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LEAF-SCALE DROUGHT RESISTANCE AND TOLERANCE OF THREE
PLANT SPECIES IN A SEMI-ARID ENVIRONMENT: APPLICATION
AND COMPARISON OF TWO STOMATAL CONDUCTANCE MODELS

LIU Ying-Hui GAO Qiong™ and JIA Hai-Kun
( College of Resources Science & Technology, MOE Key Laboratory of Environmental Change and Natural Disaster »

Beijing Normal University> Beijing 100875, China)

Abstract We measured diurnal gas exchange properties of three major species in a semi-arid site, and two
stomatal conductance models were then applied to the data. The result indicated that the BBL model and the
Gao model could explain on average 77.6% and 59.3% of variation in the observed stomatal conductance; re-
spectively. Sensitivity analysis of the models indicated that the BBL model tended to give higher predictions of
stomatal conductance than the Gao model. Both models showed similar responses to changes in vapor pressure.
The sharp contrast between the two models, however, was that the Gao model responded to changes in soil wa-
ter stress to different extents. The BBL model coupled with the TJ photosynthesis model was indifferent to in-
creases of soil water stresses> which contradicts concurrent understanding and observations about plant physiol-
ogy in arid and semiarid regions. Thus the BBL model; even though it provided better explanations of the vari-
ations in field stomata data, may not be appropriate for experimental data analysis and ecosystem simulation ap-
plications . The analysis using the Gao model indicated that Populus simonii was the least tolerant and resistant
to water stresses among the three species studied. Pinus tabulaeformis had both high tolerance and resistance,
but stomatal conductance of the pine tree was the least insensitive to changes in soil water stresses. Hence this
pine tree may not be good for water conservation under extremely dry conditions. Caragana intermedia> how-
evers had both larger drought tolerance and larger sensitivity to incremental soil water stresses> and thus can
provide large stomatal conductance for photosynthesis when soil water stress was low, but reduce water con-
sumption under severe water stresses by decreasing stomatal conductance with increasing soil water stress.
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Gas exchange of plants in arid and semi-arid regions was strongly controlled by stomatal conductance in various
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lab and field experiments ( Dong & Zhang, 2001; Li et
al .» 2003: Niu et al., 2003: Liu et al., 2003). The
relationship between plant stomatal conductance and water
stresses in soil and air reflected important characteristics
of drought resistance and tolerance at leaf level ( Costa
Franca et al., 2000; Giorio et al., 1999; Sadras &
Milroy, 1996; Zavala, 2004). Numerous experiments
showed that stomatal conductance responded to humidity
(Monteith, 1995; Park & Furukawa, 1999; Haefner et
al.» 1997), soil water status ( Giorio et al., 1999;
Liang & Zhang, 1999, water vapor pressure deficit
(Turner et al ., 1984: Gucci et al., 1996; Franks et
al., 1997), and leaf water potential (Giorio et al .,
1999; Gucci et al., 1996). Concentrations of some
chemical compounds in plant leaves also responded to leaf
waler stresses; and thus have been used as indicators and
parameters for plant drought resistance ( Tardieu &
Daviess 1993). The complex and nonlinear relationship
between stomatal conductance and various controlling fac-
tors calls for reliable models of stomatal conductance to
summarize data yielded from gas exchange experiments,
so as to derive characteristics of drought resistance and
tolerance from the data. Reliable, reasonably mechanical-
ly based stomatal models are also essential for ecosystem
simulation and analysis in order to reduce the risk of ex-
trapolation, so that ecosystem response to future environ-
ments can be projected (Gao et al., 2002; Gao &
Reynolds, 2003).

With the increasing demands from both experimental
data analysis and ecosystem modeling, a number of em-
pirical and mechanical stomatal conductance models have
been developed (Ball et al., 1987; Tardieu & Davies;
1993; Leuning, 1995; Gao et al.> 2002; Dewar, 2002;
Tuzet et al .» 2003: Buckley et al., 2003). Not only do
these models differ in their assumptions, mathematical
formulation and complexitiess but also they are validated
using different materials in different locations with differ-
ent experimental conditions. Therefore the differences in
their performance and behavior are largely unknown for a
particular application. Of these models, the Ball-Berry-
Leunning model Calso known as BBL model) has been
widely applied to various experimental data analysis and
ecosystem simulations. The paper doesn’t pay more atten-
tion to the largely empirical model such as Jarvis model
even it had been widely used.

This paper reports the data from field gas exchange
experiments of three plant species in a semiarid environ-
ment. The BBL stomatal model (Leunning, 1995) and
the stomatal conductance model by Gao et al . (2002) are

then applied to the experimental data. The behavior and
performance of the two models are compared. Drought re-

sistance and tolerance of the plants are then discussed.
1 Material and Methods

1.1 Field measurements and data preparation

Our field experiments were conducted in a small ru-
ral watershed of Wufendigou (111°7" E, 39°46’ N) locat-
ed in the transitional area between Loess Plateau and Er-
dos Plateau. The area is also a part of crop-pastoral zone
in North China. Annual mean temperature and precipita-
tion are 7.6 °C and 389.8 mm, respectively, based on
the local weather data from 1961 to 2000. Annual pan e-
vaporation and mean air humidity, however, are 2 002.5
mm and 53.5% > respectively. Hilly lands with large gul-
lies resulting from long-term serious rainfall erosions are
the basic geomorphological features of the area.

Populus  simonii> a deciduous broadleaved tree
species> Pinus tabulaeformis, an evergreen coniferous
tree species; and Caragana intermedia> a deciduous
shrub, are selected as materials for this study, because
they are the major species used in local ecosystem conser-
vation and restoration research, and practice. All the
three species are classified as C3 species according to their
carbon pathway. For each plant; diurnal leaf stomatal
conductance and net assimilation rates together with mi-
croclimate variables such as leal temperature, incident
photon flux density and vapor pressure, were measured
every two hours form 8 : 00 am to 18 : 00 pm with a
portable photosynthesis system ( LI-6400, Li-Cor Inc.,
Lincoln NE, USA) in the sunny day of Septemper;
2003. Soil water contents (g*g™!) at depths of 5 - 10,
20 -30, 50 -60, 70 — 80, 120 — 130 and 150 — 160 c¢m
near the experimental plants were measured with oven-dry
method at 6:00 am. The gravitational soil water contents
were multiplied by bulk density to give volumetric soil wa-
ter content, and soil water potential were then calculated
from soil water contents by means of the relationship by
Campbell et al. (1993). Apparent soil water potential
experienced by plants roots are calculated as averages of
the water potentials of soil layers weighed by plant root
fractions in the layers.

1.2 Models and parameterization
1.2.1 Ball-Berry-Leuning model

The BBL model of stomatal conductance ( Leuning,

1995: Ball et al., 1987) reads
aA
e = 80F (. (1 + D,/Dy)

where g, was the stomatal conductance for CO, diffusion

(D
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(mol*m™2*s™ 1), g, is the stomatal conductance at the
light compensation point (mol*m~2*s™!), A is net CO,

“2es71), ¢, is the mole frac-

assimilation rate ( pimol *m
tion of CO, at the leaf surface (pmol*mol™!), T is the
compensation point (gmol*mol ~!), D, is the vapor pres-
sure deficit ( VPD) (kPa) at the leaf surface, a Cunit-
less) and Dy(kPa) are constant coefficients.

1.2.2 The stomatal model by Gao et al. (2002)

The model by Gao et al. was derived based on the
mechanics of guard cell structure and water relation of
leaves; and was primarily intended for large-scale ecosys-
tem simulation. The model takes the following mathemati-
cal forms,

_ 8om + Chyghs + kepl, /1000
B 1+ kgd,,

where g, is stomatal conductance to water vapor (mol*

(2)

Sw

m~2+s™1), dividing g,, in (2) by 1.6 gives g, in (1);
Zom 18 the maximum possible stomatal conductance at dark
with zero soil water potential (mol*m~%¢s~1); ky is the
elastic compliance of guard cell structure (mmol *m~2*
s~ kPa™1), ¢, is soil water potential (kPa), kyp is the
parameter defined as changes in stomatal conductance in-
duced by unit changes in PAR Cmmol * pmol =), I, is
the incident photosynthetic active radiation (gmol*m™=2*
s™ D, kg, is a parameter signifying the sensitivity of stom-
atal conductance to vapor pressure deficit Cunitless), d,,
is the relative vapor pressure deficit (kPa*kPa~') calcu-
lated as VPD divided by air pressure. Other physiologi-
cally significant parameters are derivable using the follow-
ing relationships: stiffness or elastic modulus of guard cell

2es1]), is the inverse of

structure, 3CkPa*[ mmol*m™~
ky» i.e.» B =1/kys Guard cell osmotic sensitivity to
light, e(kPa*[mmol*m=2+s~'1), is the product of kop
and 85 i.e., € = kypf: soil-to-leaf conductance, g,

Zeg=lekPa™1), is calculated as the inverse of

(mmol*m™
the product of the elastic modulus and kg,» i.e., g, =
1/C kﬁgﬁ); Finally, guard cell osmotic potential at dark,
1o(MPa), is calculated as 7y = g,/ ky .

Of all these parameters; m is the capability for
plant to maintain stomatal opening under water stresses.
In other words, stomata remain open when soil water po-
tential is higher than 7y, but get closed when soil water
potential is lower than 7. Hence m( is regarded as a
drought tolerance parameter of plants. The elastic compli-
ance of guard cell structure, k> Cor elastic modulus ()
is the sensitivity of stomatal conductance to incremental
soil water stresses. For a given decrease in soil water po-

tential, a larger k,Cor a smaller B) implies a greater de-

crease in stomatal conductance. Hence kyCor B) is re-
garded as a drought resistance parameter to incremental
soil water stress (Gao et al ., 2002).

The two models were then applied to the field data
by means of nonlinear least square regression. For the
BBL model; stomatal conductance is regressed on net as-
similation rates (A ), leaf surface CO,( C,) and VPD
(D) to obtain gy» ar and Dy with I" set to 40 pmol*
mol ~'(Leuning, 1995). Similarly, stomatal conductance
is regressed on incident photon flux density (1,0, soil
water potential ( ), and relative vapor pressure deficit
(d,/p) to obtain go,,» ks> kg, and k> for the model by
Gao et al. (2002). The models are then compared in
terms of their performance in explanation of the variation
in the field gas exchange data. Possible drought resistance
and tolerance characteristics of the plants can be ob-
tained.

1.3  Sensitivities of the two models to changes in soil
water and vapor pressure

To look into the differences in behavior under vari-
able micro-environmental conditions, we prescribed the

following driving climatic and soil conditions for the two

models.
27(t —14.5)
Ty =22.0+9.0cosl == =] (3
[, = max {2000005[%;12)],100} (4>

where T}, is the leaf temperature (°C)» t is the time in
hour. Thus maximum leaf surface temperature is 31 °C
occurring at 14 :30 pm, and peak incident photon flux
density of 2 000 pmol*m~2*s~ ! occurs at 12:00 am Cso-
lar noon). The concentration at the leaf surface is as-
sumed to a constant of 380 pmol*mol ~!. Air pressure is
fixed at 88.7 kPa, soil water potential at 0, — 500, and
—2 000 kPa, and vapor pressure at leaf surface at 0.5
and 1.8 kPa.

Because the BBL model describes stomatal conduc-
tance as a function of net assimilation rates, we need a
model of photosynthesis to calculate carbon assimilation
rates from these environmental conditions. The model by
Thornely and Johnson (19900, modified by Gao et al.
(2004), is used for this purpose. We refer this model as
the TJ model in this paper. The model calculates net as-
similation rates as a function of incident photon flux den-

sity> leaf temperature and stomatal conductance (Gao et

(ll ’ 2004)!

by =+ b2 +4bybg

2b,

A= (5

in which

b2 = Pa( 8s08x ~ gsrgp) (6)
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by = gu8oCal, + gic; + g,0,) — RiP. (g8 — g
gp) + a]pPa( gs&p + ) 7
by = gscgm[ R,( al, + g.c; + gpoa) + alp( €04 —
&xCy )] (8)

where P, is atmospheric pressure (kPa), g, is stomatal

—2.

conductance for O,(mol*m=2*s~1), g is carboxylation

Zeg=lekpPa~1), g, 1s photorespi-

2'

conductance (pmmol*m™~
ration coefficient (pmol*m~2*s~'*kPa~!), @ is photon
efficiency (mol * mol™'), o, is atmospheric O, partial
pressure (kPa), R;is dark respiration coefficient ( pumol®

m=2*s™ . g g,» Ry are all functions of leaf tempera-

ture:
a=agl 1+ k( Tppr =200 ] (9)
g = gl 1+ k(T =200 ] (10D
g = gpol 1+ k,(Tpppp =200 ] (11
Thour — 25
Rd = Rdoexp(W) (12)

where ag> g0 and g, are values of a» g.» g, at T, =
20 C» Ry is the value of R, at Tj,p= 25 C» and £, is
a temperature coefficient set to 0. 05 °C according to
Thornley and Johnson (1990). We obtained the parame-
terss agr g0 &po» and Ryos from the gas exchange data
also by means of nonlinear least square regression of net
photosynthesis rates on measured incident photon flux
density, stomatal conductance; and leaf temperature.
Thus the calculations of stomata conductance and net as-
similation rate are coupled for the BBL and the TJ mod-
els. An iteration algorithm is needed to compute net as-
similation rate and stomatal conductance simultaneously .
The prescribed micro-environmental conditions were

then used to drive the models, and stomatal conductance

was calculated and compared between the two models and

among the three species.
2  Result and Discussion

2.1 Parameters of the stomatal conductance models

The results of nonlinear least square regression of
stomatal conductance on observed respective independent
variables using the two models of stomatal conductance are
given in Figure 1 and Table 1 and 2. The regression sig-
nificant analysis result by F test is provided in Table 1
and 2. Figure 1 compares measured and predicted stom-
atal conductance (for CO,) by the two models for the
three species. The F-statistics indicates that all the re-
gressions are significant. The BBL model explained
77.5%> 73.6% and 81.8% of variations in diurnal
stomatal conductance for Populus simonii,» Pinus tabulae-
Jormis and Caragana intermedia » respectively. The varia-
tions explained by Gao et al. (2002) are 62. 7%
41.7% > and 73.5% respectively. The BBL model ex-
plained more variation of the stomatal conductance than
the model by Gao et al. (2002). This is largely because
all variables involved in the BBL model are defined at
plant leaf, and net assimilation rate ( A) is a better vari-
able to describe the energy available for active osmotic ad-
justment than incident photon flux density (1, ). The
model by Gao et al. (2002), however, takes into ac-
count the water flow from soil to leaves in addition to the
active and passive hydrological feedbacks in the leaves,
which is much more complicated than the processes at
leaves alone. The tradeoff for using net assimilation rate

instead of incident photon flux density as the driving

0.6 Populus simonii 0.20 Pinus tabulaeformis 0.6 1 Caragana intermedia
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Fig.1 Comparison of stomatal conductance predicted by the two models
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Table 1 ~ Nonlinear regression result for the BBL models
Species 20 a Dy R? F F.Q1%)
Populus simonii 0.074 0 29.99 0.247 1 0.775 Fig=112.5 3.99
Pinus tabulaeformis 0.026 5 196.34 0.0190 0.736 F33=97.7 3.97
Caragana intermedia 0.067 1 10.84 1.179 4 0.818 F33=147.0 3.9
Table 2 Nonlinear regression result for the model by Gao et al. (2002)
Species Zom ky, kqp kg, R? F F.(1%) 8 T g
Populus simonii 0.77 0.37 1.19 253.5 0.627 Fig=37.1 3.52 2.7 -2.06 0.0015
Pinus tabulaeformis 1.47 0.13 0.73 600 0.416 Fls=14.2 3.50 7.4 -10.9  0.0002
Caragana intermedia 5.19 0.51 16.35 2320.9 0.735 Fés =66.6 3.52 2.0 -10.2  0.0002

variable for stomatal conductance is that it requires an it-
erative algorithm to compute net assimilation rate and
stomatal conductance simultaneously in the BBL model.
Not only does an iterative algorithm consume tens or hun-
dreds times more computer resources than a non-iterative
one> but also the convergence problem associated with it-
erative computation quite often makes the simulation im-
possible.

Table 1 indicates that the values of go and D, for
Pinus tabulaeformis are much lower than those for the
other species. This means the stomatal conductance at
light compensation point is lower; and the stomatal con-
ductance of the species is more sensitive to changes in air
vapor pressures than the other species.

The value of a for the pine tree is much higher than
other species. This indicates either more assimilated ener-
gy spent on stomatal opening, or the active hydrological
osmotic adjustment are more sensitive to assimilated ener-
gy» or both, for the pine.

Table 2 illustrates the estimated parameters of Gao et
al. (2002). The shrub Caragana intermedia and the
pine have lower dark osmotic potential ( 7o), thus have
greater tolerance for water stresses, than the deciduous
broadleaved poplar tree. The Caragana shrub and the
poplar tree; however, have larger guard cell compliance
(ky)s or smaller guard cell modulus (), thus are more
sensitive to increases in soil water stress, than the pine.
Hence the poplar tree is the least tolerant for and resistant
to soil water stresses. The pine tree is more tolerant for
soil water stresses but less sensitive to incremental soil
water stresses; than the other two species. This result
means that the pine tree can maintain physiologically ac-
tive at severe water stresses; but may also lose water by
means of large transpirations thus may not be good for soil

water conservation. The Caragana shrub, however; has

both higher tolerance and larger sensitivity to incremental
soil water stresses than the other species, hence can give
large stomatal conductance for carbon assimilation when
soil is wet> and conserve water at severe soil water stress.
These findings are consistent with those found in Gao et
al. (2002) and also in a number of experimental studies
(Dong & Zhang, 2001: Monson & Smith, 1982; Nilsen
et al ., 1983). The Caragana shrub also has the largest
ks> thus is more sensitive to light intensity than the
trees.
2.2 Stomatal conductance under prescribed soil and mi-
cro-climatic conditions

Figure 2 gives the simulated stomatal conductance
with the two models under prescribed scenarios with dif-
ferent soil water potential and air vapor pressures, but
with a common diurnal temperature and light conditions.
Both models give larger stomatal conductance in the morn-
ing but smaller values in the afternoon. The calculated
stomatal conductance with the model by Gao et al.
(2002) is in general smaller than that with the BBL mod-
el. Both models have similar sensitivities to changes in
vapor pressure. The most distinct difference between the
two models, however, is their responses to changes in soil
water potential. The model by Gao et al. (2002) re-
sponds to changes in soil water stresses. The response of
the poplar tree is especially evident because it has the
smallest tolerance for and resistance to soil water stresses.
The responses of the pine tree and the shrub are not so
strong because these two species are either much more tol-
erant for or resistant to increases in soil water stresses. In
contrast, the couple BBL-TJ model does not respond to
soil water stresses at all. Hence the BBL model may not
be appropriate for experimental data analysis and ecosys-

tem simulation in arid and semi-arid regions.
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Fig.2  Simulated stomatal conductance by the two models under prescribed micro-environmental conditions

3 Conclusion

Our goal was to tests compare the BBL model and
the Gao model using the data from field gas exchange ex-
periments of three plant species in a semi-arid environ-
ment. The nonlinear regression result indicated that the
BBL model and the Gao model could explain on average
77.6% and 59.3% of variations in the observed stomatal
conductance respectively. The BBL model explained more
variation of the stomatal conductance than the Gao model.
This was largely because all variables involved in the BBL
model were defined at the plant leaf.

The BBL model tended to give higher predictions to
stomatal conductance than the Gao model under pre-
scribed soil and micro-climate conditions. The sensitivity
analysis showed the responses of the two models were sim-
ilar to changes in vapor pressure. The sharp contrast be-
tween the two models; however, was that the Gao model
responded to changes in soil water stress to different ex-
tents while the BBL model coupled with TJ photosynthesis
model was indifferent to the increases of soil water stress-

es. Thus the BBL model, even though with its better ex-
planations of the variations in field stomata data, may not
be appropriate for experimental data analysis and applica-
tions for ecosystems simulation.

The analysis using the Gao model indicates that
Populus simonii was the least tolerant for and resistant to
water stresses among the three species studied. Pinus
tabulaeformis had both high tolerance and resistance than
other species; but the stomatal conductance of the pine
tree is the least insensitive to changes in soil water stress-
es. Hence the pine tree may not be good for water conser-
vation under extremely dry conditions. Caragana interme-
dia> however> had both larger drought tolerance and larg-
er sensitivity to incremental soil water stresses than the
other species, thus can provide large stomatal conduc-
tance for photosynthesis when soil water stress was low,
and conserve soil water stress.

References

Ball JT, Woodrow IE, Berry JA (1987). A model predicting stom-
atal conductance and its contribution to the control of photosynthe-



70 B ¥ &

& % M

30 #&

sis under different environmental conditions. In: Biggins I ed.
Progress in Photosynthesis Research . Martinus Nijhoff Publishers,
Netherlands, 221 —224.

Buckley TN, Mott KA, Farquhar GD (2003). A hydromechanical
and biochemical model of stomatal conductance. Plant, Cell and
Environment, 26,1767 — 1785.

Campbell GS, Jungbauer JD, Shiozawa S, Hungerford RD (1993) .
A one-parameter equation for water sorption isotherms of soils.
Soil Science, 156,302 —305.

Costa Franca MG, Pham Thi AT, Pimentel C, Pereyra Rossiello
RO, Zuily-Fodil Y, Laffray D (2000) . Differences in growth and
water relations among Phaseolus vulgaris cultivars in response to
induced drought stress. Environmental and Experimental Botany,
43,227 -237.

Dewar RC (2002). The Ball-Berry-Leuning and Tardieu-Davies
stomatal models: synthesis and extension within a spatially aggre-
gated picture of guard cell function. Plant, Cell and Environ-
ment, 25,1383 - 1398.

Dong X, Zhang X (2001). Some observations of the adaptations of
sandy shrubs to the arid environment in the Mu Us Sandland: leaf
water relations and anatomic features. Journal of Arid Environ-
menis, 48, 41 —48.

Franks PJ, Cowan IR, Farquhar GD (1997) .The apparent feedfor-
ward response of stomata to air vapour pressure deficit: informa-
tion revealed by different experimental procedures with two rain-
forest trees. Plant, Cell and Environment, 20,142 - 145.

Gao Q, Reynolds JF (2003) . Historical shrub-grass transitions in
the northern Chihuahuan Desert: modeling the effects of shifting
rainfall seasonality and event size over a landscape gradient.
Global Change Biology, 9,1475 - 1493.

Gao Q, Zhang XS, Huang YM, Xu HM (2004). A comparative
analysis of four models of photosynthesis for 11 plant species in
the Loess Plateau. Agricultural and Forest Meteorology, 126,203
-222.

Gao Q, Zhao P, Zeng X, Cai X, Shen W (2002). A model of
stomatal conductance to quantify the relationship between leaf
transpiration, microclimate and soil water stress. Plant, Cell and
Environment, 25,1373 — 1381.

Giorio P, Sorrentino G, d’ Andria R (1999) . Stomatal behaviour,
leaf water status and photosynthetic response in field-grown olive
trees under water deficit.
Botany, 42,95 - 104.

Gucci R, Massai R, Xiloyannis C, Flore JA (1996) . The effect of

drought and vapour pressure deficit on gas exchange of young Ki-

Environmental and  Experimental

wifruit ( Actinidia deliciosa var. deliciosa) vines. Annals of
Botany, 77,605 - 613.

Haefner JW, Buckley TN, Mott KA (1997). A spatially explicit
model of patchy stomatal responses to humidity. Plant, Cell and
Environment, 20,1087 — 1097 .

Leuning R(1995) . A critical appraisal of a combined stomatal-pho-
tosynthesis model for C; plants. Plant, Cell and Environment,
18,339 -355.

Li YG, Jiang GM, Niu SL, Liu MZ, Peng Y, Yu SL, Gao LM
(2003) . Gas exchange and water use efficiency of three native
tree species in Hunshandak sandland of China. Photosynthetica,
41,227 -1232.

Liang JS, Zhang JH (1999) . The relations of stomatal closure and
reopening to xylem ABA concentration and leaf water potential
during soil drying and rewatering. Plant Growth Regulation, 29,
77-86.

Liu MZ, Jiang GM, Li YG, Gao LM, Niu SL, Cui HX, Ding L
(2003) . Gas exchange, photochemical efficiency, and leaf water
potential in three Salix species. Photosynthetica, 41,393 —398.

Monson RK, Smith SD (1982).
nents of Sonoran Desert (Arizona, USA) plants. FEcology, 63,
113 - 123.

Monteith JL. (1995) . A reinterpretation of stomatal responses to hu-
midity. Plant, Cell and Environment, 18,357 —364.

Nilsen ET, Sharifi MR, Rundel PW, Jarrell WM, Virginia RA
(1983). Diurnal and seasonal water relations of the desert
phreatophyte Prosopis glandulosa (honey mesquite) in the Sono-
ran Desert California (USA) . Ecology, 64,1381 - 1393.

Niu SL, Jiang GM, Li YG, Gao LM, Liu MZ, Peng Y, Ding L
(2003) . Comparison of photosynthetic traits between two typical

Seasonal water potential compo-

shrubs: legume and non-legume in Hunshandak sandland. Pho-
tosynthetica, 41,111 - 116.

Park SY, Furukawa A (1999). Photosynthetic and stomatal re-
sponses of two tropical and two temperate trees to atmospheric hu-
midity. Photosynthetica, 36, 181 — 186.

Sadras VO, Milroy SP (1996). Soil water thresholds for the re-
sponses of leaf expansion and gas exchange: a review. Field
Crops Research, 47, 253 —266.

Tardieu F, Davies WJ (1993) . Integration of hydraulic and chemi-
cal signalling in the control of stomatal conductance and water sta-
tus of droughted plants. Plant, Cell and Environment, 16,341 -
349.

Thornley JM, Johnson IR (1990). Plant and Crop Modelling.
Clarendon Press, Oxford, UK.

Tuzet A, Perrier A, Leuning R (2003) . A coupled model of stom-
atal conductance, photosynthesis and transpiration. Plant, Cell
and Environment, 26,1097 - 1116.

Turner NC, Schulze ED, Gollan T (1984) . The response of stomata
and leaf gas exchange to vapour pressure deficits and soil water
content. 1. Species comparisons at high soil water contents. Oe-
cologia, 63,338 —342.

Zavala MA (2004) . Integration of drought tolerance mechanisms in
Mediterranean sclerophylls: a functional interpretation of leaf gas
exchange simulators. Ecological Modelling, 176,211 —226.

SUEMZS: ¥RV DO L



