). Using constant model response parameters and assuming always a light 

dependencyy where (c (I cmax) — 36), a small decrease in model tit occurred (R2 = 0.53 of 

chamberr 14 and R2 = 0.86 of chamber 11). It shows that the leaf model can adequately 

describee the measurements of different seasons and positions in the canopy. It also shows 

thatt layer 4 has lower fluxes than layer 3, because ot the position of the chamber and 

shadingg effects. Because of the reasonable fits at all sampled positions in the canopy with 

ifif  (I Cmax) = 36), we can see that most ot the needles in crowns are light limited at all 

times,, which should be obvious for such a dense forest. The measurements that are 

analysedd do not allow us to make conclusions about CO2 limitations. 

00 10 20 30 

1000(NP+0.5Rd)hs/Cjj [mmoi m2 s '] 

Figuree 3.4: The relationship ot equation 1, where gs is calculated trom leat transpiration 

measurements.. GFAC (=8.0) is determined as the slope ot the regression with^y» (= 3.0 mmol m -

ss ') fixed. R2 = 0.70. 

Thee model parameter GFAC was obtained directly by plotting the relationship of 

equationn 3.1 as shown in Figure 3.4. Assuming ambient C„  equals Cs in chamber 

experimentss a constant value of 8.0 provided the best fit to the data. Leaf transpiration 

dataa were evaluated as reliable only for relatively short periods with the particular gas 

exchangee techniques that were applied. From this sample of data, we could not establish 

significantt differences between branches occurring in different layers as were iound by 

Salaa and Tenhunen (1996) for sun and shade leaves oiQuercus ilex. 
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Upscalingg results 

Withoutt any calibration procedure, the parameterised leaf model was scaled up with 

STANDFLUXX and was independently validated with sapflow measurements. Three model 

runss of a total year were calculated with STANDFLUX, as shown in Figure 3.5. Run 1 

wass performed with seasonal trends in LAI and model parameters, run 2 with seasonal 

trendss of LAI and constant model parameters, and run 3 with constant LA I (8.9 m2 nr2) 

andd seasonal changes in model parameters. Change of /;,, from 61000 to the average of 

598000 changed R,/ from 0.62 to 1.0 (amol nr2 s2 at 15° C. Increase of (NP + 0.5RJ) in 

equationn 3.1 leads to an increase in C, and gs and resulted in an increase of transpiration of 

maximallyy 10%. In run 3, the maximum change of LAI from 10.5 to 8.9 (15% change) 

decreasedd transpiration only bv 5 % via altered radiation extinction. 

cc o 

--

D OYY (1989) 

Figuree 3.5: The ten days averaged modelled transpiration of run 1 with seasonal trends of LAI and 

leaff  model parameters, ran 2 with seasonal trend of LAI and constant leaf model parameters, and 

runn 3 with constant LAI and leaf model parameters. Right axis shows the differences between the 

runs. . 

Figuree 3.6 shows the deviations between measured and modelled daily total 

transpirationn (R2=0.60). Tiktak and Bouten (1994) have modelled the same site with a soil 

waterr based model. They found a total annual transpiration of 400 mm, which is in 

agreementt with the 380 mm estimated by STANDLLUX . Daily deviations between 
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Figuree 3.6: Comparison of modelled daily total canopy transpiration and measured daily total sap 

flow.flow. Slope is 1.016 and explained variance R2 =0.60. 

measuredd and modelled transpiration are larger than 10% so they could not be explained 

byy choosing either average or variable parameter settings as described above. 

Figuree 3.7 shows the daily trend of GFAC, which was obtained by optimising GFAC 

too fit the measured daily sapflow. In our analyses, GFAC varied between 4.8 and 14.5. 

Changee of GFAC from 8 to 14.5 increased transpiration bv 45% and net photosynthesis 

byy only 3%, while a change from 8 to 4.8 decreased transpiration bv 46'/» and net 

photosynthesiss by 20%. Thus, photosynthesis is relatively insensitive to Gl AC and robust 

withh GFAC changes over a smaller range. 

Analysingg the residual error s 

Directt relationships between daily optimal GFAC, temperature and soil water are 

shownn in Figure 3.7 and a high correlation between optimal GFAC and temperature is 

shownn in Figure 3.8. Figure 3.7 shows that temperature changes are mirrored in the 

seasonall  course of GFAC. and that high temperatures lead to more effective restriction of 

transpiration.. Overall it seems that a single response through relative humidity as used in 

Ball'ss empirical model is not consistent with stomatal responses to water vapour and 

temperature,, which was also discussed by Aphalo and [arvis (Aphalo and (arvis, 1991; 

1993).. Tenhunen et al. (1990, 1994) showed that Ball's model parameter GFAC changes 

duringg periods with soil water stress. Tiktak and Bouten (1994) concluded that short 

periodss with soil water stress occur during summer at the Speulder forest. Direct 
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Figuree 3.7: Seasonal trend of optimised model parameter GFAC (dotted line), daily average 

temperaturee and daily modelled water content of the topsoil (0-50 cm). 
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Figuree 3.8: Comparison of daily average temperature with GFAC. Explained variance R2=0.72. 

correlationn between water content of the soil and the response of the stomata are 

apparentlyy not observed because time lags between changes in soil water stress and 

operationn of mechanisms that affect stomatal regulation (Figure 3.7). Using the optimised 

GFACGFAC also changes water use efficiency (WUE), shown in Figure 3.9. WUE is defined as 

thee ratio between modelled total daily net photosynthesis and modelled total daily tree 

transpiration.. A potential indication of the validity of varying GFAC is the more constant 

behaviourr of WUE throughout the year (Dewar, 1997). 
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F iguree 3.9: Modelled water use efficiency (WTJE), defined as the radon between modelled daily 

photosynthesiss (included with Rj) and modelled total daily tree transpiration, with constant and 

varyingg GFAC. 

3.44 DISCUSSION A N D CONCLUSIO N 

Thee inverse modelling approach to obtain gas exchange parameters at the leaf level 

givess a reasonable estimate of the Jmax/Vcmax ratio of 1.68, which indicates a strong 

limitationn of electron transport capacity on photosynthesis of needles throughout most of 

thee crowns of Douglas Fir. Testing of the model at several levels within the crown 

suggestss that the calibrated leaf model is valid at least within the range of the 

measurements.. The results also indicate that Ball's model parameter GFAC used together 

withh the leaf model and stand light climate routines of STANDFLUX provide a good first 

approximationn of stand level water use (slope of 1 in Figure 3.6). In other applications to 

datee of the Farquhar model combined with the approach of Ball et al., GFAC has been 

treatedd as unalterable under non-water-stressed conditions. As such, Sala and Tenhunen 

(1996)) demonstrated the usefulness of GFAC for describing seasonal drying of soil during 

thee Mediterranean summer. 

Thee current analysis considers GFAC to be a more dynamic parameter than 

previouslyy thought and examines variation in GFAC in the context of leaf mesophyll 

characteristics,, which are seen to vary only slightly and more slowly. The results obtained 

withh the data set from Douglas Fir indicate that better correspondence between sapflow-

basedd stand transpiration estimates and transpiration predicted by STANDFLUX is 
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obtainedd when Gl'.-iC is considered to be influenced directly bv either soil water 

availabilityy or canopy temperature. Simulations of soil moisture in the main root zone 

indicatee that water availability could be reduced enough to account for much of the 

observedd variability in GFAC Alternatively, the Ball et al. equation (equation 3.1) assumes 

thatt any temperature effects on stomatal conductance are described by temperature effects 

onn (X>2 gas exchange with a proportional adjustment in stomatal aperture. The present 

analysiss in agreement with arguments of Aphalo and Jarvis (1991, 1993) suggests that this 

mayy not be the case. It has long been known that there are interactive effects of 

temperaturee and humidity on stomatal conductance (Hall and Kaufmann 1975). A 

separatee temperature effect on the sensitivity to humidity, which is independent of 

mesophylll  function was demonstrated for epidermal strips with Polypodia»! vtdgare (Lösch 

19^7,, see also Lösch and Tenhunen 1981). 

Otherr observations in retrospect similarly raise a question about sensitivities of 

G'fvlC,, to environmental factors. Sala and Tenhunen (1996) described considerable 

variationn in GVAC for leaf level experiments with Querent ilex during the winter and 

spring.. Only during the drought period, e.g., when regulation via drought overrides other 

influences,, was a tight coupling between predawn water potential and GFAC observed. 

Duringg the spring with frequent rain at montane sites in the Vosges Mountains of France, 

GFACGFAC determined for stands of Picea abies also were quite variable in the range found here 

forr Douglas Fir. It is reasonable that changing temperature as well as water availability at 

oppositee ends of the water continuum could act to modify water distribution and flows, 

especiallyy at stand level. 

Onee possible conclusion from such observations is that an alternative stomatal model 

shouldd be used that better captures the essence of stomatal response to these several 

atmosphericc and soil variables. On the other hand, it must be seen whether the 

phenomenaa described are demonstrable in a manner consistent enough that multiple 

effectss on G1AC are clearly identifiable. Additional factors such as emptying and refilling 

off  trunk storage, direct influences of interception, dying and re-growth of fine roots, etc. 

alsoo occur which affect forest stand function with complex time dynamics. The practical 

utilit yy of different stomatal models will change depending on the data sets available for 

parameterisationn and testing. 

Inn general, the modelling effort permitted us to successfully relate ecophvsiological 

studiess of gas exchange, tree level measurements of water use, and changes in soil water 

storagee dependent on stand level function. To contribute to questions of climate change, 
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NKK ,, and forest carbon sequestering, the current efforts must be extended to accomplish 

validationn with respect to CO2 fluxes measured via eddv covariance and to examine the 

specificc effects of soil water extraction on soil CO2 release. The results, however, ot the 

currentt modelling effort are also important in the context ot these other problems. Models 

aree suggested as tools to aid in filling  data gaps at long-term measurement sites and they 

providee also the basis for projecting our knowledge to other situations. While we have 

touchedd on questions that concern the relative importance of accurate parameterisation of 

leavess with particular existing models and the importance ot considering new process 

linkages,, we cannot yet sav whether the daily optimisation of a parameter such as C,l:AC 

shouldd be carried out in order to obtain the best annual carbon balance numbers. We can 

savv that it is important to continue with field studies that combine both experimental work 

andd modelling analvses and that the best formulation of stand level models is a theme that 

requiress continued caretul attention. 
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