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transpiration based on stomatal behavior for maize and soybean plants
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Summary

A synthetic model of photosynthesis-transpiration was established based on a comprehensive
consideration of models of CO, and H,0 fluxes controlled by stomata of plant leaves. The synthetic
model was developed by introducing the internal conductance to CO, assimilation, g, and the gen-
eral equation of stomatatl conductance model to H,0 diffusion, gsw = go+21AnKDs)/(Cs-T), into mod-
els of CO, and H,0 diffusion through the plant leaves stomata. In the above expression, go and a,
are coefficients, C; ambient CO, concentration at leaf surface, I' CO, compensation point, and f(D;)
the general function describing the response of stomatal conductance to humidity. Using the data
observed in maize (Zea mays L.) and soybean (Glycine max Merr.) plants grown in the field, the
parameters in the model were identified, and the applicability of the model was examined. The verifi-
cation indicated that the developed model could be used to estimate net assimilation rate, transpira-
tion rate, and water use efficiency with a high enough level of precision. The examination also
showed that when f(D,) = hs or {Ds) = (1+ Ds/Do) " was employed, the estimation precision of the syn-
thetic model was highest. in the study, the parameter g, was estimated by means of a linear function
of Qp because it was shown to be mostly correlated with photosynthetic photon flux, Qp, among vari-
ous environmental factors.

Key words: photosynthesis - stomatal conductance — synthetic model — transpiration — water use
efficiency

Abbreviations: A, net assimilation. — C, ambient CO, concentration. — C; intercellular CO, concen-
tration. — C; ambient CO, concentration at leaf surface. ~ D saturation deficit at leaf surface. - e wa-
ter vapor pressure within canopy. — Eq, transpiration rate. — ew(7) saturated water vapor pressure at
leaf temperature. — gpe, gow boundary layer conductance to CO, and H;0. — ggc gas-phase conduct-
ance to CO,. - g internal conductance to CO.. - g, gsw Stomatal conductance to CO, and H,0. -
gic total conductance to assimilation. — g, total conductance to H,0. - h; relative humidity at leaf sur-
face. - Qr photosynthetic photon flux density within canopy. — rn,.. fow Doundary layer resistance to
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CO, and H0. - r internal resistance to CO,. — 7y, fsw Stomatal resistance to CO, and H,0. - T, leaf
temperature. — W,, W, mole fraction of water vapor in air and stomata space. - WUE,,, water use effi-
ciency. - I' CO, compensation point with dark respiration. - ' CO, compensation point without dark r‘

respiration. — | leaf water potential

Introduction

Material- and energy-exchange information within the soil-
vegetation-atmosphere system, through processes of photo-
synthesis and transpiration, is an essential element for quanti-
tatively evaluating plant production and interaction between
vegetation and the environment. Photosynthesis and transpi-
ration are coordinated processes since the same opening-
closing movement of the stomata controls both. Therefore, it
is important to clarify responses of stomata to environmental
factors and to simulate the stomatal conductance. As a basis
for of the sub-models of evaportranspiration and photosyn-
thesis, the model of Jarvis (1976) and its modified versions, in
which only environmental variables are employed, have been
widely used for the scales from individual leaves to global cli-
mate. In a series of studies response characteristics of sto-
matal conductance of maize to certain environmental factors
were made clear (Yu et al. 1996), and a combination model
for estimating'stomatal conductance over a long term was
presented (Yu and Nakayama 1997, Yu et al. 1998).
Photosynthesis depends on stomatal behavior, simulta-
neously, stomatal behavior is subject to the feedback of pho-
tosynthesis activity. Therefore, it is critical to understand these
two processes and to establish a synthetic model of transpi-
ration-photosynthesis based on the stomatal behavior (Yu et
al. 1999). A very useful empirical relationship between net as-
similation rate of CO,, An,, and stomatal conductance, gs,
was first proposed by Ball et al. (1987), and its modified ver-
sions were proposed by Lloyd (1991), Collatz et al. (1991),
and Leuning (1990, 1995). The empirical relationship between
An and gs, has been widely adopted by modelers at the
scale of individual leaves (Leuning 1990, 1995, Tenhunen et
al. 1990, Collatz et al. 1991, Harley et al. 1992), at the scale
of canopy (Hatton et al. 1992), at the scale of landscape
(McMurtrie et al. 1992), and in some global climate models
(Sellers et al. 1992, 1996, Woodward and Smith 1994). A bio-
chemical model for estimating net assimilation rate was first
presented by Farquhar et al. (1980), and the model was
thereafter modified and applied by many researchers to Cs
plants (von Caemmerer and Farquhar 1981, Brooks and Far-
quhar 1985, Harley et al. 1985, 1992, McMurtrie et al. 1992,
Leuning 1995) and to C, plants (Collatz et al. 1991, 1992).
Despite the fact that the models mentioned above were
very useful approaches for understanding both of the photo-
synthesis and the transpiration processes synthetically, they
are too complicated to be used easily. To make the modeling

practical and simple, based on the data collected in maize
field, Yu et al. (1999) proposed a synthetic model for estima-
ting photosynthesis and transpiration from an angle different
from the approach of Farquhar et al. (1980). The synthetic
model was explored by introducing the internal conductance,
g, of CO; assimilation, and the general equation of stomatal
conductance model of H,O diffusion proposed by Leuning
(1995) into models of CO, and H,O diffusion through plant
leaf stomata.

The objectives of this study were, first, to improve the
mode! proposed by Yu (1999) using the data observed in
maize (Zea mays L.) field, and to check its applicability to C3
plant using the data measured in soybean (Glycine max
Merr.) field; second, to identify the parameters in the synthetic
model of photosynthesis-transpiration and exmine the model
for estimating net assimilation rate and transpiration rate of
maize and soybean plants; and third, to establish a model for
estimating water use efficiency based on this synthetic model.

Model Formulations

Models of transpiration and net assimilation

The CO, and H,0 fluxes of the leaves are determined by sev-
eral factors in atmosphere, plant, and soil. The HO flux, or
transpiration rate, £, (mol H0 m~2s™") is basically described
as

w,-w, Ww:-w,
E.= i angwgsw( i a)=gtw(VVi—Wa) )

Tow+ F'sw Jow+ Gsw

where W, is mole fraction of water vapor in the stomata space
(molmol™), W, is mole fraction of water vapor in the air, iy
and gp. are resistance  (m?>s mol™") and conductance
(mol m~2s~") of boundary layer, rs, and g, are resistance
(m?smol™) and conductance (molm=2s") of stomata, re-
spectively, and gy is total conductance to H,O diffusion
through the stomatal and boundary layer (molm=2s1).

The CO; flux, or net assimilation, A, (umolm=2s7"), is gen-
erally described as

C.-Ci - GbcFsc(Ca~C) _

Am =0gc(Ca-C) 2)
Goc + Jsc

Toc+ I'sc

where C, is ambient CO, concentration (umolmol™), C; is in-
terceliuiar CO, concentration (umolmol™), r,c and gy are re-
sistance (m?smol™") and conductance to CO, (molm~2s™) of
the boundary layer, respectively, r,. is stomatal resistance
(m?smol™), gy is stomatal conductance (molm=2s7"), and
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Ogc is gas-phase conductance to CO, diffusion through the
stomatal and boundary layer (molm-2s").

To account for the interaction at the stomatal pores caused
by transpiration, the correction described by Jarman (1974)
and von Caemmerer and Farquhar (1981) was used, and Eq.
(1) is converted to

E (1 Wi+ Wa) _ gbwgsw(vvi - Wa)
mi1- =

(3)
2 Gow+ Gsw

Then the total conductance to H,0, gw. can be calculated
using

_ Goulen _Enl1=(Wit Wy)/2)
Gow+ Jsw Wi-W,

Gw (4)

Also, Eq. (2) can be converted to,

- GbeGsc(Ca~C)) N C:+C;

Am
Gbc+ Gsc 2

Em 5

The intercellular CO, concentration, G, is calculated using

~Enf2)Ca-A 1 1 1
Ci=(_gLLnL.)__a___m'whefe_.=_.+_ (6)

(gge ~Eml2) Jge 9sc Joc

Eq. (2) and Eq. (5) indicate that the control of the net assimila-
tion rate is exerted by the supply of CO, diffusion through sto-
mata and boundary layer, thus the equations are generally
called «supply: functions for the assimilation of piants (Jones
1992, Leuning 1990, 1995). However, the actual net assimila-
tion rate is not only determined by the gas-phase diffusion,
but also controlled by the biochemical and photochemical
processes in leaf mesophyll, such as light reactions, dark
reactions, or even the supply of phosphate. Here we used the
form of <demand functions» suggested by Jones (1992), i.e.

Ci-T.

An=gic(Ci-T.)= )

lic

to simplify the expression used to evaluate the regulation of
net assimilation rate exerted by bio- and photo-chemical pro-
cesses. in equation Eqg. {7), T is the CO, compensation point
without dark respiration (umolmol™), and g is defined as «in-
ternal> conductance (molm-2s) and its reciprocal r is de-
fined as <internal> resistance (m?smol™?).

By ignoring the interaction (the connective effects) be-
tween water molecules leaving and entering the stomata, the
net assimilation model can be written as

(Ca-Tv)
Toc+ Isct Tic

Ag= =Gic(Ca—1+) ®

where g, is total conductance to CO, assimilation (motm=2
-1
s7).

Stomatal behavior model

As a basis of the sub-models of evapotranspiration and
photosynthesis, the model of Jarvis (1976) and its modified
versions have been widely used. Ball et al. (1987) first pre-

sented an empirical refationship, which incorporated the of-
ten-observed correlation between net assimilation: rate, A,
and stomatal conductance, gq. and included the effects of
humidity and ambient CO, concentration on conductance,
namely

Gsw = a1Anhs/Cs 9)

where 3, is a coefficient, hs and C; are relative humidity and
ambient CO, concentration at the leaf surface, respectively.
Ball et al. (1987) were able to collapse data from various leaf
gas-exchange experiments onto a single line using Eq. (9).
Similarly, Leuning (1990) and Lloyd (1991) obtained good lin-
ear relationships when they plotted their data according to
the model of Ball et al. (1987). The apparent simplicity of Eq.
{9) has led to its adoption by modelers. The success of Ball et
al. (1987), Leuning (1990), Lloyd (1991), and Collatz et al.
(1991} in collapsing results of many experiments onto a single
curve by using Eq. (9), further suggested that Eq. (9) might
still be useful if hg is replaced by a more general humidity
function f(Ds) (Leuning 1995), i.e.

Gsw = Go+a1Anf Ds)/Cs (10)

where, go is the residual stomatal conductance (as An—0
when Qr—0, Gp is photosynthetic photon flux density). How-
ever, in its present form, Eq. (10) is incapable of describing
stomatal behavior at fow CO, concentration since conduct-
ance increases to the maximum value as C; approaches to
the CO, compensation point with dark respiration, T", while
An—0. Eq. (10) predicts that g.w—0 under these circumstan-
ces. Leuning (1990, 1995) accounted for these observations
by replacing C; with C.-T, i.e.

Gsw = Go+a1AnR D Cs-T) (11)

This modification ensures that g, remains large as A,—0
while Cs—I'. Note that gs is not defined by this equation
when Cy=T.

Synthetic model of photosynthesis-transpiration
Eq. (2) can be rewritten as
Am = (Ca-C)lrge. Where rye = fioc+ fsc (12

Assuming gew = 1.56 gsc and gow = 1.37 gue, the implication of
Eg. (11) for the expected value of C; can be seen by combining
it with Eq. (12)

Ci=Ca- 1.56 A,
o+ a1AnRD)(Ca - T)

~1.37 Amlbw (13)

The go in Egs. (11) and (13) is the residual stomatal conduct-
ance (as An—0, when (x—0); it can be assumed as a cuticu-
lar conductance to HyO, and also gy<gsw. Therefore, gy was
ignored generally when considering the diffusion of CO,
through stomata. If assuming go negligible, and incorporating
Eq. (13) into Eq. (7), or combining Eq. (11) with Eq. (8), the
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synthetic model of photosynthesis-transpiration for estimating
the CO, assimilation is given as

_(Cq-T+)-156(C4-T)/[a:1 D))
1.37 rpw+ e

Am (14)
According to Yu et al. (1999), differences between the val-
ues of I' and T, and betweern the values of (C,-T+) and (C,-T)
are not large in the field experimental conditions. in this
sense, it might be judged that the estimation error of the pho-
tosynthesis arising from the difference between I'« and I
should not be large. Thus, Eq. (14) can be simplified as

_(Ca-T-)[1-1.56/a:1 AD;)]
1.37 row+ ric

Am (15)
Moreover, by incorporating Eq. (11) into Eq. (1), the synthetic
model of photosynthesis-transpiration for estimating the tran-
spiration rate, £y, (mol H;0 m~2s7"), has the form of

£ - (W, - W,)
™ rowt 1[go + 81AmRDN(Ca-T)]

(16)
By incorporating Eq. (15) into Eq. (16), the transpiration model
of Eq. (16) becomes

- (eu(T)) - &P
™ row+ 1[G+ (a1 (Ds)~1.56)/(1.37 rpu + )]

(17)

where e,(7T) is saturated water vapor pressure at the ieaf
temperature (hPa), e is water vapor pressure of air within the
canopy (hPa), and Pis atmospheric pressure (1013 Pa).

Materials and Methods

Field experimental site

The investigation was conducted in the summers of 1998 and 1999 in
the experimental field of the Facuity of Horticuiture, Chiba University,
located in Matsudo (latitude 35° 46’ N and longitude 139° 54’E), Ja-
pan. The soil in the experimental field was generated from volcanic
ash, with a texture of sandy loam. The maize (Zea mays L.) plants
were grown in a 20mx20m plot, with planting density of 35,700 plants
per hectare, row spacing of 0.7m, and intrarow spacing of 0.4m. The
soybean (Glycine max Merr.) plants were grown in a 10mx 10m plot,
with planting density of 55,600 plants per hectare, row spacing of
0.6m, and intrarow spacing of 0.3m. Fertilization, disease, and insect
controis were carried out conventionally for the two crop plants. The
growing periods of the two crop plants were from the beginning of
May to the end of August.

Measurements in the field

At the field experimental site of maize and soybean plants, net assim-
ilation rate, transpiration rate, and stomatal conductance were meas-
ured every hour from 7 to 18 h of local time on the surfaces of the
leaves of two designated plants by means of portable photosynthesis
system (L1-6200, LI-COR.). For maize plants, the site of measurement
was at the center of the leaf surface at four different leaf positions, i.e.,
on the 2nd, 4th, 6th, and 8th leaf from the top of the plants. For soy-

bean plants, the middle pieces of the compound leaf at three leaf po-
sitions, upper, medium, and lower leaves from the top of Eg;e plant,
were selected to measure the items mentioned above. Thei _éampling
protocol for these measurements involved first measuring these items
of the leaf surfaces from the upper to the lower part of the 1st plant,
and subsequently the same measurements as above were conducted
for the 2nd plant by the same procedure.

Leaf temperature, saturation deficit, and photosynthetic photon flux
density within the canopy were also recorded by means of sensors at-
tached to the photosynthesis system at the same time as the meas-
urements above, such as net assimilation rate, etc. The leaf temper-
ature, T.("C), and the saturation deficit, Ds; (hPa), within the canopy
were the mean values at different leaf positions on the stem. The pho-
tosynthetic photon flux density, Qs (umolm-2s"), within the canopy
was the average value of the downward flux received by several
leaves. During the entire growing period of maize and soybean, solar
radiation, net radiation, air saturation deficit, air temperature and soil
moisture content were determined every day. Simultaneously, using a
pressure chamber (DIK-7000, Daiki Rika), leaf water potential,
(MPa), of two nearby plants was measured. The weather conditions
were rainy during the period of investigation in 1998 and 1999. Thus,
little water stress from soil was exerted on either maize or soybean
plants grown in the field.

Data processing and model evaluation

To identify the net assimilation rate, the transpiration rate, and the sto-
matal conductance within the canopy, we used averages of the val-
ues measured for several leaves within the canopy. Another advan-
tage in using these average values was the minimizing of the negative
influence imposed by the time required for the response of the sto-
mata to changes in the environmental variables. This is because the
average values could represent the mean status of the measured
iteams in the measurement period of 15 to 20 minutes, during which
stomatal conductance and so on were measured on the two desig-
nated plants.

Values of the parameters in the model were caiculated by the linear
or non-linear least square method, and their adaptabilities were evalu-
ated with R2, SI, and RMSE. R? is the coefficient of determination of
the regression formuia for the model, and S/ is the slope of the linear
regression curve established between the measured values and the
values estimated by means of the model. RMSE is the root mean
square error for the values measured and estimated by means of the
model, and calculated by

AMSE = [;7—1—1-2(”@(- Ym)z]'} (18)

where nis the number of the data, Y. represents the estimated value,
Ymea i the measured value.

Results

Modeling stomatal conductance

The stomatal conductance, gz, measured during daytime of
the period of investigation in 1998 and 1999 was different due
to the weather conditions. In the stomatal conductance model
represented by Eq. (11), {Ds) is a general function describing
response of stomatal conductance to humidity. So far, numer-
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ous expressions have been proposed for this function. In this
study, five of them were adopted

f(Ds) = he (19.1)
W{Dg) = D! (19.2)
H{Ds)= D (19.3)

fa(Ds) = - D5/ Dy (19.4)
f5(Ds) = (1+Dy/ D)~ (19.5)

Eq. (19.1) was used by Ball et al. (1987), Eq. (19.2) and (19.3)
by Lloyd (1991), Eq. (19.4) by Jarvis (1976), and Eq. (19.5) by
Lohammer et al. (1980). Lloyd (1991) obtained the best result
using Eq. (19.3), while his examination also showed that both
Eq. (19.1) and (19.2) behaved excellently. Coliatz et al. (1991)
noted that f{Ds) might be described by Eq. (19.4) when D;
varies with air humidity at constant leaf temperature, other
than the slope (1/Dp) dependent on temperature. Moreover,
after examining the conformability of Egs. (19.1), (19.4), and
(19.5), Leuning (1995) recommended Eq. (19.5).

In this study, the saturation deficit within the canopy was
used to replace the D; in Eq. (19.1) to Eq. (19.5). The values
of the parameters g and a, in Eg. (11) were calculated by the
linear least square method based on the data collected in the
maize and soybean fields. Leuning (1990) reported that the
value of gy was about 0.01molm~2s™" and the values of D in
Eq. (19.4) and Eg. (19.5) were 45 and 3.5 hPa, respectively,
for Cs plant. Alsg, Yu et al. (1999) reported that the value of gy
was about 0.11motm-2s~! and the values of D; in Eq. (19.4)
and Eq. (19.5) were 70 and 30hPa, respectively, for maize. In
the regression analysis, these values of 0, were used for soy-
bean and maize, respectively. Results of the regression analy-
sis are shown in Table 1. The R? values of all the functions
were significant at 0.01 levels, but the biggest R? values were

obtained for the two species of plants using Eq. (19.1) and
Eqg. (19.5). The obtained g, for maize was from 0.09 to
0.19molm=2s™", and the g for soybean was from 0.29 to
0.40molm~2s~'. These values were rather bigger than those
reported by Leuning (1990) and Yu et al. (1999).

When the data of the two years was combined into one set of
data, corresponding to Eq. (19.1) and Eq. (19.5), the formulae
of stomatal conductance for maize are

Gsw =0.136+0.073 A h/(Cs-T); R2=0.562,n =143 (20a)
and
Gsw =0.127+8.222 Af[(1+ DJDp)(Cs-T)}; R2=0.540,n =143 (20b)
For soybean, they are

Gow = 0.30640.206 Anho/(Cs-T); A2=0.436,n=73  (21a)
and
Gsw =0.336+82.78 AJ[(1+ Dy Do)} Cs-T)); R2=0.436,n=73 (21b)

The R? values for both species of plants varied from 0.44 to
0.65. The R? values were not high, but these values were sig-
nificant at 0.01 level.

Modeling internal conductance
Employing Eq. (7), the internal resistance, r,, has a form of
fic = W gc = (Gi-T)/Am (22)

where I'« is CO, compensation points (umolmol~') dependent
on leaf temperature. An empirical second-order polynomial
for Ca plants (Brooks and Farquhar 1985) was used in the

Table 1. Parameters of the regression formulas of f(D;) in the models, gsw = Go+a1AnflD:)(C-T), for estimating stomatal conductance, and the
coefficient of determination, R2, for the regression formulas. The obtained values of Dy for f4(D,) and f5(Ds) were 70 and 30 hPa for maize, and 45

and 3.5 hPa for soybean, respectively.

f(Ds) 9o CH R?
Maize (1998) £1(Dg) = hg 0.121 0.084 0.657
Number of data, n=74 foADs) = D! 0.142 77.20 0.446
f3(Ds) = DR 0.091 25.40 0.644
f(Ds)=1-D:/Dy 0.121 7.911 0.633
fs(Dg) = (1+ Ds/Dg) ™" 0.113 9.482 0.645
Maize (1999) £1(Ds) = hs 0.161 0.057 0.445
Number of data, n =69 fo{Ds)= D5 0.195 58.95 0.277
f3(Ds) = D2 0.152 16.98 0.409
f4(D5) = 1-Ds/Dy 0.161 5.332 0.397
f5(Ds) = (1+ Ds/Dp) ™" 0.146 6.502 0.439
Soybean (1999) f1(Ds) = hs 0.306 0.206 0.436
Number of data, n = 73 foDs)=D;" ' 0.365 2275 0.432
fo(Ds) = D~ 1?2 0.290 61.08 0.435
fo(D)=1-Ds/Dy 0.396 21.87 0.396
0.336 82.78 0.436

f5(Ds) = (1+Ds/Dp) ™"
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study to describe dependence of the T'» on the leaf temper-
ature, T("C), namely

[c3 = 42.7+1.68 (T,.~25)+0.012 (T -25) (23)

According to Woodward and Smith (1994), I'« relationship
between C, plants and C; plants is

Mea=0.1T¢3 (24)

Additionally, to estimate the internal resistance, rc, in the
models of Eq. (14) and (15), Yu at el. (1999) made correlation
analysis between the internal conductance, gi = 1/rc, and
various environmental variables. It was found that there are
correlations between gic and Qp, Ds, Ti, and i, but g de-
pends on Qs (umolm~2s") most strongly. On one hand, based
on the data observed in 1998 and 1999 in maize field, the for-
mulae obtained for estimating g, were, respectively,

Gic = 1.39E-4 O - 0.0036; A%=0.935, n=74 for 1998 (25a)
g = 1.18E-4 O - 0.0026; A2 = 0.801, n =69 for 1999  (25b)

On the othef hand, by combining the data of the two years
into one set of data, g, for maize could be estimated by for-
mula

G = 1.225E-4 Qb — 0.0003; A2 =0.845, n = 143 (25¢)
For soybean, the formula is
Gic = 0.636E~4 Qp+0.0124; R2=0.795,n =73 (26)

Estimation of photosynthesis by the synthetic models

When either Eq. (14) or Eq. (15) was used for estimating the
photosynthesis, the parameters of CO, compensation points
without dark respiration, I's, were calculated by Eq. (23) and
Eq. (24), and CO, compensation point with dark respiration,
T, was calculated using the following equation of Farquhar et
al. (1980)

r Lot KeRg(1+ ColKo)/ Vemax

@7
1 = Ro/Vemax

where, ¢, is the intercellular oxygen concentration, supposed
equal to 207.3 umol mo!~! (Brooks and Farquhar 1985). De-
pendencies of the K., K, and Ry on the leaf temperature
couid be described, respectively, by the following exponential
functions

Ko = Kaexpl(Exo/ RTY(1- T/ T (28a)
Ko = Korexp[(Exo/ RTH(1- T/ TL)] (28b)
Ay = Raexpl(Erg/RTY(1- T/ T (28c)

where A is the universal gas constant, Exc, Exo, and Egg are
the activation energy for K., K,, and Ry, respectively, and K.,
Kor, and Ry, are the values of K., K,, Ry at a reference temper-
ature (293.3°k), respectively. The temperature dependence of

Vemax Was simulated according to Farquhar et al. (1980) and
Harley et al. (1992) : »K

Vemaxo €XP[(HW/RT)(1- T TL)]
1+exp[(Sy T - Ha)/(RTL))

(28d)

Vemax =

where H, is the energy of activation, Hy is the energy of deac-
tivation, S, is an entropy term, and Vomaxo is the value of Vimax
at T;, supposed equal to 28.9umolm=2s~' (Harley 1986). The
values of these empirical constants in Eq. (28) are obtained
from Leuning (1995) and Harley et al. (1992), and shown in
Table 2.

Using the data observed in the field, the net assimilation
rate was estimated by means of Eq. (14) and Eq. (15), while
Egs. (19.1) to Eq. (19.5) were employed for functions of fD;).
As indicated in Table 3, the estimation precision for the net
assimilation rate varied with adoption of different functions;
such as fi(Ds) and f5(D;), where the g, is measured value and
Gow = 1.8molm=2s5"". Obviously, the results were satisfactory.
In Figure 1A and B, as a representative example, the net as-
similation rates estimated by means of the models were
plotted against the measured ones.

In the experimental conditions of soybean and maize, there
was no significant difference between the values of I'« and T
when calculated with Egs. (23), (24) and (27), respectively.
This implies that when Eq. (14) and Eq. (15) were used to esti-
mate photosynthesis, the differences between the values of
I« and I could not significantly increase the estimation preci-
sion between Eq. (14) and Eq. (15) (Table 3). Thus, it is plau-
sible to expect that good estimation can be made by employ-
ing the simplified form of Eq. (15).

In addition, the net assimilation rates were estimated by
combining the g, model represented by Eq. (25) and Eq. (26)
and the different functions of D;) into Eq. (14), or its sim-
plified form of Eq. (15). Table 4 lists the estimation precision of
Eqg. (15) when the functions of (D) and (D) were used.
Comparison of Table 4 and Table 3 indicates that using gi.

Table 2. Parameters and their values in the model for estimating the
CO, compensation points, T".

Parameters Value (units) {ref.] Meaning

T 293.2(K) [1] Reference temperature

Ker 203 (umoimot=") [1] Michaelis constant for CO; at T,
Kor 256 (mmolmol~'}{1]  Michaelis constant for O, at 7,
Ry 0.32 (umols~'m~2) [1] Day respiration at T;

Eic 59430 (Jmol~') (2] Activation energy for K.

Eo 36000 (Jmol~1) {2] Activation energy for K,

Erg 53000 (Jmol™") [2] Activation energy for Ry

H, 116300 (Jmol~'} [2] Activation energy for Vemax

Hy 202900 (Jmol~') 2] Deactivation energy for Vemax
S 650 (Jmol~") [2] Entropy term

[1] from Leuning (1980 and 1995), [2] from Harley et al. (1992)




A synthetic model of photosynthesis-transpiration based on stomatal behavior

867

Table 3. Estimation precision of the net assimilation rate modeis, Eq. (14) and Eq. (15), with the different functions, fi(D;) and &(D0;). The internal
conductance, gi.. using the measured values and the boundary tayer conductance guw taken to 1.6mol m=2 57!, The numbers of data are the

same as those in Table 1.

Eq. (14) Eq. (15)
f(Ds) R? Sl RMSE R? Sl RMSE
Maize (1998) £(Ds) = hg 0.972 0.972 1.592 0.972 0.965 1.612
#(Ds) = (1+ D5/ Dp)"" 0.968 0.976 1.670 0.968 0.969 1.692
Maize (1999) (D) = hy 0915 1.062 3.201 0914 1.051 3.131
(Ds) = (1+ D/ Dg)™! 0.899 1.087 3.657 0.897 1.078 3.585
Soybean (1999) (D)= hs 0.984 1.056 1.064 0.984 1.053 1.054
£(0s) = (1+ D,/ D) 0.983 1.038 0.931 0.983 1.034 0.913

R? is the coefficient of determination, S/is the siope (b) of the equation, Ay’ = b An, -established between the measured values (Am) and the val-
ues estimated by means of the model (Ay"). RMSE is root mean square error (umol m=2s-1),

40 p
35 | A:Maize, g,((0) o° o
30 | ‘o

25 ¢
20 p
15 f
10 p
5

Estimated values (umol m? s")

-55 5

10 15 20 25 30 35 40

25

20

15

10

25

20

15

10

0 10 20

Observed values (pmol m™ s")

Figure 1. Comparison of net assimilation rates, An, measured and estimated by means of the simplified models, Eq. (15), for maize (A and C) and
soybean (B and D). For the functions of (D), f{D;) = hs was used, while for the internal conductance, g, the values measured (A and B) and es-
timated (C and D) by means of Eqs. (25) and Eq. (26) were used for maize and soybean, respectively. The boundary layer conductance, gow.
taken to 1.6molm~2s~". The solid line represents a line of 1:1, the symbol @ is the data of 1998 and O is the data of 1999 for maize {Aand C).

which was estimated by Eq. (25) and Eg. (26), largely lowered
the estimation precision of the net assimilation rate model, as
compared to using the measured g,.. Evidently, estimation of
the g, could significantly affect the estimation precision of net
assimilation rate by the model. Nevertheless, the estimation
precision of net assimilation rate by Eq. (14) or its simplified

form as Eq. (15) was still acceptable, even if using the g
estimated by means of Eqg. (25) and (26). As an example, Fig-
ures 1C and D demonstrate a comparison of the net assim-
ilation rate measured and estimated by means of the models.
It can be said that the models performed well in estimating
the net assimilation rate with acceptable precision.
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Table 4. Estimation precision of the net assimilation rate model, Eq.
(15), with the different functions, f(Ds) and (D). The internal con-
ductance, gi, using the values estimated by means of Egs. (25) and
(26) for maize and soybean, respectively. The boundary layer con-
ductance gpy taken to 1.6mol m=2 s™'. All symbols are the same as
those in Table 3 and the numbers of dara are the same as those in Ta-
ble 1.

f(Dy) R? S RMSE
Maize (1998) (D) = hg 0930 0880 2889
(D) =(1+Ds/Dp)™' 0929 0885  2.841
Maize (1999) f(Ds) = hg 0751 1066 4.932
(D) =(1+Ds/Dg)! 0731 1091 5256
Soybean (1999)  £(D,)=hs . 0689 1001 2986
D) =(1+D:/0p)"' 0701 0983 2845

Estimation of transpiration by the synthetic models

Using different function of KD;), we estimated the transpira-
tion rate by means of transpiration model of Eqg. (16) or Eq.
{(17). Table 5 shows the estimation precision of the models for
the transpiration rate using f(D;) and f(Ds). In Eq. (16), the
net assimilation rate, An, is the measured values, and in Eq.
(17), the g, is the values estimated by the model of Egs. (25)
and (26). Figure 2, as an example, shows a comparison of
values of transpiration rate measured and estimated by
means of the models as Eq. (16) (Figs. 2A and B) and Eq.
(17) (Figs. 2C and D) with fi(D,) = hs. From Table 5 and Figure
2, it can be seen that the transpiration rate estimated by
means of the models agreed approximately with the measure-
ments. This indicates that these models performed well in es-
timating the transpiration rate. However, for the maize and
soybean in 1999, the estimation precision of the models was
lower. Also, the estimated precision in Figures 2C and D was
lower than that in Figures 2A and B. This was attributed to the
relative lower estimation precision of gi.

Modeling water use efficiency by the synthetic models

The water use efficiency, WUE, is defined as the raitf"fof Amn
t0 En, i.6. An/Em in pmol COz/mol H0. By combining Eq. (1)
with Eq. (2), a simple model of WUE,,, which is based on leaf
gas exchange, was obtained as

(Ca‘ci) (fbw+ rsw)_ ™ (Ca_ci)

WUE, = =—
(ewl(T1) - €)P (rpc+rsc)  rgc (ewlTL) - ea)/P

(29)

where rge = fpe+fse and ny = fow+rew. The CO; resistances
{foc+Tsc) = 1.56( 0w+ fsw), EQ. (29) can be simplified as

Ca(1-Ci/Cs)

WUEy = ————r————
1.56(e(T() - el)/P

(30)

where the ratio of C/C, is usually assumed as a constant de-
pendent on species. The value of C/C, is lower for C, plant
than for C3 plant, approximately 0.3 for C,4 plant and near 0.7
for C; plant (Jones 1992). Besides, if Eq. (1) is combined with
Eq. (8), the WUE,, model is given as

_ (Ca—-T) (row + Fsw) _Iw (Ca~Tx)
-(ew(TL)_ €a)/P (rpc+ rsc+ ’ic)_ rc (wl(TL) - ea)lP

(31

WUE,

assuming fie = foc+rsc+ric and I'« as a constant. Given that
dry matter yield is often of concern in agronomic studies, it is
more popular to express equations in terms of mass fluxes of
CO, (WUE, mg CO,/g H,0),

_Mcx10‘3ﬁ_ 4 A

WUE =
M, Emn 18000 E,

(32)

According to Eq. (30) and Eq. (31), the relation between C/C,
and nru/nc can be described as

Fo/lie= (33)

Ca (.G
156(C,-T-)\  C,

In the case of I'+<C,, a linear relationship exists between C/
Ca and ny/rec.

Table 8. Estimated precision of transpiration rate models, Eq. (16) and Eq. (17), with the different functions fi(Ds) and f5(Ds). For EQ. (16), the net
assimilation rate using the measured values, and for Eq. (17), the internal conductance, gi., using the values estimated by means of Egs. (25) and
(26) for maize and soybean, respectively. The boundary layer conductance g, taken to 1.6mol m=2s-*. All symbols are the same as those in Ta-
ble 3, the RMSE is in mmol cm=2 s, and the numbers of data are the same as those in Table 1.

Eq. (16) Eq. (17)
D) R? st RMSE R? st RMSE
Maize (1998) f(Ds) = hs 0.894 0.959 0.966 0.865 0.884 1.163
£(D) = (1+Dy/Dg)™! 0.882 0.946 1.017 0.843 0.869 1.242
Maize (1999) f(Ds) = hs 0.771 0.997 1.878 0.631 1.008 2.482
£5(Dg) = (1+ Ds/ Do)~ 0.742 0.994 1.961 0.563 1012 2676
Soybean (1999) (D) = hs 0.661 1.069 3.202 0.551 1.087 3.948
£(Ds) = (1+D/Dp)"! 0.544 1.012 3.076 0.391 1.010 3.624
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Figure 2. Comparison of transpiration rate, £y, measured and estimated by means of the models, Eq. (16) (A, B) and Eq. (17) (C, D), for maize (A
and C) and soybean (B and D). For the functions of (D), f{(Ds) = h; was used, while for net assimilation rates, An, in EQ. (16) used the observed
values (A, B), the interal conductance, gi. in Eq. (17) used the values estimated (C and D) by means of Eq. (25) and Eq. (26} for maize and soy-
bean, respectively. The boundary layer conductance, gow. taken to 1.6mol m~2s~". The solid tine represents a line of 1:1, the symbol @ is the data

of 1998 and O is the data of 1999 for maize (A and C).

From Eq. (30) and Eq. (31), it can be understood that C/C,
and nw/r. are critical physiological parameters in determining
WUE. Once either C/C, or nwr is determined, Eqg. (30) and
Eq. (31) will become more effective for estimating WUE by
leaf-air vapor pressure in different climates. However, the ra-
tios of C/C, and ry/ric not only were different between the two
species of plants, but also varied largely with WUE of each of
the species. Although the ratios of /e of the two species of
plants were proportional to WUE, with almost the same linear
relation, the values varied widely. For maize, the measured ra-
tio of nw/nc ranged from —0.047 to 0.432, and the average
value was 0.176 £ 0.091. For soybean, the ratio ranged from
0.002 to 0.213, with an average value of 0.090 + 0.042. More-
over, between the C/C, and the WUE of the two species of
plants, there existed a significant negative relationship. The
measured ratio of C/C, ranged from 0.863 to 0.969, with an
average value of 0.862 + 0.0524 for soybean, and for maize
ranged from 0.359 to 1.0, with an average vaiue of 0.720 +
0.134. This suggests difficulty in using Eq. (30) to determine
WAUE in this study.

If Eq. (14) is combined with (16), the WUE,, model has a
form of

WUE,, = (Ca~T) - 156(C, - D/la: DA}
(ew(TL)—ea)/P

(34)
where K, a term related to the r. ric and D), is described
as

K _[ Tow . 1
! 1.37rpw+ e Go{1.37rpw + ric) + @, (D) - 1.56

] (35)
In addition, by combining Eq. (15) with Eq. (16), a simplified
model of WUE, can be achieved,

WUE,, = {Ca—T)(1-1.56/{a: ADs)]
(ew(TL)~ea)/P

K (36)

By combining the internal conductance, g, models repre-
sented by Eq. (25) and Eq. (26), and the different expression
functions of A D) into the WUE models, the WUE could be es-
timated. Using the data observed in this experiment, we esti-
mated the WUE values of soybean and maize by Eq. (34) and
Eq. (36). In the estimation, f(Ds) and fs(D;) were used for the
function of D), and 1.6molm™2s™" for gy.. A comparison of
Egs. (34) and (36) in the precision of estimating WUE indi-
cated that Eq. (36) was better than Eq. (34), although the dif-
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Figure 3. Comparison of the values of water use efficiency, WUE, measured and estimated by means of Eq. (36) for maize (A) and soybean (B).
The internal conductance, gi., used the estimated value by means of the models as Eq. (25) and Eq. (26) for maize and soybean, respectively.
The functions of (Ds), fi(Ds) = hs were used, and the boundary layer conductance, g, was taken to be 1. 6molm‘2 s~". The solid line represents
aline of 1:1, the symbol @ is the data of 1998 and O is the data of 1999 for maize (A).

ference was almost negligible. Therefore, the simplified model
represented by Eq. (36) was suitable for estimating the WUE.
In addition, the difference of estimation precision in using (D)
and f(Ds) was also negligible.

Figures 3 A and B demonstrate a comparison of WUE
measured and estimated by means of Eq. (36) using f(Ds),
and the values of g estimated by means of Egs. (25) and
(26) for maize and soybean, respectively. The R? value was
0.69 for soybean and 0.61 for maize. The RMSE was less than
1.04mg g™ for soybean and less than 3.58 mgg™" for maize.

Discussion

A very useful graphical device for investigating the mecha-
nism of the relationships between A,, and conductances, as
well as CO, concentration drops within air-to-leaf, was intro-
duced by Jones (1992). Figure 4 shows the relationships be-
tween Ay, and g, Gic as well as tota! conductance, gy, and
that between A, and CO, concentration drops for air-to-leaf,
Ca-Ci, Gi-I'~as well as C,-T« for maize and soybean, respec-
tively. Figure 5 shows the relationships between A, and G, C/
C. as well as g, and that between g, and C,, C/C, as well
as g for maize and soybean, respectively. From Figure 4
and Figure 5, some interesting results can be seen by com-
paring the observation in soybean field with that made in
maize field.

The values of Ay, of the two species were positively propor-
tional to gs (Fig. 4A). As shown in Table 6, the A2 values of a
linear regression formula were 0.107 and 0.467 for soybean
and maize, respectively. However, when a rectangular hyper-
bola was employed, the R? value of regression formula was
0.158 for soybean. For soybean, the rectangular hyperbola
was better than the linear formula, the converse of maize. The
slope, d An/d gs, Of the linear regression formula for maize

was approximately 3.37 times that of soybean. Regarding the
relationship between the Ay, and the g, (Fig. 4C), the best ex-
pression function was a linear function for soybean and a rec-
tangular hyperbola function for maize (Table 6). The siope, 9
Amld g, for maize was approximately 0.81 times as much as
that for soybean. Moreover, the relationship between A, and
G (Fig. 4E) was shown as the same as that between A, and
Gic. Therefore, the best expression function was a linear func-
tion for the two species of plants (Table 6).

The relationships between the A, of two species of plants
and CO; concentration drop from air to intercellular space,
Ca-G;, were shown a positive correlation (Fig. 4 B). Unfortu-
nately, the R? values for the linear regression formula only
reached 0.179 for soybean and 0.397 for maize (Table 6). The
slope,d An/d (C,~C), for soybean was 0.241, about 1.44 times
as much as that for maize. The relationship between the A,
and the Ci-I'~ was generally in a negative linear correlation for
the two species of plants. Moreover, the relationship between
the A, and the total CO, concentration drop, C,-T., was
found to be similar to that between the A, and the C,-T' (Fig.
4F and Table6).

Figure 5 demonstrates the negative correlations between
An and G as well as G/C, (Fig. 5A,C), and between g, and
C: as well as C/C, (Figs. 5B, D). According to the investiga-
tions of Jones (1992), if the values of n,c and g, are constants,
the slopes of the linear relationships between A, and G-I
are equal to ~1/rs. = - gse. These relationships represent photo-
synthetic <supply-> functions, indicating a drop in mole frac-
tion across the gas-phase and showing how C; would fall be-
low C, while Ay, increases. Therefore, the increase of Ay, with
Gic. Which was determined by the activities of bio- and photo-
chemical processes, led to uptake of more CO, by leaves
from the atmosphere for photosynthesis, and in turn, better
assimilation of CO, at the stomatal space. As a result, C; and
C/C, decreased, and both C-I'« and C,~F« also became



A synthetic model of photosynthesis-transpiration based on stomatal behavior 871

Table 6. Comparing soybean with maize for the relationships between net assimilation rate, Am, and conductances (gsc. gic and gic), as well as
CO,concentration drops for air-to-leaf (C,-C;, Ci~T'», and C,-T).

Conductance Concentration drops for air-to-leaf

Regression formula R? Regression formula R?
An=16.532g, 0.107 Am =0.2409(C,-C)) 0.179
An=23.70 go/(0.8199+ ggc) 0.158

Soybean An=195.78 g;c 0.929 Ay =-0.1166(C;-T.)+36.705 0.500
An=54.347g,./(0.2011+gi) 0.625
An=229.47g, 0.958 An=-0.1332(C,-T.)+46.245 0.330
An =71.9430,/(0.2446+gyc) 0.568
An=55.774g, 0.467 An=0.168(C5~C)) 0.397
Aq =37.59409:/(0.421+gsc) 0.021

Maize Anm=158.05 g 0.741 An=-0.1092(C;~T.)+39.571 0.692
Am = 46.083g,,/(0.1429+ gic) 0.855 )
An=255.00g, 0.929 An=-0.1978(C,-T.)+76.736 - 0.697

50 100 150 200 250
C,-C; (u« mol mol™)

1 J £
0 0.1 0.2 0.3 0 100 200 300 400
gic (mol m”s™) C;-T. (1 mol mol™)

A i I ] E i

0 005 0.1 0.15 02 0 100 200 300 400
g, (molm?s™) C,-T+ (1 molmol™)

Figure4. Net assimilation rate, A, as functions of stomatal conductance, g, internal conductance, g, and total conductance, g, and as func-
tions of CO, concentration drops, C,-C;, Gi-T'« and C,-T., for air-to-leaf. The symbol @ is maize and O is soybean.
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Figure §. Relationships between intercellular CO, concentration, C;, and net assimilation rate, Ay, as well as internal conductance, Jic, between
the ratio of intercellular CO, concentration to ambient CO, concentration, C/C,, and A as well as g, and between stomatal conductance, G

and An as well as gi.. The symbol @ is maize and O is soybean.

smaller. Due to this change, negative correlations occurred
between A and Ci-T'~ as well as C,—I'« (Fig. 4D and Fig. 4F),
between A, and G as well as GJ/C, (Figs. 5A, C), and be-
tween g, and C; as well as CJ/C, (Figs. 5B,D).

In addition, to supply CO, to the photosynthesis while Ay,
and g, increase, the leaf stomata usually opens wide, leading
to the reduction of r,.. As depicted in Figure 5E and Figure
5F, the gy of soybean increased exponentially with A, and
with gic. respectively (R? = 0.451 and A? = 0.352), but the gs.
of maize was related linearly with A, and g, respectively (R?
= 0.519 and R? = 0.293). It is worth noting that the 3 gsc/dAn
and the d g«/d g for soybean are much bigger than those for
maize. This implies that the difference of gs. between the two
species of plants becomes larger with increases of Ay, and g,
(Figs. 5E and F). Moreover, the slope, 9 Ay/d gsc. of a linear
regression formula for maize was about 3.37 times as much

as that for soybean (Fig. 4 A), and the slope, 8 Ao (Ca~C)).
of a linear regression formula for soybean was about 1.44
times as much as that of maize (Fig. 4 B). The siopes, 3 An/d
Osc and 3 A0 (Co-C), are defined as the contribution to Ay,
of unit change of g,c and C,—C,, respectively, and conversely,
the slope, 9 gsc/d An, represents the requirement of g by the
unit change -of A,. Based on the above considerations, it is
easily understood that in order to reach the same level of A,
soybean had to open its stomata more widely in order to
maintain a smaller rs, as compared to maize. This is because
Cj3 plants are different from C, plants in the pathway of photo-
synthesis. More efficient utilization of CO, usually causes a
higher photosynthesis rate in maize plants, even though CO,
concentration is low. In contrast, to obtain the same photo-
synthesis rate as maize plants, the soybean plants always
need relatively higher level of C. in this study, C; of maize
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plants decreased to about 233.0 + 63.7 umol mol™,-but C; of
soybean plants was reduced to about 280.7 + 30.6 umolmol ',
about 1.21 times as much as that of maize (Figs. 5A, B).

The principal objective of this study was to present a theo-
retical basis for a new modeling approach to estimating pho-
tosynthesis, transpiration, and WUE, and to verify it using the
data observed in maize and soybean field. The model was
presented as a single layer model within maize and soybean
canopy without soil water stresses. It didn't involve the energy
balance of plant leaves and the effects of environmental
stresses in estimating photosynthesis, transpiration, and WUE.
We admit that using only the data of maize and soybean
grown in a specific environmental condition is rather inade-
quate for a general examination of the proposed modeling
approach. Therefore, more species of plants in various envi-
ronmental conditions must be used to evaluate and improve
the model, especially for the universality of the-empirical pa-

- rameters. Also, energy balance of plant leaves should be

emphasized in the future improvement of the modet. .

Conclusions

In the synthetic consideration for the models of CO, and H,0O
diffusion controlied through stomata of plant leaf, a stomatal
behavior-based, synthetic mode! for estimating photosynthe-
sis and transpiration was established. The parameters of the
model were identified using the data collected in maize and
soybean field, and the critical appraisal of the synthetic mod-
els was made. In addition, based on the synthetic model, the
model for estimating WUE was proposed.

This synthetic model was developed by introducing the in-
ternal conductance, g, for CO; assimilation and the general
equation of stomatal conductance model, gew = Go+a1Anf Ds)/
(Cs-T), into the models of CO, and H,0 diffusion through the
stomata of plant leaf. The estimation precision of the synthetic
model was the highest when selecting D) = hs or (D) =
{1+ Dy/Do) ", as a function describing the response of stomatal
conductance to humidity in the models. Also, g, was indicated
as having the closest correlation with the photosynthetic pho-
ton flux as compared with the other environmental factors. In
view of the fact that the model avoids the difficuity of determin-
ing the physiological parameters, and only employs environ-
mental variables such as ambient CO, concentration, leaf tem-
perature, humidity, and PAR received at the leaves within the
canopy, it can therefore be said that the synthetic mode! is
easier for practical use.

Finally, through discussing some physiological factors con-
trolling An, it is made clear that the requirement of unit
change of Ay, to g, differs between the two species of plants.
To obtain the same level of Ay, as that of maize, soybean.
which needs a higher level of C, than maize, has to open its
stomata more widely in order to maintain a smailer r, since
different pathways of the photosynthesis in Cs and C, plants
exist.
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