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Abstract
A mathematical model for photo inhibition ofleaf photosynthesis was developed by fonnalising the assumptions that (I)
the rate of photoinhibition is proportional to irradiance; and (2) the rate of recovery, derived from the fonnulae for a
pseudo first-order process, is proportional to the extent of inhibition. The photoinhibition model to calculate initial photo
yield is integrated into a photosynthesis-stomatal conductance (g.) model that combines net photosynthetic rate (PN ),
transpiration rate (E), and g., and also the leaf energy balance. The model was run to simulate the diurnal courses of PN ,
E, gs, photochemical efficiency, i.e., ratio of intercellular CO 2 concentration and CO 2 concentration over leaf surface
(CjC,), and leaf temperature CTt) under different irradiances, air temperature, and humidity separately with fixed time
courses of others. When midday depression occurred under high temperature, g. decreased the most and E the least. The
duration of midday depression of g. was the longest and that in E the shortest. E increased with increasing vapour
pressure deficit (VPD) initially, but when VPD exceeded a certain value, it decreased with increasing VPD; this was
caused by a rapid decrease in gs' When air temperature exceeded a certain value, an increase in solar irradiance raised 1i
and the degree of midday depression. High solar radiation caused large decrease in initial photon efficiency (a). PN , E,
and g. showed reasonable decreases under conditions causing photoinhibtion compared with non-photo inhibition
condition under high irradiance. The 1i under photo inhibition was higher than that under non-photo inhibition conditions,
which was evident under high solar irradiance around noon. The decrease in CjCs at midday implies that stomatal
closure is a factor causing midday depression of photosynthesis.
Additional key words: diurnal courses; initial photon efficiency; irradiance; leaf temperature; midday deppression; model;
photosynthetic photon flux density; stomatal conductance; temperature.

Introduction
Irradiation of leaves in excess of what can be utilised in
photosynthesis may result in photo inhibition that is
manifested as a decline in maximal quantum efficiency of
photosynthesis, a (Powles 1984, Long et al. 1994). Many
studies were done on various aspects of photo inhibition
using biophysical, biochemical, and physiological
methods (for detailed reviews, see Powles 1984,
Demmig-Adams and Adams 1992, Long et al. 1994), but
only few works have been done to integrate the experi-

mental results by using mathematical tools. In many
models of photosynthesis, a is introduced as a constant
(Hall 1979, Johnson and Thomley 1984, Harley et at
1992), or changes only with leaf temperature and CO 2
noccentration (Goudriaan et al. 1985, Harley and
Tenhunen 1991, Cannell and Thomley 1998). However, a
may decrease significantly on clear days with no other
stress. The diurnal changes in a and the convexity (fJ) of
the non-rectangular hyperbola used to describe irradiance
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response curves of photosynthesis, can be estimated from
the extent of decrease of FPm as a function of irradiance
By providing measured irradiance as an input into the
photon response function, daily PN was calculated to
decrease by 13 % by photo inhibition, even with no other
stress (Ogren and Sjostrom 1990). However, in nature
photo inhibition is often accompanied by other stresses,
such as drought (Xu and Shen 1997), under which P N
may be overestimated if photo inhibition is not considered.
The leaf level is the basic level in physiological
ecology, as observation values are easy to obtain using
infrared gas analyser, and so leaf physiological models
are better worked out than those at higher levels. Canopy
models are obtained by scaling up the leaf level model.
The daily course of physiological responses is also a basic
level in terms of time scale (Jarvis 1995). There are some
observations of daily courses and midday depressions of
PN and E under photo inhibition (Bartak et al. 1999,
Muraoka et al. 2000). Their simulations are less studied,
except that Collatz et at. (1991) simulated the influence
of laminar boundary layer conductance on the midday
depression of PN and E. The influence of photo inhibition
on daily courses of P N is closely correlated with
environmental factors, but it is difficult to reveal its extent
by experimental method (Fig. 4 in Long et a/. 1994).
To simulate physiological responses of the plant leaf
to the environment, a semi-empirical model proposed by
Ball et at. (1987) summarised the relation between gs and
an index relating PN of a leaf, relative humidity, and CO2
concentration over the leaf surface with a linear equation
(hereafter referred to as BWB model). Since gs and PN are
interdependent, the solution of the BWB model needs a
photosynthesis sub-model. Therefore Leuning (1990)
proposed to solve a combined Pwgs model. By combining
the BWB model with Farquhar'S biochemical model of
photosynthesis, Collatz et al. (1991) proposed that
boundary layer conductance (gb) over a leaf surface may
cause midday depression, and both too large or too small
value of gb will cause a decrease in photosynthesis
(Schuepp 1993). But Fu and Wang (1994) found that the
relation between gs and gs index (PNhJCs) will change
when gb changes, which implies that there may be a better
index reflecting relation between g, and its response to
ambient CO 2 concentration and humidity. Since many
studies reveal that stomata respond to VPD in a betterdefined way than to relative humidity (h s), Leuning
(1995) revised the BWB model using VPD as evaporative
demand instead of hs• Aphalo and Jarvis (1993) studied
effects of gb on gas transfer, and constructed a mathematical relation among vapour pressure deficit from stomatal
pore to leaf surface (VPD.), gb, and gs by using gaseous
diffusion equation. By incorporating the equation of
Aphalo and Jarvis (1993) into the Pwgs model (Collatz et
al. 1991, Leuning 1995), Yu and Wang (1998) give
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a more realistic simulation of stomatal responses to
changes in gb.
The objectives of this study are: (1) to incorporate the
photo inhibition model into the integrated PwE-gs model
for its use in the analysis of midday depression; (2) to
evaluate the influence of stomatal and non-stomatal
factors in a plant leaf on diurn'!;l variation of PN and E
unde'r changing environment, especially under conditions
leading to a midday depression.

The model
The model combines the PN-gs sub-model proposed by
Collatz et at. (1991), a revised version of the BWB
stomatal model, and a sub-model of E based on gaseous
transfer processes proposed by Aphalo and Jarvis (1993),
and finally a newly proposed photo inhibition model.

Stomatal conductance submodel: Goudriaan and van
Laar (1978) and Wong et al. (1979) found that under
steady state conditions, there is a linear relation between
stomatal conductance to CO2 (gsc) and PN under changing
of some environmental variables, such as irradiance, on
which the BWB stomatal model is based:
P h
g sc =m~+b
C

(la)

s

where h. and C. are relative humidity and CO2
concentration over leaf surface, respectively; m and bare
parameters, the latter being the intercept on the coordinate of g,c near zero. PNh,lC, is referred to as stomatal
conductance index. Seeing that Eq. la is not applicable to
low CO 2 concentrations, Leuning (1990) found that using
c.-r. where r is the CO2 compensation concentration,
instead of C. gave a better fit. Experiments revealed that
stomata respond to evaporative demand (VPD,) more
than to relative humidity of air (Sheriff 1984, Grantz and
Zeiger 1986, Grantz 1990, Mott and Parkhurst 1991). By
adopting these modifications, Leuning (1995) proposed a
revised form of the BWB model:
g
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where gso is equivalent to the parameter b in Eq. la, and
VPD o is a parameter characterising the curve of response
of g, to VPDs.
Here we propose that gross assimilation rate (PG)
should be used instead of PN , as gs begins to increase
immediately with increasing irradiance, even below the
compensation irradiance:
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Photosynthesis sub-model: The biochemical model of
Farquhar et al. (1980) generalises the main aspects of
intercellular biochemical processes. One of the input
factors needed is intercellular CO 2 concentration, which
in tum is determined by PN and gs. Since gs and PN submodels are interdependent, they must be used in
combination by iteration to predict physiological
responses to changes in environmental factors. The model
used here is the one proposed by Farquhar et al. (1980)
and Caemmerer and Farquhar (1981). The equations and
parameters used here are from Collatz et a1. (1991). PG
may be described as
(2)

where Jc and J. are the gross rates of photosynthesis
limited by carboxylation reaction catalysed by ribulose1,5-bisphosphate carboxylase/oxygenase and by the rate
of ribulose-l ,5-bisphosphate (RuP 2) regeneration limited
by the rate of electron transport supported by radiant
energy received, respectively. J c depends on intercellular
CO 2 concentration (q) and temperature. J. depends not
only on Ci and temperature, but also on irradiance. Js is
the capacity for the export or utilisation of photo-.
synthates.
Transpiration sub-model: Stomata are sensitive to both
CO 2 and water vapour concentrations, with their aperture
enlarging as CO2 concentration orVPD decrease. Under
natural conditions, the variations of gb due to wind speed
must always be taken into consideration. When gb is low,
the difference between ea and e., the vapour pressure at
ambient air and leaf surface, may not be negligible, and a
similar situation occurs also with Ca and Cs. Taking this
into consideration, Aphalo and Jarvis (1993) derived an
expression of VPDs as a function of VPDa (the VPD in
the ambient air), gsw and gbw (the conductance of stomata
and boundary layer to water vapour) as follows:
VPDs = [VPD. + s(1] - Ta)] (1 - grw/gbw)

(3)

where gtw is overall conductance (g.w+gbw) to water
vapour [mol m-2 S·l], 1] and Ta are temperatures of leaf
and air, respectively, and s is the slope of the saturated
water vapour pressure/leaf temperature curve. The
calculation of saturated vapour pressure and s can be
found in energy balance sub-model. Eq. 3 is derived from
the equation for E, in which VPD s represents the driving
force for transpiration.
This relation is derived from mass flux equation for
steady state. We have also the relation between g.w and
overall conductance in terms of gsc and gbw. By using
diffusion equation in steady state, intermediate variables
C, and Cj are expressed as functions of C.., PN , and
conductance in each part for CO2•
Photoinhibition sub-model: The primary site of
photoinhibition is in photo system (PS) 2 (Powles 1984).

When photo inhibition occurs, maximum quantum use
efficiency of PS2 always decreases. The extent of
photoinhibition increases with photosynthetic photon flux
density (PPFD). Assuming that the rate of change in lXt
with time (t) is proportional to the amount of radiant
energy absorbed, the following equation holds:
diXt/dt = -Kj PPFD

(4)

in which Kj (>0) is the photoinhibition coefficient.
Fluorescence ratio (FPm) is a good measurement of
a, and the change in F)F m in leaves is an index of
photo inhibition. There is a linear relationship between
FPm and a (Greer et al. 1986, Demmig and Bjorkman
1987, Demmig-Adams et al. 1989, Kao and Forseth 1992,
Edwards and Baker 1993). The rate of recovery of
photoinhibition can be derived from the formulae for a
pseudo first-order process of F)Fm (Greer and Laing
1988):

d lXtIdt = KrC Cln - lXt)

(5)

in which Kr is the recovery coefficient. Leaf photoinhibition and its recovery occur at the same time. By
combining the two components of inhibition and recovery
in Eqs. 4 and 5, we have:

dlXt/dt = KrCCln - lXt) - Ki PPFD

(6)

where lXt is a at time t, Cln is the maximal value of a after
recovery.
The recovery of photosynthesis from photoinhibition
is temperature-dependent with little or no recovery
occurring below 15°C and maximum recovery at 30 °C
(Greer et al. 1986, 1988). A one-peaked equation is used
to simulate the temperature response curve in the paper of
Greer et al. (1986).
K = Koexp[(HkIRTo)(l-ToIT)]
r
1+ exp[ (SkT - H d )/( RT)]

(7)

in which parameters Ko= 0.0001 s'\ Hk = 79500 J mor l ,
I
Sk= 650 J morIK- , and Hd= 199 KJ mOrl. R is the
universal gas constant. To is the reference temperature,
To= 293.2 K.
To solve Eq. 6, the initial value of a when t = 0, i. e.,
(10, Ki and Kr are needed. In this study, ao = 0.08
mol(C0 2)1mol(quantum), and Ki = 0.21 x10- 8 Ilmor l m- 2•
Energy balance sub-model: Leaf temperature is
determined by energy balance, which can be described as
(Paw U 1987):
4

Ri = pCp(1] - T.)/rb + pCp[es(TI) - e.]/[y(rb + r,)] + euTI

(8)

where R; is the leaf absorption of short-wave and longwave radiation, p is air density, Cp the specific heat of air
under constant pressure, y the psychrometric constant, rb
and rs the boundary layer resistance and stomatal
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resistance, respectively, e leaf emissivity (0.95), and a the
Stefan-Boltzmann constant.

R j = aQ + baTe

4

(9)
m·2],

in which Q is solar irradiance [W
a and b are leaf
absorptances for short-wave and long-wave radiation,
respectively (0.66 and 0.95). Sky long-wave radiation is
calculated by sky temperature Te, an effective temperature
related to air temperature (Monteith 1973):
Te =1.06T.-21

(10)

When stomatal resistance is given, Eq. 8 can be
resolved as:

T1= T.+ {R j -eaT.4 - he [e.(T.) - e.]}/(4e&T.3 +ht + h.s)
(11)
Saturated water vapour pressure, esCT.), depends on
temperature, and is calculated by the Goff-Gratch
equation, with a slope with temperature as s:
des (T.)
s=--

(12)

dT.

where he is water transfer coefficient,
he = pCpf(y(rb+r.»

(13)

Numerical solution: Non-linear and complete equations
of (lc)-(l4) are about unknown numbers of Ag , Eh g.e,
gsw, gte, gtw, q, C., VPD., etc, Of these equations, the
detailed form ofEq. 2 can be found in the Appendix from
Collatz et al. (1991). The photoinhibition model is
dynamic, and is resolved by Runge-Kutta method. This
set of models is used to get the values of iterative method
when environmental elements, j,e., solar radiation, Ta, air
vapour pressure, C., and wind speed or gb are input. This
method is similar to that ofCollatz et al. (1991). Firstly, a
value of 1) is given to calculate a in the photoinhibition
model, and then to resolve the PN-gs model, j, e., to fmd a
value of Cj , obtain PN from Eq. 2, and then gsc and a new
Cj are obtained, Using the new Cj as the input value,
repeat the process until Cj has converged. From the value
of gsc obtained we can get a new 1) by resolving leaf
energy balance model. When the outer iteration reaches
convergence, i.e" the difference in 1) between two steps is
less than a small value, the set of physiological variables,
PN , E, g., C j , and a, is taken as the result.
The values of some parameters in the photosynthesis
sub-model and g. sub-model are taken from Collatz et ai,
(1991) and Leuning (1995). In the g. model,
VPD o= 1 500(Pa), m = 20.

and ht is heat transfer coefficient,
(14)

ht=pCpfrb

Results
Physiological responses of plant to environmental
factors: For convenience of analysis, dependence of P N ,
E, and gs on 1) was simulated under different irradiances
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in steady state. In Fig, 1, the dependence of g, on tem. perature is one with a peak (Jarvis 1980) like the responses of many other biological processes. The optimum
temperature of g. is lower than that of PN • Although gs is
proportional to PN under certain conditions (Wong et al.
1985a,b,c), an increase in temperature will cause an
exponential increase in VPD which will make g. decline
hyperbolically. Thus the magnitude of decline in gsc is
greater than those in PN and E. When 11 is lower than the
optimum temperature for g" E increases gradually with
increasing 11, because both VPD s and gsw, the two factors
determining E, are affected by an increasing temperature
in positive ways, When 11 exceeds slightly the optimum
value for g" the effect of the increase in VPD. overruns
the effect of the lowering of gsw, and E will continue to
increase, When 1) rises further, a point will eventually be
reached when the stomata close due to depression of
photosynthesis so tightly that E decreases despite the very
large VPD s '
Next, the photoinhibition sub-model was used to
simulate the time courses of photo inhibition of initial
quantum yield under PPFDs and its recovery in the dark
(Fig, 2). This situation represents laboratory conditions in
which other elements are held constant. a decreased
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sharply in the first two hours, then decreased slowly, and,
after 4 h of irradiation, remained almost constant. High
irradiances caused rapid decrease in a initially but a held
nearly constant after 6 h of inhibition. The recovery rate
in the dark was high at first or after strong photoinhibition, and reached nearly the same value as before
the inhibition. Such phenomenon has been observed many
times in experiments in laboratories (Powles and Bj6rkman 1982, Greer et al. 1986, Demmig and Bj6rkman
1987, Ogren 1991, Ottander and Oquist 1991, Kao and
Forseth 1992, Tyystjarvi et al. 1994).
pholoinhibited
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Fig. 2. Simulation of time course of photoinhibition of initial
quantum yield (a) under different PPFDs (the former 12 h) and
its recovery in dark condition (the later 12 h).
Physiological responses of plant to diurnal variances
of environmental factors : PN and E change in response
to diurnal variations of environmental factors, in which
solar radiation and temperature are the main influencing
factors. Solar radiation is symmetrical with respect to the
peak at noon, whereas the peak of temperature lags
behind by about 2 h. Courses of the two variables
determine the type of diurnal changes of PN • Midday
depression of PN occurs due to stomatal closure at hlgh TI
that causes high VPD and non-stomatal inhibition, such as
photoinhibition (Xu and Shen 1997).
Fig. 3 shows the diurnal variations of solar radiation
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Fig. 3. Diurnal variations of the photon flux densities (PPFD)
and air temperature (T,) used in the simulation.

and air temperature that are typical at mid-latitudes. T.
increases with solar radiation after sunrise, until afternoon
it will decrease when solar radiation decreases to a certain
extent. The air vapour pressure was held constant, and
VPD increased with Ii exponentially. We used the
method of changing one environmental factor at a time to
observe its influence on physiological processes while
others were held constant.
VPD: Water vapour pressure rather than relative humidity
is preferred to represent air humidity. In this simulation,
e. was constant over the day. Different e. values give
different VPD values under the same temperatures. PN is
low and the midday depression is aggravated, when VPD
is high (the figure showing the physiological effects of
different VPD conditions is omitted). PN values did not
differ much under different VPD in the morning when
irradiance was not high. Thus g, decreased significantly
with an increase in VPD. Generally, E increases with
VPD in daytime, but above a certain value it no longer
shows any increase with VPD in the afternoon, due to
stomatal closure.
The fundamental difference between photoinhibited
and non-photoinhibited photosynthesis is a difference in
a, which is held constant (0.08) in non-photo inhibited
plants. In this simulation, a responded mainly to PPFD
and 1j for photo inhibited plants, so the diurnal courses of
decrease in a were nearly the same under different
humidity. The value of a decreased slowly in the morning, and then rapidly in the period of high irradiances,
reaching its minimum around 14:00, and then increased
when the recovery rate exceeded the rate of intensification of photo inhibition. A similar daily course of FjFm
has frequently been observed under natural conditions
(Demmig-Adams et al. 1989). As there is a linear relation
between photon yield and FjFm, the simulation is in
accordance with experimental results. The values of g,
and e;/Cs also become lower under photoinhibitioninducing conditions and around noon E decreases because
of stomatal closure (Morison 1987). T} is higher under
photoinhibition-inducing conditions because of a
diminished rate oflatent heat dissipation.
Air temperature: Temperature affects photosynthesis in
two ways: the first effect is on the intrinsic speed of
biochemical processes of photosynthesis, the other one is
on VPD, through its effect on the intercellular saturated
vapour pressure. According to the chain of effects
discussed in the preceding paragraphs, PN decreases with
increasing VPD, because of stomatal closure. It was
analysed above that C/C. is determined mainly by the
changes in gsc caused by changes in VPD, so the increase
in temperature causes a monotonous decrease in C j •
When T. is not high (in Fig. 4, Tmax = 28°C), PN
shows no depression at midday, but does not increase
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either with the increase in PPFD because carboxylation is
near its saturation. Under high Ta, as on days with
temperature maximum reaching 32°C in Fig. 4, midday
depression occurs. When T. is very high, with a daily
maximum of 38°C, the midday depression is very

1) under condition of photo inhibition is higher than
that under non-photoinhibition, the maximal differences
are in the maximum temperature, when solar radiation is
high and g, is small. e;/Cs shows its dependence on VPD
between mesophyll and ambient air, so it decreases to its
minimum over the day at the maximum TI •
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Solar radiation: Since solar radiation is the driving force
of both photosynthesis and leaf heat balance, it influences
physiological processes through photosynthesis and Tt. If
Ta is far lower than the optimum and photo inhibition does
not occur, the higher the solar irradiance and 1), the
higher the PN (Fig. 5). Around noon on clear days, solar
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Fig. 4. The influence of air temperature (Ta' on the diurnal
variances of net photosynthetic rate (PN ) , transpiration rate (E),
and stomatal conductance for CO 2 (gsc). Ambient vapour
pressure of I 000 Pa, daily maximal solar radiation of 900 f,!mol
m· 2 S·I , and 28 (square), 32 (triangle), 36 (circle) dc. Open
symbols represent photoinhibition, and full symbols non-photoinhibition. a is held constant under non-photo inhibition condition, and changes in a are calculated by Eq. 6 under photoinhibition condition .

pronounced. The diurnal changes in g, are similar to those
of PN in that both change widely. The decrease in E at
midday is slight, because the lowering of g, is
compensated by the increase in VPD (Fig. 4). When
temperature is low (Tma, = 28°C), E changes with its
maximal value occurring at the same time as those of T.
and VPD. At higher temperatures, with Tro .. = 32°C, its
maximal value occurs near 12:00, and becomes lower
when VPD reaches the peak at about 14:00. When T. is
much higher, e.g., when Tm .. = 38 DC, E i0wers in afternoon, though to a lesser extent than g" owing to the
increase in VPD with the increase in 1).
Under photo inhibition condition, the time courses of a
change with irradiance, being different under different
temperatures. PN is lower because of photoinhibition, the
difference being very large in the afternoon when a is at
its minimum. Changes in E are similar with those in PN .
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Fig. 5. The influence of solar radiation on the diurnal variances
of net photosynthetic rate (PN ), transpiration rate (E), and
stomatal conductance for CO2 (gsc). Ambient vapour pressure of
I 000 Pa, daily maximal temperature of 36°C, and PPFDs 600
(square), 900 (triangle), and I 200 (circle) f,!mol m-2 5. 1
separately. Open and full symbols represent photo inhibition and
non-photoinhibition, respectively.

radiation always exceeds the saturation irradiance, and
therefore its increase does not promote PN noticeably. If
T. reaches or exceeds its optimal value, the increase in
solar radiation, and the corresponding increases in TI and
VPD will lead to a decrease in PN • Under higher solar
irradiance accompanied by high temperature in the
afternoon, PN is low (Fig. 5). Diurnal courses of gs are
similar to those of PN, but their midday depressions are
larger and deeper. C/C, decreases in midday, and shows
much greater decrease under higher solar radiation (Fig.
5E), which is induced by higher 11 (Fig. 5F). So the

MODELLING DIURNAL COURSES OF PHOTOSYNTHESIS

decrease in C/Cs in midday shows that stomatal closure is
one of the reasons causing midday depression of PN
(Farquhar and Sharkey 1982).
High solar radiation causes large decreases in a, and
its recovery is slightly quicker after high solar irradiation,
and has a trend to reach the same value (Fig. 5D). P N , E,

and g. behave differently under photo inhibition or nonphotoinhibition conditions under high irradiance. TI under
photo inhibition is higher than that under non-photoinhibition conditions, which is evident under high solar radiation around noon.

Discussion
In this paper, a method to calculate PN under photoinhibition condition is presented. Although environmental
factors are interacting outside the plant community under
consideration, the change in one factor will influence
another. In nature, there are still different compositions of
these factors, and this method is useful in analysis of
effect of various factors and is clear in concept. As the
model is a general one for plant, the value of parameters
may differ between species, such as shade plants and sun
plants that have different characteristics in responding to
irradiance (Powles 1984). The decrease in initial quantum
yield starts at the primary stage of photoinhibition. A
decrease in convexity of the photosynthetic irradianceresponse curve and maximum carboxylation rate occurs at
a deep photo inhibition (Leverenz et al. 1990). Falk et al.
e1992) also found a progressive lowering of quantum
yield and the rate of bending (convexity) of the irradiance
response curve. It is easy to include these factors in the
photo inhibition model when mathematical descriptions of
the elements involved are provided. After the mechanism
of photoinhibition is better understood, a model will
eventually be constructed for the objective of studying
biochemical processes of photoinhibition, such as degradation of D 1 protein and xanthophyll cycle.
Besides the state of photosynthetic system, a is also
affected by temperature and CO2 concentration (Cannell
and Thomley 1998). In our model the relation of a with
some environmental factors is not included for the
purpose of distinguishing photosynthesis under photoinhibition and non-photo inhibition. In the study of effects
of global change on carbon cycling in ecosystems, the
temperature and CO 2 elements influencing a can be easily
merged.
PN is calculated by a hyperbola, i. e., irradiance response curve, which gives a gradual increase of PN with
irradiance. Pmax will not be reached under limited irradiance, therefore, a lowering of a will bring about a
lowering in calculated PN, which will lower g. and E
according to the model. In fact, under high PPFD, PN is
mainly determined by carboxylation rate, and is weakly

influenced by low efficiency of electron transport. Here
only one aspect of photo inhibition is considered, i. e., the
decrease in a at the first stage of photo inhibition. Nevertheless, the decrease in Pmax will cause a further lowering
of PN at a deeply inhibited stage.
The PN and gs model used here is basically similar to
previous studies (Collatz et al. 1991, Leuning 1995) with
a revision in gs model by replacing PN with Po. This
revision is based on theoretical analysis according to
response curves of both Po and gs to irradiances. As gs
given by the revised model goes to infinity when CO 2
concentration tends to the CO 2 compensation concentration, the form of
gs = mAgI[ Cs( 1 + VPDsNPD.)] + go

may give a reasonable interpretation of the relations.
These revisions need to be verified by critical
experiments. In the BWB model, relative humidity is an
atmospheric element and an input of model whereas VPD.
is an unknown variable. Therefore it is necessary to
introduce an Aphalo and Jarvis (1993) model based on
gaseous transfer of transpiration to make the equations
complete. So the model is combined as a PwE-gs model
(Yu and Wang 1998).
There is considerable evidence that stomata tend to
close with increasing VPDs in most plant species (Grantz
1990, Aphalo and Jarvis 1991). Maroco et af. (1997)
reported that in some drought-resistant species g. showed
a negative response to increasing VPDs, whereas in
drought-escaping species g. was independent of VPD s'
Besides many relations between g. and atmospheric
humidity or VPD s, Monteith (1995), basing on many
experimental results, proposed that stomata respond to
humidity in such a way that gs decreases linearly with an
increase in E. This expression is equivalent to the
responses of gs to VPD. (Eq. 1b). It has been verified that
to use VPD. instead of relative humidity in the BWB
model may markedly promote the applicability of stomatal models under natural conditions (Yu et al. 2000).
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