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ABSTRACT

Kim, J. and Verma, S.B., 1991. Modeling canopy photosynthesis: scaling up from a leaf to canopy in
a temperate grassland ecosystem. Agric. For. Meteorol., 57; 187-208.

A biochemical model of leaf photosynthesis, in conjunction with a stomatal conductance model,
was applied to C, tallgrass species (4ndropogon gerardii, Sorghastrum nutans, Panicum virgatum) in
northeastern Kansas, USA. The modeled photosynthetic rates of individual leaves were scaled up to
the canopy level using a simple canopy radiative transfer model. Comparisons with field measure-
ments, using the micrometeorological eddy correlation technique, showed that the model simulated
the magnitudes and the diurnal variations of canopy photosynthesis adequately under well-watered
conditions. Although the model overestimated measured canopy photosynthesis by 4-7 yumol m~-2
s=' under moisture stress conditions (where | umol m—2 s—'~0.044 mg m~2s~'), it did seem to
simulate the diurnal patterns (e.g. morning peak) realistically. Using similar scaling-up procedures.
values of canopy stomatal conductance were also computed from the model. The modeled canopy
stomatal conductance agreed with measured values reasonably well (within 0.2 mol m—2s~!, where

I molm=%s-'~ 0.0249 m s~' when P=100 kPa and T= 300°K, under well-watered conditions and
within 0.05 mol m~2 s~' under moisture stress conditions ).

INTRODUCTION

While much has been learned about the photosynthetic responses of indi-
vidual leaves to changing environmental conditions, less is known about these
processes at the canopy level (e.g. Hesketh, 1980). The information on can-
opy photosynthesis in various terrestrial ecosystems is particularly important
in studies of ecophysiological modeling, carbon balance and global climate
change (Fung et al., 1983; Sellers et al., 1986; Box, 1988; Gifford, 1989).

Carbon dioxide exchange between vegetation and the atmosphere can be

*Published as Paper No. 9287, Journal Series, Agricultural Research Division, University of
Nebraska-Lincoln.
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directly measured by micrometeorological methods (flux-gradient or eddy
correlation technique, see e.g. Kaimal, 1975; Kanemasu et al., 1979; Baldoc-
chi et al., 1988; Verma, 1990). These techniques cause minimal disturbance
and provide area-integrated fluxes. The results obtained from these methods
include CO, emanated from the soil, which needs to be separated to obtain
canopy photosynthesis. Canopy photosynthesis may also be estimated by in-
tegrating individual leaf net photosynthesis over the whole canopy. In this
approach, detailed models of leaf photosynthesis and the canopy microcli-
mate are needed.

Based on the assumption that photosynthesis may be explained on the basis
of the kinetics of ribulose-1,5,-bisphosphate carboxylase-oxygenase (Ru-
BisCO), Farquhar et al. (1980) proposed a biochemical model of photosyn-
thesis in leaves of C; species. The model predicts CO, assimilation indepen-
dent of stomatal limitations and can be linked to a stomatal conductance
model to examine the distribution of photosynthetic control between the sto-
mata and leaf biochemistry (Ball et al., 1987; Norman and Arkebauer, 1991).
Practical application of this biochemical model to predicting canopy photo-
synthesis requires information on the maximum velocity of carboxylation,
the light-saturated rate of electron transport, dark respiration rate, intercel-
lular partial pressure of CO,, leaf temperature and photosynthetically active
radiation absorbed by the leaf (Farquhar and Von Caemmerer, 1982). With
the development of more compact, field-portable gas-exchange systems, most
of the variables described above can be estimated from laboratory and field
measurements. Harley et al. (1985) applied the Farquhar et al. (1980) model
to soybean and estimated the parameters from leaf gas exchange measure-
ments. Tenhunen and Harley (1988 ) applied the Farquhar et al. model to a
Portuguese macchia ( Quercus coccifera). They found that model simulations
were least successful during periods of extreme stress. Price and Black (1989)
adapted this model to predict canopy photosynthesis and water use efficiency
over a Douglas-fir forest. They found poor agreement between predicted and
measured data. and attributed this difference mainly to deficiencies in the
information required to characterize diurnal responses of canopy photosyn-
thesis. Using the laboratory determinations of RuBisCO kinetics, Grant
(1989) and Grant et al. (1989) adapted the Farquhar et al. model to simulate
leaf photosynthesis of maize (C,) and soybeans (C;). Norman and Polley
(1989) and Polley et al. (1991 ) applied the Farquhar et al. model to C, grass
species in a tallgrass prairie, and developed information on the relevant pa-
rameters of RuBisCO kinetics from their field measurements of leaf photo-
synthesis and intercellular CO- concentration.

Here, we employ the Farquhar et al. model to estimate canopy photosyn-
thesis in a tallgrass prairie, using the information on pertinent parameters
developed by Polley et al. (1991). The leaf model is combined with a stoma-
tal conductance model and, therefore, changes in photosynthetic response in
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our model are due to changes in both stomatal conductance and mesophyll
capacity for photosynthesis. The objective of this study is to evaluate whether
modeled leaf photosynthesis and stomatal conductance can be scaled up to
the canopy level to provide canopy photosynthesis and canopy stomatal con-
ductance in a prairie characterized by mixed vegetation. The values from the

model are compared with those measured with the micrometeorological eddy
correlation technique.

MATERIALS AND METHODS

Field measurements

The field data were obtained at a tallgrass prairie site (39°03'N,96°32'W,
445 m above m.s.l.) in northeastern Kansas during the first ISLSCP (Inter-
national Satellite Land Surface Climatology Project) Field Experiment
(FIFE) (for details, see Sellers et al., 1988) in 1987. The soil is predomi-
nantly Dwight silty clay loam (Typic Natrustolls). The prairie vegetation is
dominated by three C, grass species: Andropogon gerardii, Sorghastrum nu-
tans and Panicum virgatum (see Table 1). The vegetation on the prairie was
burned in spring of 1987. The experimental area had been lightly grazed for
several years, but was not grazed in 1986 and 1987.

Fluxes of atmospheric CO,, water vapor, sensible heat and momentum were
measured with eddy correlation sensors mounted 2.25 m above the ground.
Photosynthetically active radiation was measured with a quantum sensor
mounted 2.0 m above the ground. Profiles of mean air temperature and hu-
midity were measured with aspirated ceramic wick psychrometers. Mean wind
speed was measured with three-cup anemometers. Details on the microme-

TABLE |

Species composition (%) at the experimental site during the flowering stage in 1987 (after Kim and
Verma. 1990b)

Species %

Andropogon gerardii (Big bluestem) (C,) 27.1
Sorghastrum nutans (Indiangrass) (C,) AU
Panicum virgatum (Switchgrass) (C,) 16.6
Sporobolus asper (Tall dropseed) (C,) 7.0
Schizachyrium scoparium (Little bluestem ) (C,) 4.7
Bouteloua gracilis (Blue grama) (C,) 43
Dichanthelium oligosanthes (Scribner panicum) (C 3) 4.0
Agropyron smithii (Western wheatgrass) (C,) 1.2
Other grasses 2.4
Sedges 6.3

Forbs and woody plants 4.2
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teorological instrumentation and procedure can be found in Kim and Verma
(1990a,b).

Leaf water potential was measured hourly (with a pressure chambet) on
four fully expanded, sunlit leaf blades of tillers of 4. gerardii, S. nutans and
P. virgatum during June-August. The leaf blades were bagged at sampling to
prevent tissue water loss. The green leaf area index (L) of each grass species
was measured with a portable area meter. Canopy height and leaf width of
each grass species were also measured. The surface soil water content
(0-0.1 m) was monitored gravimetrically almost every day and subsurface

soil water content (0.1-1.4 m) was measured with a neutron probe on a weekly
basis.

Theoretical consideration

Modeling leaf photosynthesis:

The net photosynthetic rate (4) for an individual leaf was calculated based
on the work of Farquhar et al. (1980)

A= (1-I,/C)min{W_,J'} =Ry | (1)

where I, represents the CO, compensation point in the absence of dark res-
piration (Ry), C; is the intercellular partial pressure of CO,, W, is the RuBP
(ribulose bisphosphate) saturated rate of carboxylation and J' is the maxi-
mum rate of carboxylation allowed by electron transport. The values of var-
ious parameters used in,this study are given in the Appendix. The term,
min{ }, denotes ‘minimum of’. W, is assumed to obey competitive Michae-

lis-Menten kinetics and is given by (Farquhar et al., 1980; Von Caemmerer
and Farquhar, 1984)

We=Veiman G/ [Ci+K(1+0/K,) ] (@)

where V(max) is the maximum carboxylation velocity, O is the intercellular
partial pressure of oxygen, and X, and K, are the Michaelis—-Menten constants
for CO, and oxygen, respectively.

The temperature dependence of the kinetic properties of RuBP carboxyl-
ase-oxygenase (1.€. V. max), K. and K) were described by the Arrhenius func-

tions, normalized with respect to 25°C (Badger and Collatz, 1977; Farquhar
et al., 1980)

Parameter=Parameter(@ 25°C)exp(E(T,—-25)/(298RT,)] (3)

where E is the relevant activation energy, R is the gas constant, and 7| and T}
are leaf temperatures in °C and K, respectively.

The electron transport limit on the rate of carboxylation. /. is given by
(Farquhar and Von Caemmerer, 1982)
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J'=JC/(4.5C,+10.5T,) (4)

where J is the potential rate of electron transport, which depends on the ab-
sorbed photosynthetically active radiation (/).

The light dependency of J is approximated by a non-rectangular hyperbola
following Polley et al. (1991 )

9]2—J(Jmax+I/3.3)+Jmax1/3.3=0 (5)

where © defines the convexity of the curve and Jmax 15 the light-saturated rate
of electron transport. In this study, the photosynthetically active radiation
(PAR) absorbed by the leaf was calculated as the product of incident PAR
and leaf absorptivity (a). Values of a were calculated from the leaf reflec-
tance and transmittance measurements made in a concurrent study by
B.L. Blad and E.A. Walter-Shea (unpublished data, 1990). The analysis by
Walter-Shea et al. (1990) indicated that & was not affected by moisture stress
for leaf water potentials ranging from —0.5 to —2.5 MPa.

Using the temperature function from Schoolfield et al. (1981), Polley et al.
(1991) described J,,,, as

o= a,exp{a,[(1/298)—(1/T:)1/R}
max 1+exp{as[(1/a4)—(I/Tk)]/R}+exp{a5[(1/a6)—l/Tk)]/R}

(6)
where T is leaf temperature (K ), a, is a constant determined from the data
of Polley et al. (1991), and a;—-ag are the parameters associated with the rate-
controlling enzyme reaction (H.W. Polley, personal communication, 1990).

The dark respiration rate, R, depends mainly on temperature (Norman
and Polley, 1989). The dependence of R4 on the light conditions of the leaf
has also been reported (e.g. Anderson and Osmond, 1987). The temperature

dependency of R, is described as (e.g. Norman and Polley, 1989; Polley et
al., 1991)

Ry=R4(@ 25°C)exp[E(T,~25)/(298RT,)] (7)

Following Polley et al. (1991), the dark respiration rate was suppressed by
50% when I'>20 umol quanta m~2s~' to accomodate the light dependency
of mitochondrial respiration (Sharp et al., 1984; Brooks and Farquhar, 1985 ).

Recent studies have indicated that the RuBP-carboxylase activity and the
regeneration of RuBP are reduced by water stress (e.g. Sharkey and Badger,
1982; Von Caemmerer and Farquhar, 1984; Sharkey and Seemann, 1989).
Based on the measurements of Polley et al. (1991), we approximated the
dependency of V., and Jmax ON leaf water potential (¥.) for the three
grass species using the following equations (e.g. Richards, 1969)

Vc(max)= c(max)(@ '{IL=O)/{1+ loooexp[—3-5(l[,L+3)]}l/(l—”') (8)
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and

Jmax =Jmax (@ PL=0)/{1 +2500exp[ —4.0(¥_+3)]}"/ ' —-™ (9)

The terms m and n determine the values of Vetmaxy and Jo., at which the
inflection point occurs.

Previous studies suggest that the stomatal conductance (g,) is correlated
with the rate of CO, assimilation (4) (Wongetal., 1979; Jarvis and Morison,
1981; Farquhar and Sharkey, 1982). To realistically simulate the leaf photo-
synthetic responses to changing environmental conditions, a leaf photosyn-
thesis model should be linked with a stomatal conductance mode!l (e.g Nor-
man, 1986; Tenhunen and Harley, -1988; Norman and Polley, 1989). The

relationship between 4 and g, can be described as follows (e.g. Norman and
Polley, 1989)

A=(C,-C)/(1.6r,+1.37n) (10a)
This equation can be rearranged
1/gs=rs=(C,-C)/(1.64)—1.37r/1.6 (10b)

where C, is the partial pressure of ambient CO,, r, (=1/g,) is the stomatal
resistance for water vapor, 1.6 is the ratio of diffusivities of CO, and water
vapor in air, r, is the leaf boundary-layer resistance for both sides of a leaf,
and 1.37 is the ratio of the rates at which CO, and water vapor are transferred
in the leaf boundary layer (the rates are assumed to be proportional to the
two-thirds power of their diffusivities, see e.g. Ball, 1987). The leaf bound-

ary-layer resistance was calculated using an empirical equation (J.M. Nor-
man, personal communication, 1990)

n=180(//u)"? ‘ (11)

where ris in s m~', /is the leaf width (m) and u is the wind speed (ms~').
(We used the wind speed at the canopy top. This value was calculated from
the wind speed measured at 1.25 m above the ground using the logarithmic
wind profile equation under neutral atmospheric stability. The canopy height
ranged from 0.3t0 0.8 m.)

To initiate the computation we assumed C;~0.37 C, (for C, leaves under
normal conditions; J.M. Norman, personal communication, 1990), and cal-
culated 4 using eqn. (1) at given values of PAR, T and ¥,. (Air temperature
near the canopy top was used instead of leaf temperature (7). Half-hourly
values of ¥ were obtained by interpolating hourly measurements of ¥,. Here
we assumed that T, ¥|, D and u are constant within the canopy.) With these
values of 4 and C;, we calculated g, using eqn. (10). The response of stomata
to vapor pressure deficit, D, was incorporated (Kim and Verma, 1991) as
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where bp is a constant.
From eqns. (1) and (10) we obtain

aC?+bC,+¢c=0 (13)

where a=(1.6/g,+1.37r,) !
b=min{W,, J'} —R,—C,(1.6/g,+1.37r,) "
¢=—I,min{ W, J'}
Using the computed values of g, r,, W., J' and Ry, eqn. (13) was solved for

C.. Finally, using this value of C, the value of net leaf photosynthetic rate (A4)
was calculated from eqn. (1).

Scaling up from a leaf to canopy
Equation (1) was scaled up from a leaf to the canopy level by serially inte-

grating the photosynthetic rates of sunlit and shaded leaves weighted by the
fractions of sunlit and shaded leaf areas

Ac =Lsun ><Asun +Lshade xAshade . : ( 14)

where A, is the canopy photosynthesis, L, and Lgpaqe are the sunlit and shaded
leaf area indices, respectively, and 4,,, and Aspage are the photosynthetic rates
of sunlit and shaded leaves, respectively. For the prairie site studied here, the
foliage distribution was relatively uniform and continuous in space. Based on
the assumptions that the leaf inclination distribution was spherical and that
the foliage in the canopy was randomly distributed, L,,, and L,,,4. Were com-
puted as (e.g. Campbell, 1977; Kim and Verma, 1991)

Lyn=[1-exp(—0.5L/cos6) ]2cosb (15)
Lsﬁadc =L—Lsun ( 16)

where 0 is the zenith angle of the sun. The flux densities of absorbed PAR by
the sunlit leaves ([;,,) and by the shaded leaves (Ishage) Were estimated as
(e.g. Norman, 1982; Kim and Verma, 1991)

I sun = aRsun

(17)
= (O.SRdir/COSG'i'Rshadc )

’

Ishadc =aRshade
=a[Ryirexp(—0.5L%") +0.07 Ry; (1.1 =0.1L)exp( —cosd) ]

where « is the leaf absorptivity, R,,, and Ry, are the flux densities of PAR
on sunlit and shaded leaves, respectively. R,;. and Ry are the flux densities
of direct and diffuse PAR above the canopy. To obtain Rgic and Ry, the mea-
sured incoming PAR was separated into direct and diffuse components of
PAR using the procedure of Weiss and Norman (1985).

Since the prairie vegetation mainly consisted of 4. gerardii, S. nutans and

(13)
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P. virgatum, the canopy net photosynthesis was weighted by the fractions of
leaf areas of these three grass species (the sum of L of 4. gerardii, S. nutans
and P. virgatum accounted for 70-85% of the total L; the L of each grass
species was, therefore adjusted such that the sum of L of three grass species

was equal to the total L), and, therefore, 4. of the prairie vegetation was ex-
pressed as

c = (Lsun XAsun + .Lfshade XAshade)AG
+ (Lsun ><Asun + Lshadc ><Ashade)SN

+ (Lsun ><Asun + Lshade ><""~shade) PV ( 19)

where the subscripts AG, SN and PV represent A. gerardii, S. nutans and P.
virgatum, respectively. Similarly, the canopy stomatal conductance (g,) was

calculated by appropriately weighting g, (obtained from eqn. (10)) by the
fractions of sunlit and shaded leaf areas

8= [Lsun xgs(sun) +Lshade ng(shade) ]AG
+ [Lsun ><gs(sun) +Lshade ng(shade) ]SN

+ [Lsun ><gs(sim]) +Lshade ng(shade)]PV ‘ | (20)
where g;(sun) and gs(shade) are g of sunlit and shaded leaves, respectively.

Estimation of soil plus root respiration

As mentioned above, the eddy correlation measurement of atmospheric CO-
flux (measured above the canopy) provides the sum of canopy and soil (plus
root) CO, fluxes. An estimation of soil (plus root) CO- flux is necessarv for
the computation of canopy photosynthesis. Soil (plus root) CO, flux was not
directly measured in this study. However, our nocturnal atmospheric CO-
flux data provided information on the respiratory release of CO- from plant
and soil (plus root). Plant respiration, estimated using eqn. (7), was sub-
tracted from the nocturnal atmospheric CO- flux to obtain the nocturnal soil
CO:. flux. The values were then adjusted to the daytime soil temperature us-
ing a Q) factor of 2 (Kucera and Kirkham, 1971) to estimate the daytime
soil COx flux. To minimize the effect of changing soil moisture and photosyn-
thate on soil CO. flux, the nocturnal CO, flux data used here were limited to
those from the nights preceeding or following the day under consideration.
The magnitudes of computed daytime soil CO, flux varied from 2 to 9 umol

-

> s~ ! during the season, depending on soil temperature and leaf area index.

RESULTS AND DISCUSSION

Canopy photosynthesis, A,

Model results were compared against the micrometeorological measure-
ments of fluxes on four selected days. These days were distributed through
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the growing season and were selected when the CO- flux data were available
during most of the day. The diurnal patterns of the modeled and measured
A, PAR, T, D, ¥, and modeled g, are presented in Figs. (1-4).

[t was most clear on June 5 (Fig. 1). The prairie vegetation was in its early
growth stage with the green L~ 1.9. Atmospheric evaporative demand was
moderate and the soil water was not limiting (extractable soil water, 6, for
the 0-1.4 m depth was 78%). The leaf water potential (¥.) of A. gerardii,
which was the most dominant species, showed a diurnal variation typical for
well-watered corditions and remained above —1 MPa throughout the day.
The measured and modeled A, followed the diurnal pattern of PAR and the
magnitudes agreed within 4 umol m~=2s-'. The diurnal pattern of g, was sim-
ilar to that of 4.

July 2 was partly cloudy in the morning and became clear in the afternoon
(Fig. 2). The green L reached its seasonal maximum of about 3.1 and the
prairie vegetation was in the most vigorous stage of plant growth. On this day,
the atmospheric evaporative demand was low to moderate and the soil water
was not limiting (6,=73%). The diurnal pattern of ¥, of A. gerardii was sim-
ilar to that on June 5 and averaged — 1.1 MPa during the midday. As would
be expected for well-watered conditions, the diurnal patterns of measured and
modeled 4. followed that of PAR quite closely. On average, the modeled val-
ues of 4. agreed with measured values of 4, within 7 pumol m~=2 s~!. Again,
the patterns of 4. and g, were quite similar.

The sky was clear on July 30 (Fig. 3) and the moisture-stress conditions
prevailed due to a low availability of soil water (65=30%) and high atmos-
pheric evaporative demand. On this day, ¥ of A. gerardii decreased rapidly
in the morning and stayed below —2 MPa for most of the day. The magni-
tudes of A. were substantially lower than those observed on earlier days. The
modeled values of 4. were consistently larger than those of measured 4, by
about 5 ymol m~=2 s~!, The overestimation of modeled A, could partly be
attributed to the errors involved in the measurements of green L due to the
partial rolling or folding of leaf blades of the dominant grass species under
moisture stress conditions. The lack of validity of our assumption of constant
T, D and ¥, within the canopy may have also contributed to this discrepancy.
It is, however, worth noting that the diurnal patterns of measured and mod-
eled 4. were quite similar on this day. The morning peak and the midday
depression in modeled 4. were driven by a combination of substantially low
values of ¥ which caused J,,, to decline, and to extremely high values of D
which led to a decrease in g and C,. The daily patterns in gs were also char-
acterized by a morning peak with a continuous decrease through most of the
day.

Soil moisture conditions improved in mid-August with frequent and ample
rainfall. The prairie vegetation began to senesce and the green L decreased to
about 2.3 on August 20. The soil water was not limiting (6,=53%) on this
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Fig. 1. Diurnal responses of the modeied and measured canopy photosynthesis (A.) in a tall-
grass prairie on 5 June 1987. Also shown are diurnal patterns of the photosynthetically active
radiation (PAR) air temperature ( T'), vapor pressure deficit (D) and leaf water potential ( ¥ )
of Andropogon gerardii. and modeled canopy stomatal conductance (g,).
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Fig. 2. Diumnal responses of the modeled and measured canopy photosynthesis (.) in a tall-
grass prairie on 2 July 1987. Also shown are diurnal patterns of the photosynthetically active
radiation (PAR), air temperature (7T), vapor pressure deficit (D), and leaf water potential
(¥L) of Andropogon gerardii. and modeled canopy stomatal conductance (g,)
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Fig. 3. Diurnal responses of the modeled and measured canopy photosynthesis (.4.) in a tall-
grass prairie on 30 July 1987. Also shown are diurnal patterns of the photosynthetically active
radiation (PAR), air temperature (T), vapor pressure deficit (D) and leaf water potential (‘¥)
of dndropogon gerardii, and modeled canopy stomatal conductance (g,).
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Fig. 4. Diurnal responses of the modeled and measured canopy photosynthesis (A.) in a tall-
grass prairie on 20 August 1987. Also shown are diurnal patterns of the photosynthetically ac-
tive radiation (PAR ), air temperature (T), vapor pressure deficit (D) and leaf water potential
(‘*PL) of Andropogon gerardii, and modeled canopy stomatal conductance (g,).
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day and the atmospheric evaporative demand was moderate. The ¥, of 4.

gerardii stayed above — 1.5 MPa for most of the day. The diurnal patterns of
the measured and modeled 4, were similar, but the modeled A4, exceeded the
measured values by about 7 umol m~2 s—' (Fig. 4). This dxfference might
have been partly due to a reduced availability of nutrients, leaf aging and
other developmental effects induced by the occurrence of the severe water
stress during the dry period, factors not considered in the present model.

Canopy stomatal conductance, g,

The canopy stomatal conductance (g,), discussed above, is the serial, area-
weighted sum of the values of leaf stomatal conductance (gs), obtained from
eqn. (10) in conjunction with the leaf photosynthesis model. In Fig. 5(A)
and 5(B), the diurnal variations in modeled g, are compared against the can-
opy surface conductance, gs(pm). By rearranging the Penman-Monteith equa-

tion (Monteith, 1965) gs.pm, Was determined from the measured latent heat
flux (AE)

L/8scemy=[(s/7)B—11/8.+pc,D/ (YAE) (21)

where s is the slope of the saturated vapor pressure~temperature curve, y 1s
the psychrometric constant, # is the Bowen ratio, p is the density of air, c, is

the specific heat of air and D is vapor pressure deficit. The aerodynamic con-
ductance, g,, was computed as

1/ga'——ram"*'rb (22)

where r,,, (=i/u;) is the aerodynamic resistance for momentum transfer
and r, { = (2/ku,)(x/D,)*?] is the excess resistance term (see e.g. Thom
(1972) and Wesley and Hicks (1977) for further details). Here, k is von
Karman’s constant, « is the thermal diffusivity and D, is the molecular dif-
fusivity of water vapor.

Figure 5 includes data from June 5, a day when soil moisture was not lim-
iting (Fig. 5(A)) and from July 30, a day with moisture stress (Fig. 5(B)).
The diurnal patterns of g, from the model were in reasonable agreement with
those of gs(pm) under well-watered conditions (June 5). The model under-
estimated gs pm), On average, by 0.2 mol m~2 s~!. This may be partly because
8s(pm) Includes the contribution from the soil evaporation, especially when L
is small and the soil water was not limiting. On July 30, the model yielded
excellent simulation of the magnitude and the diurnal pattern of gs pn,. The
differences between the values from the modeled g, and gs py, Were less than
0.05 mol m~* s~'. On this day, the contribution from the soil evaporation
was small because of low availability of soil water and fuller vegetative cover.

These modeled and measured canopy conductance comparisons are en-
couraging in terms of estimating AE. The computation of AE is more sensitive
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Fig. 5. Comparison of the modeled canopy conductances (8s) with the measured canopy surface
conductance (gs(pm)) on (A) 5 June 1987, a day when soil water was not limiting and (B) 30

July 1987, a day with moisture stress.

to errors in g, under moisture stress conditions (see e.g. Kim and Verma,
1991). For example, 30% error in g, would result in < 10% error in AE under
well-watered conditions and 25% error in AE under moisture stress condi-
tions. As indicated in Fig. 5(A) and 5(B) the agreement between the mod-
eled g, and the measured gs pp, Was, on the average, within 30% under well-
watered conditions and within 10% under moisture stress conditions. The
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corresponding errors in AE estimation would be <10% under both well-
watered and moisture stress conditions.

CONCLUDING REMARKS

We have employed a physiologically and biochemically based model of leaf
photosynthesis in a temperate grassland ecosystem. The model takes into ac-
count the known responses of leaf photosynthesis to absorbed PAR, temper-
ature, intercellular CO, concentration, leaf water potential, vapor pressure
deficit and stomatal conductance. The modeled canopy photosynthesis was
tested against fluxes measured in the field. The results indicate that the model
can be used to provide reasonable estimates of canopy photosynthesis under
well-watered conditions. The model tended to overestimate under moisture
stress conditions; however, it predicted the diurnal variation (morning peak
and midday depression) adequately. Also, the prediction of canopy stomatal
conductance was reasonable under both well-watered and moisture stress
conditions, suggesting that this approach may be used, in conjunction with a
combination equation, to estimate canopy transpiration.

The C, leaf photosynthesis model described here is empirical. Future stud-
ies in the modeling of C, photosynthesis would require, among other things,
the elucidation of the mechanism and kinetics of enzymes unique to the C,
cycle, and the confirmation of the values for kinetic properties. Further stud-
ies on the effect of water stress on RuBP carboxylation and regeneration ca-.
pacities are also needed in relation to the roles of soil and plant water status
(e.g. Turner et al., 1985; Gollan et al., 1985; Kramer, 1988). Inclusion of
more detailed canopy microclimate models (e.g. higher-order closure models,

Lagrangian-frame models) may improve our ability to deal with the reality
in nature.
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APPENDIX: SYMBOLS AND VALUES USED

a, Constantin eqn. 290 (A. gerardii) Estimated from the
(6) 360 (S. nutans) data of Polley
320 (P. virgatum) etal. (1991)
a-—ae Constants in eqn. a,(—8000), H.W. Polley,
(6) as(—147200) personal
' a,(297.0), communication,
as(436 000) 1990
a¢(323.5)
(same for all
species)
A Rate of CO,
(umol m~? assimilation of
s aleaf
A Canopy
(umol m~3 photosynthesis
s~!)
AG Andropogon

gerardii



Constant in eqn.

(12)

Partial pressure
of

ambient CO,

Intercellular
partial

pressure of CO,
Vapor pressure
deficit

Activation energy

Leaf stomatal
conductance

-to water vapor

Convexity of the
light response
curve of J
Canopy stomatal
conductance

to water vapor
Absorbed

photosynthetically

active radiation
by a leaf
Potential rate of
electron
transport
Electron
transport limit
on rate of
carboxylation
Light-saturated
potential rate of
electron
transport

0.18 (A. gerardii)
0.06 (S. nutans)
0.09 (P. virgatum)
330

59 356 (K.),
35948 (K,)

58 520 (Ve(max) )
45000 (Ry)

0.1 (A. gerardii)
0.2 (S. nutans)
0.2 (P. virgatum)

160" (A. gerardii)
200" (S. nutans)
175" (P. virgatum)
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Kim and Verma .
(1991)

J.M. Norman,
personal

communnication,
1990

Farquhar et al.
(1980)

Polley et al. (1991)

Polley et al. (1991)

Estimated from the
data of Polley
etal. (1991)
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K.
(ubar)

K,
(mbar)

[ (m)

3t

by o

PAR
(umol m—2
s=1)

PV

(sm~')

(J oK—l
mol—')
(umol m~—2
s™!)

SN

T, and T,
(Kor°QC)

(ms~')

Michaelis—
Menten

constant for CO,
Michaelis—
Menten

constant for O,
Leaf width

Leaf area index
Constant in eqn.

(8)

Constant in eqn.

(9)

Partial pressure

of 02
Incident

photosynthetically

active radiation
Panicum
virgatum
Boundary-layer
resistance

for both sides of a

leaf
Gas constant

Dark respiration
rate

Sorghastrum
nutans

Leaf temperature

inKand °C,
respectively
Wind speed

460"

330!

0.004-0.007
(A. gerardii)
0.005-0.009
(S. nutans)
0.005-0.010
(P. virgatum)

8.314

1.55¢

207

Farquhar et al.
(1980)

Farquhar et al.
(1980)

Estimated from the
data of Polley

etal. (1991)
Estimated from the
data of Polley

etal. (1991)
Farquhar et al.
(1980)

Polley et al. (1991)
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c(max)

(umol m =2

s™")

(umol m~?

s—1)

T,

(ubar)

L
(MPa)

Maximum
carboxylation

velocity

RuBP saturated

rate

of carboxylation

220" (A. gerardii)
345' (S. nutans)
385' (P. virgatum)

Leaf absorptmty 0.8 for all three

CO,

compensation

point

without dark
respiration
Leaf water

potential

grass species
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Estimated from the
data of Polley
etal. (1991)

Estimated from the
data of B.L. Blad
and E.A. Walter-
Shea

(unpublished,
1990)

Polley et al. (1991)

'Values of temfiperature dependent parameters are given at 25°C.
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